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Preface

This is one chapter in a multichapter report that assesses water availability in the United States 
for water years 2010–20. This work was conducted as part of the fulfillment of the mandates 
of Subtitle F of the Omnibus Public Land Management Act of 2009 (Public Law 111-11), also 
known as the SECURE Water Act. As such, this work examines the spatial and temporal 
distribution of water quantity and quality in surface water and groundwater, as related to human 
and ecosystem needs and as affected by human and natural influences. Chapter A (Stets and 
others, 2025a) introduces the National Integrated Water Availability Assessment and provides 
important background and definitions for how the report characterizes water availability and 
its components. Chapter A also presents the key findings of Chapters B–F and thus acts as a 
summary of the entire report. Chapter B (Gorski and others, 2025) is a national assessment 
of water supply, which is the quantity of water supplied through climatic inputs. Chapter C 
(this report) is a national assessment of water quality, which is the chemical and physical 
characteristics of water. Chapter D (Medalie and others, 2025) assesses water use including 
withdrawals and consumptive use in the conterminous United States. Chapter E (Scholl and 
others, 2025) presents an analysis of factors affecting future water availability under changing 
climate conditions. The National Integrated Water Availability Assessment culminates with 
Chapter F (Stets and others, 2025b), which is an integrated assessment of water availability 
that considers the amount and quality of water coupled with the suitability of that water for 
specific uses. Together, these six chapters constitute the National Integrated Water Availability 
Assessment for water years 2010–20.



U.S. Geological Survey (USGS) hydrologic technician carrying water-
quality samples past USGS streamgage 13311250 on the East Fork of the 
South Fork Salmon River, Idaho. Photograph by Russ Christensen, USGS.
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Conversion Factors
U.S. customary units to International System of Units

Multiply By To obtain

Length

foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)

Radioactivity

picocurie per liter (pCi/L) 0.037 becquerel per liter (Bq/L)
 
International System of Units to U.S. customary units

Multiply By To obtain

Length

centimeter (cm) 0.3937 inch (in.)
millimeter (mm) 0.03937 inch (in.)
meter (m) 3.281 foot (ft)

Area

square kilometer (km2) 247.1 acre
square kilometer (km2) 0.3861 square mile (mi2)

Volume

liter (L) 1.057 quart (qt)
liter (L) 0.2642 gallon (gal)
cubic meter (m3) 35.31 cubic foot (ft3)

Mass

microgram (µg) 0.00000003527 ounce, avoirdupois (oz)
milligram (mg) 0.00003527 ounce, avoirdupois (oz)

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

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

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

A water year is the 12-month period from October 1 through September 30 of the following year 
and is designated by the calendar year in which it ends.
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Abbreviations
AMCL	 Alternative Maximum Contaminant Level

ATTAINS	 Assessment and Total Maximum Daily Load Tracking and Implementation System

CADDIS	 Causal Analysis/Diagnosis Information System

CEC	 contaminant of emerging concern

CONUS	 conterminous United States of America, excluding Alaska, Hawaii, and U.S. 
territories of Puerto Rico, U.S. Virgin Islands, and U.S. Pacific Islands

DGMETA	 Dissolved Gas Modeling and Environmental Tracer Analysis

DOC	 dissolved organic carbon
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U.S. Geological Survey (USGS) hydrologist collecting a stream 
sample at Little Fabious River, near Monticello, Missouri. 
Photograph by Jamie Myer, USGS.
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Anthony J. Martinez, and Elmera Azadpour

Abstract
Degradation of water quality can make water harmful or 

unusable for humans and ecosystems. Although many studies 
have assessed the effect of individual constituents or narrow 
suites of constituents on freshwater systems, no consistent, 
comprehensive assessment exists over the wide range of 
water-quality effects on water availability. Using published 
studies, data, and models completed at regional or national 
scales in the United States during 2010–20, this chapter moves 
towards a comprehensive assessment by summarizing how 
selected anthropogenic and geogenic water-quality constituents 
affect national-scale water availability for human and ecosystem 
needs. Several types of human health, agricultural, ecological, 
and beneficial-use standards or thresholds were used to provide 
context for categorizing surface-water and groundwater quality.

Water availability for human and ecological use 
is limited by elevated concentrations of geogenic and 
anthropogenic constituents in surface and groundwater. 
Elevated concentrations of five geogenic constituents (arsenic, 
manganese, strontium, radium, and adjusted gross alpha) are 
common in groundwater and collectively affect the drinking 
water supply to over 30 million people. Surface water sourced 
drinking water supplies are impaired in about a third of assessed 
stream miles, most commonly because of non-mercury metals 
and salinity. Health-based violations at community water 
systems may disproportionately affect socially vulnerable 
communities. Ecological water uses are predominantly limited 
by nutrients, sediment, temperature, pathogens, salinity, and 
pesticides.

Water availability for human and ecological use is 
adversely affected by human activities including human 
contaminant sources (for example, wastewater, agriculture), 
processes (for example, dredging, groundwater pumping), 
or permanent landscape modifications (for example, dams, 
urbanization). Primary contaminant sources vary spatially 
and include fertilizer and manure, atmospheric deposition, 
wastewater treatment plants, urban land, and a range of natural 
sources. Contaminants of emerging concern, contaminants 
without regulatory thresholds, and mixtures of geogenic and 
anthropogenic water contaminants also contribute to ecological 
degradation and human exposure.

Key Points
Key findings related to groundwater and surface water 

quality problems that affect water availability include the 
following:

•	 Drinking-water use is affected by geogenic and 
anthropogenic contaminants. Elevated concentrations 
of arsenic, manganese, strontium, radium, adjusted 
gross alpha, and nitrate are common in drinking water 
aquifers serving more than 30 million people in the 
United States.

•	 About one-third of stream miles assessed as 
surface-water sourced drinking-water supply are 
impaired with respect to drinking-water use, most 
commonly because of non-mercury metals and salinity.

•	 Health-based drinking-water violations at public 
water systems may disproportionately affect socially 
vulnerable communities. People with domestic wells as 
their drinking-water source are more prone to exposure 
to contaminants compared to people served by public 
water systems.

•	 Ecological water uses are predominantly limited 
by nutrients, sediment, temperature, pathogens, 
salinity, and pesticides. Contaminants without or 
historically without regulatory thresholds (for example, 
polyfluoroalkyl substances [PFAS]) have been 
underrepresented in previous assessments and also 
likely contribute to ecological degradation and human 
exposure.

•	 Water availability for human and ecological use is 
limited by elevated constituent concentrations in 
surface water and groundwater because of human 
activities. Human activities include sources (for 
example, inorganic and organic chemicals), processes 
(for example, dredging), or permanent landscape 
modifications (for example, dams, urbanization).
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•	 Interactions between groundwater and surface water 
can influence water quality. Surface-water recharge 
can be a source of contaminants to aquifers, whereas 
groundwater discharge, with slow transport times, 
results in long-term, lagged delivery of pollutants to 
surface waters (especially nitrate, chloride, PFAS, and 
other constituents).

•	 Little information exists regarding human-health 
exposure risks from mixtures of geogenic and 
anthropogenic drinking-water contaminants. 
Co-occurrence and mixtures of multiple water-quality 
constituents, taken together, can cause compounding 
negative effects on water availability but mixtures are 
rarely measured in standard monitoring protocols.

•	 Alternative water resources could increase water 
availability by providing additional supply from 
non-traditional sources such as reclaimed wastewater, 
brackish and saline water, and produced water from oil 
and gas development.

Introduction
This chapter summarizes the state of knowledge related 

to how, where, and why water quality does or may limit 
water availability for various ecological and human beneficial 
uses. Water-quality limitations are diverse and can severely 
affect human health; disrupt trade, economic activity, and 
infrastructure; and alter local ecosystems, with different 
water-quality requirements depending on the beneficial use 
and constituent being considered (table 1). Water quality can 
be degraded by either anthropogenic or geogenic (natural) 
sources. Anthropogenic constituents make their way into 
water supplies through human action, often at or near land 
surface. Geogenic constituents are chemicals or isotopes 
that have a geologic or other natural source independent 
of human activity (for example, weathering, soil leaching, 
water-rock interaction). Human activity often transports 
or concentrates natural constituents far greater than their 
background concentrations such that their presence becomes 
harmful to humans or ecosystems (Robertson and Saad, 
2021; Erickson and others, 2024a). Constituent sources can 
also be categorized into point-sources (that is, originating 
from a specific location, like a piped discharge), or nonpoint 
sources (that is, diffuse across a wide region or land use). 
Water-quality constituents may share similar sources, transport 
processes, and mobilization mechanisms (fig. 1). Water-quality 
problems are present from local to national scales, and 
local-scale, water-quality problems that make media headlines 
(sidebar 1) can be indicative of larger-scale water-quality 
challenges.

Table 1 lists some of the most common regulatory, 
human-health, and aesthetic water-quality limitations affecting 
human beneficial uses of water. Numerous standards and 
thresholds apply to human health, other human beneficial uses, 
ecological needs, and aquatic life.

The objective of this chapter is to summarize how 
selected water-quality constituents influence water availability 
for human and ecosystem needs at the national scale by 
synthesizing information from previous assessments. In this 
study, we use relevant human-health or ecosystem benchmarks 
to evaluate if a constituent may limit water availability 
because of concentration that affects human health, other 
beneficial use requirements, or ecosystem services. For 
context, we summarize the major sources, transport processes, 
and effects on human and ecosystem users related to each 
constituent. We also discuss knowledge, data, and modeling 
gaps that limit our ability to consistently assess how water 
quality influences water availability at the national scale. 
However, it is beyond the scope of this report to present a 
detailed explanation of constituent sources and processes, or to 
evaluate exceedance criteria.

Standards and Thresholds for Assessing Water 
Availability

The existing regulatory framework, summarized in this 
section, guides the determination of water availability from 
a water-quality perspective in this chapter, but important 
limitations exist within this framework. Single-item 
thresholds are generally the focus of regulatory criteria, 
which may underestimate potential negative effects of 
common constituent and chemical mixtures of two or more 
contaminants. Criteria that are not regulatory per se also 
tend to be minimized, leading to gaps in coverage within 
the framework. For example, many individual jurisdictions 
have established separate water-quality standards, such as for 
nutrients, which vary across boundaries, were derived from 
varying methodologies, or are missing for some jurisdictions. 
As a result, jurisdictional-specific methods may not be 
appropriate for consistent regional and national assessments 
because of inconsistent methods and gaps in coverage (Fanelli 
and others, 2022). Therefore, this chapter predominantly 
focuses on nationally or regionally consistent standards for 
evaluating water quality when available.

Human-Health and Other Beneficial-Use 
Standards

Several types of human-health, agricultural, or ecological 
beneficial-use standards or thresholds are routinely used 
for regulating, assessing, or categorizing surface-water and 
groundwater quality. The Safe Drinking Water Act (42 U.S.C. 
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Table 1.  Generalized categories of the most common water-quality limitations affecting the availability of water for intended purposes.

[Abbreviations: MCL, U.S. Environmental Protection Agency Maximum Contaminant Level (U.S. Environmental Protection Agency, 2018); SMCL, U.S. 
Environmental Protection Agency Secondary Maximum Contaminant Level (U.S. Environmental Protection Agency, 2018); HBSL, Health-Based Screening 
Level (Norman and others, 2018); NRCS, Natural Resources Conservation Service Technical Note MT-1 (Natural Resources Conservation Service, 2011); REC, 
recreational use criteria (U.S. Environmental Protection Agency, 2023a); ECO, U.S. Environmental Protection Agency aquatic life criteria (U.S. Environmental 
Protection Agency, 2023b)]

Water purpose category Most common water quality limitations Applicable water quality standards

Public drinking-water supply Trace elements, radionuclides, total dissolved 
solids (TDS), nitrate

Enforceable standards (MCL), aesthetic 
standards (SMCL), and non-enforceable 
human-health benchmarks (HBSL)

Domestic drinking-water supply Trace elements, radionuclides, TDS, nitrate No enforceable standards, standards and 
benchmarks for public supply provide 
guidance

Irrigation Crop-specific trace elements, boron, salinity, 
TDS

U.S. Department of Agriculture provides 
guidance (NRCS)

Livestock Trace element, nitrate, TDS, pH, alkalinity, 
salinity

U.S. Department of Agriculture provides 
guidance (NRCS)

Aquiculture Temperature, mercury, trace elements, 
ammonium

U.S. Department of Agriculture provides 
guidance (NRCS)

Industrial Process-dependent Users develop guidance specific to their process
Thermoelectric Minimal Users develop guidance specific to their need
Mining Minimal Users develop guidance specific to their need
Navigation Sedimentation, algal blooms U.S. Army Corps of Engineers and States 

provide standards and guidance
Fish and shellfish Consumption advisories for mercury, organic 

contaminants, red tide, or other considerations
States provide guidance specific to location, 

contaminant, fish or shellfish species
Recreation Microbial pathogens, harmful algal blooms 

(HABs)
U.S. Environmental Protection Agency provides 

criteria (REC)
Ecological Nutrients, sediment, organic compounds, pH, 

dissolved oxygen
U.S. Environmental Protection Agency provides 

criteria (ECO)
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(Examples of sources of water-quality contaminants, transport mechanisms, and distribution showing how contaminants can 
affect water availability.).
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Figure 1.  Examples of sources of water-quality contaminants, transport mechanisms, and distribution; and how contaminants can potentially affect water availability. 
Illustration by Amanda Carr, U.S. Geological Survey.
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Sidebar 1. Water Quality Problems from the Headlines1

Water-quality problems can become headlines in the news. There are 
many news examples of water quality limiting water availability, and 
these are just a few from the past decade:

•	 Lead contamination due to corrosive water in public water supply in Flint, 
Michigan (Kennedy, 2016);

•	 Ice storm and water crisis in Jackson, Mississippi (Marshall and Mozee, 
2022);

•	 Harmful algal blooms, or HABs (fig. S1.1), contaminating surface water at  
the intake for the Toledo, Ohio, public supply (Chappell, 2014);

•	 Increasing turbidity threatening the drinking water supply for New York,  
New York (DePalma, 2006);

•	 Adverse ecological effects from increasing salinity in the Great Salt Lake, 
Utah (fig. S1.2; Kintisch, 2022);

•	 Geogenic and mining-related uranium and arsenic groundwater contamina-
tion (figs. S1.3 and S1.5) at the Navajo Nation drinking water supply wells  
in Arizona, New Mexico, and Utah (Jones and others, 2020a); and

•	 Drinking water arsenic exposure (figs. S1.4 and S1.5) for agricultural work-
ers in the Central Valley of California (Facio-Krajcer and Cowan, 2022).

Figure S1.1.  Landsat satellite image of Lake Erie 
during a harmful algal bloom event. Public domain 
photograph.

Figure S1.2.  Wetlands along edge of Great Salt Lake, Utah. 
Photograph by Professor Marli Miller, University of Oregon.

Figure S1.3.  Example of acidic mine 
drainage. Public domain photograph.

Figure S1.4.  Glass of water being filled from the 
tap. The quality of the water we drink can affect our 
health. Public domain photograph.

Figure S1.5.  Skin lesions that are characteristic of damage 
from drinking water arsenic exposure. Photograph by David 
Funkhouser, Earth Institute of Columbia University.
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§300f et seq. [1974]) requires that the U.S. Environmental 
Protection Agency (USEPA) set enforceable, regulatory 
drinking-water standards called Maximum Contaminant 
Levels (MCLs) on specific chemicals and compounds (Ayotte 
and others, 2017; U.S. Environmental Protection Agency, 
2018). Certain human-health and occurrence criteria must be 
met for USEPA to regulate a drinking-water contaminant, so 
only a limited number of constituents have established MCL, 
and new MCLs are periodically enacted (for example, per- 
and polyfluoroalkyl substances [PFAS]; U.S. Environmental 
Protection Agency, 2024d). MCLs are enforced for public 
water systems (PWSs) whereas private domestic well water 
remains largely unregulated and untested (Bowen and others, 
2019; U.S. Environmental Protection Agency, 2022a). 
Nevertheless, domestic well water has the same or higher 
likelihood of contamination as PWS wells (Spaur and others, 
2021; Aiken and others, 2023). Because MCLs are established 
for only a limited number of contaminants, additional 
non-enforceable aesthetic and human-health drinking-water 
thresholds are used in this report to provide context for 
drinking-water quality. Other human-health thresholds 
include the Health-Based Screening Level (HBSL; Norman 
and others, 2018); Alternative Maximum Contaminant Level 

(AMCL; U.S. Environmental Protection Agency, 2018); and 
Unregulated Contaminant Monitoring Rule (UCMR; U.S. 
Environmental Protection Agency, 2016a). Other relevant 
benchmarks include Secondary Maximum Contaminant 
Level (SMCL; U.S. Environmental Protection Agency, 2018), 
agriculture-related standards (Natural Resources Conservation 
Service, 2011), other human-health standards (for example, 
fish consumption advisories, recreational standards), 
aquatic-life standards, aesthetic standards, and biological 
standards (U.S. Environmental Protection Agency, 2023a, 
2023b). In this report, a concentration is defined as “high” if 
it exceeds a human-health drinking-water threshold (selected 
criteria provided in table 2) or another relevant benchmark. 
The term “elevated” is used if a concentration exceeds 
one-half of a threshold.

Ecological and Aquatic-Life Thresholds

Many water-quality constituents do not have singular, 
definitive national ecological standards or thresholds, but 
instead have varying thresholds for different regions of 
the country, specific taxa, time-windows of exposure, and 

Table 2.  Regulatory and other human-health benchmarks for drinking-water contaminants most commonly found at high 
concentrations in groundwater and surface water sources used for drinking water.

[“Drinking water only” assumes that 100 percent of exposure to lithium comes from drinking water (Lindsey and others, 2021a). Abbreviations: μg/L, 
microgram per liter; MCL, Maximum Contaminant Level (U.S. Environmental Protection Agency, 2018); HBSL, Health-Based Screening Level (Norman and 
others, 2018); UCMR, Unregulated Contaminant Monitoring Rule (U.S. Environmental Protection Agency, 2016a); NA, not available; pCi/L, picocurie per liter; 
AMCL, Alternative Maximum Contaminant Level (U.S. Environmental Protection Agency, 2018);  mg/L, milligram per liter

Constituent  Human health benchmark

Arsenic 10 µg/L MCL
Manganese 300 µg/L Noncancer HBSL, UCMR
Uranium 30 µg/L MCL
Radionuclides
         210Lead/210Polonium NA (direct measure) 

15 pCi/L alpha radioactivity MCL (210Polonium) 
50 pCi/L beta radioactivity MCL (210Lead)

         226Radium + 228Radium 5 pCi/L MCL
         222Radon 300 pCi/L (proposed MCL) 

4,000 pCi/L (proposed AMCL)
Strontium 4,000 µg/L Noncancer HBSL, UCMR
Fluoride 4,000 µg/L MCL 

1,200 µg/L Noncancer HBSL
Lithium 10 µg/L Noncancer HBSL 

60 µg/L Drinking water only threshold
Nitrate 10 mg/L-N MCL
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relative levels of severity. Although many standards are 
established through controlled laboratory-style experiments 
(for example, the threshold causing mortality of 50 percent of 
the population), other thresholds may be established through 
field-based studies. Thresholds established with field studies 
may use statistical correlation between the constituent and 
ecosystem condition, or the range of constituent conditions 
within an overall region or found within a region’s least 
disturbed areas, and with presumed, but not directly 
quantified, ecosystem effects.

Regional thresholds for aquatic life are often used 
because local ecosystems are broadly adapted to long-term 
natural water-quality conditions, which naturally vary across 
the country. Separate regional standards can better capture the 
relative severity of water-quality disturbance. Additionally, 
different components of the ecosystem (for example, algae, 
benthic insects, mussels, fish) and among species (for 
example, cutthroat trout or blue catfish) can have varying 
sensitivity to water-quality constituents because of their life 
history and functional traits and habitat preferences.

Multiple aquatic-life criteria or thresholds can exist 
according to the time frame of exposure. For example, 
“Acute” thresholds cover maximum, short-duration 
exceedances at any point in time— such as during a storm 
peak—and “Chronic” thresholds are exceedances that 
typically have lower concentrations than Acute thresholds but 
are subject to longer durations of exposure. Similarly, upper 
and lower temperature thresholds have been established for 
many aquatic organisms at short-term thermal thresholds 
and longer-term weekly average thresholds, and at varying 
levels of severity, including lethal and sub-lethal thresholds 
(for example, for growth or successful spawning; U.S. 
Environmental Protection Agency, 2020a).

The USEPA National Rivers and Streams Assessment 
has also created multiple non-regulatory quality-graded 
thresholds for several water-quality constituents across the 
conterminous United States (CONUS; U.S. Environmental 
Protection Agency, 2020a; table 3). Qualitative regional 
thresholds designating “Good,” “Fair,” and “Poor” conditions 
were created for acidification (that is, pH), total nitrogen, total 
phosphorus, salinity, and excess streambed sediment (that is, 
a surrogate for sediment conditions) based on the range of 
field-based monitoring data at least-disturbed watersheds in 
that region.

Although aquatic-life thresholds are typically developed 
from the effect of a single water-quality constituent in 
isolation, water-quality constituents occur in combinations in 
the environment, sometimes referred to as “stressor mixtures.” 
Further discussion of the effect of multiple stressors, stressor 
interactions, and issues with causally attributing ecological 
degradation to a single constituent is presented in the section 
“Multiple Stressors, Contaminant Mixtures.”

National Standards Not Established
Not all water-quality constituents have established formal 

national standards, even if the constituent has the potential 
to limit water availability for various beneficial uses. For 
example, although some aquatic-life, water-temperature 
thresholds are provided by USEPA for a limited number 
of species, numerous other water-temperature thresholds 
and preference classes have been compiled in the scientific 
literature for a range of other species (Comte and Olden, 
2017; Welch and Jager, 2022), but have not been formally 
adopted by regulatory agencies. Additionally, many organic 
contaminants of emerging concern (CECs) and their 
degradates have not been formally evaluated for regulatory 
ecological life thresholds, despite field assessments detecting 
statistical effects of these contaminants on ecological condition 
(Mahler and others, 2021; Waite and others, 2021).

In the absence of standards for stressors or mixtures, 
certain tools can be used to help assess water quality. For 
example, when a poor ecological condition is identified in 
jurisdictional-level monitoring programs, jurisdictions are 
recommended to undergo a stressor identification process, 
such as the USEPA’s Causal Analysis/Diagnosis Information 
System (CADDIS; Norton and others, 2009). This process can 
be used to help identify the water-quality constituent that is 
likely degrading ecological communities and to include that 
constituent in a regulatory impairment listing.

Sources of Data

This chapter describes the status of water quality based 
on a literature review of national and regional water-quality 
monitoring and modeling studies completed primarily by 
the U.S. Geological Survey (USGS) from 2010 to 2020. For 
some constituents (for example, mercury, PFAS), monitoring 
results are presented that fall outside the assessment time 
frame because national or regional studies do not exist within 
that period. Additional references are provided throughout 
the chapter for other data sources, relevant regional or local 
studies or models, and specific interpretive publications or 
models based on the described assessments and models. 
Published data are used to create summary figures and tables 
presented in this chapter and in a linked, interactive online 
data visualization resource. We do not explicitly consider 
temporal trends in water quality. Surface-water results are 
presented by constituent group type, with the most common, 
pervasive, widely studied, and modeled constituents presented 
first. Groundwater results are grouped as geogenic and 
anthropogenic contaminants.
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Monitoring Studies for National and Regional 
Water-Quality Assessment

In this chapter, we synthesize results from several 
recent (2010–20), national-scale, water-quality monitoring 
assessments completed by USGS to gain insight into the 
nature and geographic distribution of water-quality limitations 
to water availability in CONUS. Results include summaries of 
USGS National Water Quality Assessment (NAWQA) Cycle 
3 surface-water-quality and groundwater-quality results along 
with other relevant published water-quality studies. NAWQA 
began in 1991, and the NAWQA framework and science plan 
for the third decade (Cycle 3) was developed with a focus 
on assessing status and trends of freshwater quality, and how 
human activities affect water quality (Rowe and others, 2010; 
National Research Council, 2012; Rowe and others, 2013). 
A national-scale USGS assessment of brackish groundwater 
resources is also presented (Stanton and others, 2017).

Results are also included for aquatic ecosystem health 
metrics from the USGS Regional Stream Quality Assessments, 
a part of NAWQA involving sampling of wadable streams in 
selected regions to assess water quality and characterization 
of the relation between multiple water-quality stressors and 
aquatic life. Results are also included for the USEPA National 
Rivers and Streams Assessment (NRSA; U.S. Environmental 
Protection Agency, 2009, 2016b, 2020a, 2020b), a national, 

probabilistic, collaborative stream survey to monitor the 
ecological condition and stressors affecting the Nation’s rivers 
and streams (see sidebar 2).

This report also presents information summarized from 
the current reporting-cycle data contained in the USEPA 
Assessment and Total Maximum Daily Load Tracking and 
Implementation System (ATTAINS; U.S. Environmental 
Protection Agency, 2023c), the database for regulatory 
assessments and beneficial-use impairments by States and 
jurisdictions for compliance with sections 303(d)/305(b) of 
the Clean Water Act. In this chapter, we examined all data 
contained in the ATTAINS database of rivers, streams, and 
flowing waters (linear assessment features) that have been 
assessed, reported in miles, and listed for “non-supporting” 
a beneficial use. We extracted all water-quality constituent 
groupings discussed in this report and examined their relative 
percentage as the cause of non-supported beneficial uses by 
river mile across the country. These water-quality constituents 
may be contained in lists of either Clean Water Act sections 
305(b) or 303(d). Although attributing a use impairment to 
specific water-quality constituents in ATTAINS can vary based 
on methodological differences from jurisdiction to jurisdiction 
(Fanelli and others, 2022), this national-scale analysis 
provides a broad overview of which water-quality issues 
local jurisdictions believe are affecting beneficial uses and are 
subsequently regulating.

Table 3.  Threshold categories from assessment results from the National Rivers and Streams Assessment 2013–14 (U.S. Environmental 
Protection Agency, 2020a).

[Fair designations occupy the range of values between the Good and Poor thresholds. Abbreviations and symbols: µg/L, microgram per liter; µS/cm, 
microsiemens per centimeter at 25 degrees Celsius; ≤, less than or equal to; ≥, greater than or equal to]

Aggregated 
ecoregion level III

Total nitrogen 
(µg/L)

Total phosphorus 
(µg/L)

Salinity as 
conductivity 

(µS/cm)

Good 
(≤)

Poor 
(≥)

Good 
(≤)

Poor 
(≥)

Good 
(≤)

Poor 
(≥)

Coastal Plain 624 1081 55.9 103 500 1,000
Northern Appalachians 345 482 17.1 32.6 500 1,000
Southern Appalachians 240 456 14.8 24.4 500 1,000
Upper Midwest 583 1,024 36.3 49.9 500 1,000
Temperate Plains 700 1,274 88.6 143 1,000 2,000
Northern Plains 575 937 64 107 1,000 2,000
Southern Plains 581 1,069 55.8 127 1,000 2,000
Western Mountains 139 249 17.7 41 500 1,000
Xeric West 285 529 52 95.9 500 1,000
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Sidebar 2. The U.S. Environmental Protection Agency (USEPA)  
National Rivers and Streams Assessment2

The National Rivers and Streams Assessment (NRSA) 
is a national probabilistic field survey collaboratively 
conducted between the USEPA, States, and Tribes 

to assess the conditions of the Nation’s rivers and streams 
and the major instream stressors affecting them. In contrast 
to the USEPA Assessment and Total Maximum Daily Load 
Tracking and Implementation System (ATTAINS) database, 
which is part of the regulatory listing and tracking process at 
a jurisdiction-by-jurisdiction scale, the NRSA objectives are 
explicitly non-regulatory, and are meant to evaluate aquatic 
conditions using standardized and consistent methods across 
the country. The goal of NRSA is not only to evaluate a 
current snapshot of status, but also to track changes through 
time and evaluate the extent of problematic stressors’ relative 
risk to biological communities. NRSA replaced the previous 
USEPA Wadable Streams Assessment, formally began during 
2008–09, and was repeated in 5-year cycles during 2013–14 
and 2018–19.

Through this field-based 
monitoring campaign, 
NRSA was used to evaluate 
the condition of various 
biological, chemical, physical, 
and human-health indicators. 
Biological conditions 
included sub-measures 
of the fish community, 
benthic macroinvertebrates, 
periphyton, and algae 
(examples illustrated in 
fig. S2.1). Water quality 
included concentrations 
of nutrients (that is, total 
nitrogen and phosphorus), 
salinity, and acidification (pH). 
Physical-habitat indicators 
included streambed-sediment 
condition, instream fish 
habitat, riparian vegetative 
cover, and riparian 
disturbance. Human-health 
indicators included enterococci 
as a fecal indicator, mercury in 
fish tissue, and algal toxins.

Instream conditions 
were categorized on a relative 
scale (for example, “Good,” 

“Fair,” and “Poor”) based on NRSA-derived “least-disturbed” 
regional benchmarks, existing USEPA-derived nationally 
consistent benchmarks, and nationally consistent 
literature-based benchmarks. The probabilistic design was 
then able to estimate the percentage of the country’s river 
and stream miles in each condition score. The vulnerability 
of ecosystems to each stressor across the country was then 
assessed through a vulnerability framework of relative 
sensitivity and exposure. Sensitivity was evaluated for 
each stressor by quantifying the increased likelihood that 
ecosystems were in a degraded state when the stressor was 
degraded. Exposure was then evaluated against the prevalence 
for degraded stressor conditions across the country. Together, 
vulnerability is the combined score of the likelihood of a 
stressor to cause ecological degradation weighted by the 
prevalence of degraded stressor conditions across the country.

These data not only provide the backbone for NRSA 
reports of condition (U.S. 
Environmental Protection 
Agency, 2023e) and associated 
scholarly publications (Wathen 
and others, 2015; Batt and 
others, 2016; Kaufmann and 
others, 2022a, 2022b; Keely 
and others, 2022), but have 
been used for a series of other 
national-scale evaluations 
(Hill and others, 2017, 2023; 
McManamay and DeRolph, 
2019) and have been combined 
with USGS monitoring data 
for additional insights (Carlisle 
and others, 2017, 2022; 
Schmidt and others, 2019).

The probabilistic 
approach of NRSA can be 
contrasted with targeted USGS 
monitoring: the probabilistic 
spatial representativeness 

under spring and summer 
low-flow conditions against the 
targeted monitoring coverage 
of temporally changing through 
seasons and streamflow 
conditions (Sprague and others, 
2019).

Figure S2.1.  Photographs (clockwise starting at top 
followed by center photograph) showing a crayfish (family 
Cambaridae), a largescale stoneroller fish (Campostoma 
oligolepis), freshwater snails, a banded sculpin fish (Cottus 
carolinae), and hedgehyssop plant (Gratiola amphiantha), 
with center photograph of the Maury River at Goshen Pass in 
Rockbridge County, Virginia. Photographs by Alan Cressler, 
U.S. Geological Survey.
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Modeling Studies for National and Regional 
Water-Quality Assessments

We also summarize results from several recent (2010–20) 
national-scale, water-quality modeling studies to gain insight 
into the nature and geographic distribution of water-quality 
limitations to water availability in CONUS. Although large 
regional or national-scale modeling studies are less common 
than monitoring studies and exist for fewer constituents, 
modeling studies can provide consistent information about 
a constituent across CONUS for unmonitored areas and, 
therefore, support more comprehensive assessments of water 
availability. Several models have been produced by USGS 
to provide spatially continuous assessments of estimated 
water-quality conditions across the country to help inform 
water-availability assessments.

We primarily focus on assessments of national 
surface-water quality from a hybrid statistical and 
process-based model called SPAtially Referenced Regressions 
On Watershed attributes (SPARROW; Schwarz and others, 
2006). SPARROW is a model that has been used to quantify 
the sources and transport of contaminants in watersheds of 
widely varying sizes, from catchment to continental scales. 
SPARROW includes three major process components 
that explain spatial variability in stream water quality or 
quantity: (1) contaminant or water sources, (2) land-to-water 
delivery, and (3) stream and reservoir transport and decay. 
SPARROW establishes a mathematical relation between 
water-quality measurements made at a network of monitoring 
stations and attributes of the watersheds containing the 
stations. These relations are then used to track and predict 
water-quality constituent loads, concentrations, and the 
contributions from each source for all stream reaches across 
a study area. SPARROW models with large regional or 
national coverage have only been developed for a limited 
number of constituents, and results are presented where 
available. Process-based models, such as the Soil and Water 
Assessment Tool (SWAT), have also been routinely used 
at a range of watershed scales to evaluate the transport and 
routing for water-quality constituents, as well as to evaluate 
scenarios such as climate change, land use change, and 
watershed-management-scenario testing (Arnold and others, 
2010; Wang and others, 2019). SWAT was not given a focus 
in this assessment because of a relative lack of national-scale 
modeling efforts. We also discuss other modeling approaches, 
including machine-learning, tree-based methods such as 
boosted regression trees and random forest (Cutler and 
others, 2007; Elith and others, 2008; Kuhn and Johnson, 
2013), which have been implemented for some regional and 
national studies for select constituents. Recent advancements 
in machine-learning models—including machine-learning 
models that are spatially aware of the river network (Topp and 
others, 2023) and deep-learning models that can be pre-trained 
on traditional process models (Read and others, 2019)—have 
been developed for select regions but are not yet available 
nationally.

In addition to sampling results, groundwater quality 
for some constituents is assessed using results from several 
national-scale and regional-scale, machine-learning 
groundwater-quality models. Machine-learning-ensemble 
tree methods—such as boosted regression trees and random 
forest (Cutler and others, 2007; Elith and others, 2008), which 
combine many simple models—improve prediction accuracy 
compared with more traditional statistical methods (Hastie 
and others, 2009). The models are built by using measured 
constituent concentration or categories of greater than or 
less than a threshold in wells, and spatial predictor variables 
representing well characteristics, hydrologic conditions, 
geology, land use, climate, or other relevant factors. Output 
results from other empirical or numerical process-based 
models can also be used as predictor variables. Model 
predictions can be presented in terms of concentrations or 
likelihoods of threshold exceedance across the spatial extent 
of the study area at depths relevant to drinking-water supplies 
or stream-aquifer interaction contributing to base flow.

Challenges to National-Scale Assessment and 
Water-Quality Modeling

Assessing water-quality effects on water availability 
requires sufficient representative data in space and time, 
relevant water quality criteria for appropriate uses, and 
ideally modeling approaches that allow for assessments at 
unmonitored locations. The degree to which each of these 
requirements is met for each constituent varies greatly, which 
results in variability in the extent to which we can consistently 
assess how water quality affects water availability. Here 
we summarize the high-level challenges associated with 
water-quality criteria, data, and models for water availability 
assessments. Table 4 provides a high-level, national-scale 
summary of the availability of water-quality information.

Major challenges that limit nationally consistent 
assessments of water-quality effects on water availability 
include the inconsistencies among criteria for constituents 
and affected uses. Criteria can differ based on individual 
constituents and for different beneficial uses based on metrics 
of interest (for example, maximum, mean, and minimum), 
time frame of exposure (for example, annual, seasonal, daily, 
hourly, or cumulative over a threshold), and even which 
observations are most relevant (for example, dissolved versus 
particulate). Different standards and criteria are also based on 
varying levels of evidence; some thresholds are established 
by rigorous laboratory toxicity experiments, whereas others 
are based on correlative field-based studies that may be 
confounded by unknown factors. Constituents with multiple 
analytes, such as pesticides, may not have criteria for each 
analyte, and even as new criteria are developed, novel 
compounds with new effects continue to be created and used 
in the environment.
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Table 4.  Summary of water quality information availability assessment results.

[National-scale modeling gaps identified: Detailed national, regional, and local scale modeling gaps and needs are summarized in Harvey and others (2024) and Tesoriero and others (2024a). National 
or regional standards, guidance, or thresholds: MCL, U.S. Environmental Protection Agency Maximum Contaminant Level (U.S. Environmental Protection Agency, 2018); SMCL, U.S. Environmental 
Protection Agency Secondary Maximum Contaminant Level (U.S. Environmental Protection Agency, 2018); HBSL, Health-Based Screening Level (Norman and others, 2018); USEPA proposed, U.S. 
Environmental Protection Agency proposed regulation for per- and polyfluronalkyl substances (U.S. Environmental Protection Agency, 2023); USEPA advisory, U.S. Environmental Protection Agency drinking 
water health advisory for cylindrospermopsin and microsystins (U.S. Environmental Protection Agency, 2015); USDA NRCS, U.S. Department of Agriculture Natural Resources Conservation Service Technical 
Note MT-1 (Natural Resources Conservation Service, 2011); REC, recreational water use (U.S. Environmental Protection Agency, 2023a); NRSA, National Rivers and Streams Assessment (U.S. Environmental 
Protection Agency, 2020a, b); ALC, Aquatic Life Criteria (U.S. Environmental Protection Agency, 2023b); ALB, Aquatic Life Benchmarks and Ecological Risk Assessments for Registered Pesticides (U.S. 
Environmental Protection Agency, 2023d); NA, not applicable. National-scale modeling status: SPARROW, SPAtially Referenced Regressions On Watershed; *, no national-scale model currently in 
development by the U.S. Geological Survey.]

Constituent(s)
National or regional standards,  

guidance, or thresholds
Primary beneficial and  

ecological uses affected

National-scale  
assessment data  

availability

National-scale  
modeling status

Resource—Surface water

Nutrients Yes MCL, NRSA, ALC Drinking water, recreation, ecological High Well-developed 
(SPARROW)

Salinity Yes SMCL, USDA NRCS, ALC Drinking water, irrigation, livestock, 
ecological

Moderate *

Sediment Yes SMCL (total dissolved  
solids, odor), NRSA, ALC

Navigation, drinking water, ecological Low - Suspended; Low - 
Bed sediments

Suspended: Well-developed 
(SPARROW); Bed sediment: *

Temperature Selected constituents 
only

USDA NRCS, ALC Aquaculture, ecological Low In development 
(machine learning)

Pesticides Selected constituents 
only

MCL, HBSL, ALC, ALB Ecological Low *

Per- and polyfluoro-
alkyl substances 
(PFAS)

Selected constituents 
only

MCL, ALB, ALC Drinking water, ecological Low *

Pharmaceuticals Selected constituents 
only

MCL, HBSL, ALC Ecological Low *

Microplastics No None Undefined at this time Low *
Harmful algal blooms Selected constituents 

only
USEPA advisory, REC Drinking water, recreation, ecological Low *

Microbial pathogens Selected constituents 
only

MCL, REC Drinking water, navigation, recreation, 
ecological

Low *

Mercury Yes MCL, USDA NRCS, ALC Aquaculture, fish consumption, 
ecological

Low *

Other metals Yes MCL, SMCL, HBSL, USDA 
NRCS, ALC

Drinking water, irrigation, livestock, 
ecological

Low *

pH Yes SMCL, USDA NRCS, ALC Drinking water, livestock, ecological Moderate *
Dissolved oxygen Yes ALC Ecological Moderate *
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Table 4.  Summary of water quality information availability assessment results.—Continued

[National-scale modeling gaps identified: Detailed national, regional, and local scale modeling gaps and needs are summarized in Harvey and others (2024) and Tesoriero and others (2024a). National 
or regional standards, guidance, or thresholds: MCL, U.S. Environmental Protection Agency Maximum Contaminant Level (U.S. Environmental Protection Agency, 2018); SMCL, U.S. Environmental 
Protection Agency Secondary Maximum Contaminant Level (U.S. Environmental Protection Agency, 2018); HBSL, Health-Based Screening Level (Norman and others, 2018); USEPA proposed, U.S. 
Environmental Protection Agency proposed regulation for per- and polyfluronalkyl substances (U.S. Environmental Protection Agency, 2023); USEPA advisory, U.S. Environmental Protection Agency drinking 
water health advisory for cylindrospermopsin and microsystins (U.S. Environmental Protection Agency, 2015); USDA NRCS, U.S. Department of Agriculture Natural Resources Conservation Service Technical 
Note MT-1 (Natural Resources Conservation Service, 2011); REC, recreational water use (U.S. Environmental Protection Agency, 2023a); NRSA, National Rivers and Streams Assessment (U.S. Environmental 
Protection Agency, 2020a, b); ALC, Aquatic Life Criteria (U.S. Environmental Protection Agency, 2023b); ALB, Aquatic Life Benchmarks and Ecological Risk Assessments for Registered Pesticides (U.S. 
Environmental Protection Agency, 2023d); NA, not applicable. National-scale modeling status: SPARROW, SPAtially Referenced Regressions On Watershed; *, no national-scale model currently in 
development by the U.S. Geological Survey.]

Constituent(s)
National or regional standards,  

guidance, or thresholds
Primary beneficial and  

ecological uses affected

National-scale  
assessment data  

availability
National-scale modeling status

Resource—Groundwater

Arsenic Yes MCL, USDA NRCS Drinking water, irrigation, 
livestock, ecological

High Well-developed (regional and 
national machine learning)

Manganese Yes SMCL, HBSL, USDA NRCS Drinking water, irrigation, 
livestock, ecological

Moderate Moderate (regional machine-
learning)

Strontium Yes HBSL, USDA NRCS Drinking water, irrigation, 
livestock, ecological

Moderate *

Uranium and  
radionuclides

Yes MCL, USDA NRCS Drinking water, irrigation, 
livestock, ecological

Moderate *

Fluoride Yes MCL, USDA NRCS Drinking water, irrigation, 
livestock, ecological

Moderate Moderate (regional machine-
learning)

Lithium Yes HBSL Drinking water, ecological Moderate Well-developed (Machine  
learning)

Chloride Yes SMCL, USDA NRCS Drinking water, irrigation, 
livestock, ecological

Moderate *

Nutrients Yes MCL Drinking water, recreation, ecological High Well-developed (Machine  
learning)

Pesticides Selected constituents 
only

MCL, HBSL Ecological Moderate *

Per- and polyfluoro-
alkyl substances 
(PFAS)

Selected constituents 
only

MCL, ALB, ALC Drinking water, ecological Low Moderate (Machine  
learning)

Microbial pathogens Selected constituents 
only

MCL, USDA NRCS Drinking water, aquaculture, 
ecological

Low *
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Table 4.  Summary of water quality information availability assessment results.—Continued

[National-scale modeling gaps identified: Detailed national, regional, and local scale modeling gaps and needs are summarized in Harvey and others (2024) and Tesoriero and others (2024a). National 
or regional standards, guidance, or thresholds: MCL, U.S. Environmental Protection Agency Maximum Contaminant Level (U.S. Environmental Protection Agency, 2018); SMCL, U.S. Environmental 
Protection Agency Secondary Maximum Contaminant Level (U.S. Environmental Protection Agency, 2018); HBSL, Health-Based Screening Level (Norman and others, 2018); USEPA proposed, U.S. 
Environmental Protection Agency proposed regulation for per- and polyfluronalkyl substances (U.S. Environmental Protection Agency, 2023); USEPA advisory, U.S. Environmental Protection Agency drinking 
water health advisory for cylindrospermopsin and microsystins (U.S. Environmental Protection Agency, 2015); USDA NRCS, U.S. Department of Agriculture Natural Resources Conservation Service Technical 
Note MT-1 (Natural Resources Conservation Service, 2011); REC, recreational water use (U.S. Environmental Protection Agency, 2023a); NRSA, National Rivers and Streams Assessment (U.S. Environmental 
Protection Agency, 2020a, b); ALC, Aquatic Life Criteria (U.S. Environmental Protection Agency, 2023b); ALB, Aquatic Life Benchmarks and Ecological Risk Assessments for Registered Pesticides (U.S. 
Environmental Protection Agency, 2023d); NA, not applicable. National-scale modeling status: SPARROW, SPAtially Referenced Regressions On Watershed; *, no national-scale model currently in 
development by the U.S. Geological Survey.]

Constituent(s)
National or regional standards,  

guidance, or thresholds
Primary beneficial and  

ecological uses affected

National-scale  
assessment data  

availability
National-scale modeling status

Resource—Surface water and groundwater

Groundwater-surface 
water interactions

NA Long lag time delivery of 
groundwater contaminants 
to surface water

Drinking water, irrigation, livestock, 
ecological

Low Low (some local models)

Multiple stressors and 
mixtures

No, mixtures not 
considered

Absent Drinking water, irrigation, livestock, 
ecological

Low *

Resource—Alternative water resources

Wastewater reuse Selected constituents 
only

Nutrients and organic  
constituents

Drinking water, ecological Low *

Brackish groundwater 
and sea water

Selected constituents 
only

Salinity and other dissolved 
solids

Drinking water, irrigation, livestock, 
ecological

High Brackish groundwater: Well-
developed (regression model); 
Sea water: low

Produced water Selected constituents 
only

Salinity, organic constituents, 
proprietary additives

Drinking water, irrigation, livestock, 
ecological

Low *
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National-scale assessments and models require data 
produced with consistent collection and measurement 
methods. Major challenges associated with obtaining 
representative data for national-scale assessments of water 
quality include (1) a lack of consistent, comprehensive, 
representative spatial and temporal data; (2) adequate data at 
time steps appropriate for evaluation of acute exceedances;  
(3) inconsistent or improper monitoring methods;  
(4) methodological discrepancies between sampling and 
relevant criteria; (5) variations in detection limits; and  
(6) sampling and analytical costs and complexities. The 
temporal resolution of monitoring data available may limit the 
ability to detect short-term “acute” water-quality exceedances 
(Moore and others, 2020), or the full range of constituents 
that may be sporadically applied and transported from the 
landscape (Van Metre and others, 2017). For some constituents 
(for example, pesticides), there may be hundreds of potential 
analytes, which may have variable amounts of data.

Water-quality models can provide information about 
conditions at unmonitored locations and can be used to make 
near-term forecasts or long-term projections under changing 
climatic, land-cover, or water-management conditions, as 
well as information about the various sources and processes 
that control a constituent. Although it is possible to assess 

water-quality effects on water availability using data alone, 
models can extend and refine the spatial and temporal scales 
at which assessments can be done. However, developing 
and applying accurate, nationally consistent water-quality 
models is challenging because of the data limitations 
described earlier in this section. Additionally, models may 
not be developed to correspond to the appropriate criteria 
or constituent, or temporal or spatial resolution, because 
of limitations in the data needed to accurately capture the 
factors driving constituent behavior in the environment. The 
temporal resolution of modeling output (for example, mean 
annual, seasonal, or monthly) may omit other important 
short-term effects on water availability. Moreover, source- and 
process-level understanding are often inadequate to be able to 
develop predictive models for some constituents.

Two recent reports described some of the most important 
scientific gaps that limit the ability to predict water-quality 
effects on water availability for beneficial use and ecosystem 
health across the United States (Harvey and others, 2024; 
Tesoriero and others, 2024a). These reports also outlined 
research that could fill crucial water-quality knowledge gaps, 
and related work prioritized geographic areas for research 
specific to answering water-quality questions about selected 
high-priority, water-quality constituents (sidebar 3).



Introduction    15

Sidebar 3. Ranking Results for Water-Quality Gaps3

Current USGS water-availability research 
efforts include regional and national 
integrated-water-availability assessments in 

coordination with relatively intensive investigations in 
selected river basins within the conterminous United 
States (CONUS). Basins were selected through a 
quantitative prioritization scheme (Van Metre and others, 
2020). The framework for the river basin prioritization 
scheme consisted of 163 candidate basins distributed 
among 18 hydrologic regions. Candidate basins 
were ranked within each region primarily based on 
anthropogenic surface-water, resource-quantity stressors 
(Van Metre and others, 2020). The Van Metre and others 
(2020) basin prioritization scheme focused on water 
quantity, so it included limited consideration of water 
quality and did not consider societal factors. Recent 
work, shown graphically in figure S3.1, developed 
CONUS-scale watershed ranking considering four 
water-quality constituent groups (nutrients, salinity, 

geogenic constituents, and temperature) and societal 
factors. A high rank indicates that a basin is identified as 
a high priority for research (Erickson and others, 2024b; 
Tesoriero and others, 2024b; Conaway and others, 2025; 
Naranjo and others, in press.). These water-quality 
rankings can be used to inform water-quality research 
needs in selected intensive study basins, prioritize 
selection of constituents for water quality monitoring, 
and incorporate societal factors into decision-making. 
For example, several basins in the Midwest rank as 
high research priority for most or all of the considered 
constituent groups; basins in the Pacific Northwest rank 
as high-priority when considering geogenic constituents 
(but rank lower when considering other constituents). 
Ranking results can also alert communities to potential 
unrecognized threats to local or regional water 
availability owing to specific water-quality issues or 
societal factors.

Nutrients Salinity

Geogenic constituents Temperature

EXPLANATION

Highest rank

Lowest rank

Watershed 
boundary

Rankings of 
watersheds

Figure S3.1.  Conterminous United States showing rankings of watersheds (demarcated by gray lines) from highest to lowest 
considering four water-quality constituent groups and societal factors—(A) nutrients, (B) salinity, (C) geogenic constituents, 
and (D) temperature.
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Quality of Surface-Water Resources
Surface water is the drinking-water source for about 

two-thirds of the Nation’s population and the fundamental 
control of aquatic ecosystem conditions. Based on 
USEPA ATTAINS data as shown in figure 2 and table 5 
(U.S. Environmental Protection Agency, 2023c), different 
water-quality problems affect different uses of water. 
About one-third of the 365,000 stream miles assessed for 
drinking-water supply do not support drinking-water use, 
most commonly because of non-mercury metals, salinity, 
sediment, temperature, and pathogens. About one-half of the 
1.2 million stream miles assessed for support of ecosystems 
do not support ecological use because of impairments from 
temperature, pathogens, sediment, metals, low oxygen, 
or nutrients. About one-third of the 345,000 stream miles 
assessed for fish consumption do not support that use because 
of concentrations of polychlorinated biphenyls (PCBs), 
mercury, or pathogens. About one-third of the 690,000 stream 
miles assessed for support of recreational use (for example, 
swimming) are impaired primarily because of the presence 
of pathogens or nutrients. Water-quality conditions and 
assessment limitations with respect to individual constituents 
(especially those without regulatory benchmarks such as 
pesticides) are described in this section.

Nutrients

Nutrient effects on water availability for human and 
ecological users are widespread and can be substantial. 
Excessive nutrients commonly occur in surface water 
(Shoda and others, 2019) and can limit water availability 
for ecological needs, human recreation, and drinking-water 
beneficial uses (fig. 2). A national analysis of water-quality 
monitoring stations by Shoda and others (2019) indicated 
that, during 2002–12, nutrients were more likely to 
exceed ecosystem benchmarks than human drinking-water 
benchmarks. Their study reported that, for total nitrogen 
and total phosphorus concentrations, only 17 and 14 percent 
(out of 267 and 357 sites, respectively), were less than the 
USEPA ecoregional nutrient criteria. In comparison, most 

sites (99 percent of 386 sites) had nitrate concentrations less 
than the drinking-water MCL, and all sites (100 percent of 
234 sites) had ammonia concentrations less than the Drinking 
Water Advisory Table Taste Threshold. Other assessments of 
nutrient pollution limiting water availability were generally 
limited in time but covered CONUS. The USEPA NRSA 
study for 2013–14 reported that 58 percent of river and stream 
miles were rated poor because of elevated total phosphorus 
concentrations relative to the least-disturbed sites, and 43 
percent of river and stream miles were rated poor because 
of elevated total nitrogen concentrations relative to the 
least-disturbed reference benchmark. The number of sites 
during 2013–14 with poor water quality was higher for both 
constituents than in the USEPA NRSA study conducted for 
2008–09 (U.S. Environmental Protection Agency, 2020a). 
According to the USEPA ATTAINS database, less than 
(<) 10 percent of river miles impaired for drinking water, 
ecological uses, fish consumption, recreational uses, or other 
uses are attributable to nutrients other than ammonia (fig. 2; 
U.S. Environmental Protection Agency, 2023c).

Spatially explicit modeling studies (SPARROW) 
indicate that nutrient (total nitrogen and total phosphorus) 
yields and mean-annual flow-weighted concentrations (fig. 3) 
are generally highest in the Midwest region and parts of 
the East and West Coasts (Ator, 2019; Hoos and Roland, 
2019; Robertson and Saad, 2019; Wise, 2019; Wise and 
others, 2019).

We referenced SPARROW nutrient concentrations 
against existing benchmarks following past examples 
(Spahr and others, 2010a), specifically the USEPA NRSA 
regional “Good” water-quality criteria for near-reference, 
least-disturbed ecological conditions. Much of the country had 
twofold greater nutrient concentrations than near-reference 
conditions, with localized regions containing nutrient 
concentrations tenfold or greater than near-reference 
conditions (fig. 4). This analysis highlights how nutrients, 
even outside regions with the greatest nutrient concentrations 
and yield (fig. 3), may still pose water-availability concerns 
for local ecosystems. This is particularly notable for regions 
that might have naturally low nutrient concentrations, such as 
nitrogen in the Western United States (figs. 4, 5).

Table 5.  Summary of stream miles assessed for selected water-use categories and status of 
whether use is supported given existing conditions determined by water use status.

Surface water use
Total assessed 
stream miles

Fully supporting 
stream miles

Not supporting 
stream miles

Insufficient  
information 

stream miles

Drinking water 365,250 195,208 109,662 60,380
Ecological 1,180,675 518,165 602,221 60,288
Fish consumption 345,986 107,399 142,171 96,417
Recreational 690,474 326,513 266,028 97,934
Other 599,828 475,916 37,357 86,554
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Figure 2.  Select surface-water-quality parameters that have been identified as a cause of impaired water availability, disaggregated by selected beneficial use of water 
categories, for the conterminous United States. Y-axis shows the percentage of all assessed and impaired miles for a surface-water beneficial use, identified to be caused 
by an individual water-quality parameter. All data were obtained from the U.S. Environmental Protection Agency (USEPA) Assessment, Total Maximum Daily Load (TMDL) 
Tracking and Implementation System (ATTAINS) database (U.S. Environmental Protection Agency, 2023c). Temp., temperature; NA, no limitation reported; <, less than.
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Note: SPARROW, SPAtially Referenced Regressions On Watershed attributes

A B

C D
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in milligrams per liter

[≤, less than or equal to; >, greater than]

≤0.25�

>0.25 to 0.5

>0.5 to 0.75

>0.75 to 1

>1 to 2

>2 to 3

>3 to 4

>4 to 5

>5 to 6

>6

EXPLANATION

Total phosphorus accumulated yield in 2012 simulated with SPARROW,
in kilograms per square kilometer

[≤, less than or equal to; >, greater than]

≤0.5

>0.5 to 2

>2 to 6

>6 to 10

>10 to 15

>15 to 25

>25 to 40

>40 to 70

>70 to 120

>120

EXPLANATION

Total phosphorus concentration in 2012 simulated with SPARROW, 
in milligrams per liter

[≤, less than or equal to; >, greater than]

≤0.02

>0.02 to 0.05

>0.05 to 0.07

>0.07 to 0.1

>0.1 to 0.15

>0.15 to 0.25

>0.25 to 0.35

>0.35 to 0.5

>0.5 to 0.85

>0.85

EXPLANATION

Total nitrogen accumulated yield in 2012 simulated with SPARROW,
in kilograms per square kilometer

[≤, less than or equal to; >, greater than]

≤5

>5 to 15

>15 to 30

>30 to 75

>75 to 150

>150 to 250

>250 to 350

>350 to 550

>550 to 1,000

>1,000

Figure 3.  Conterminous United States showing predicted (A ) total nitrogen concentration, (B ) total phosphorus concentration, 
(C ) total nitrogen accumulated yield, and (D ) total phosphorus accumulated yield from 2012 mean annual SPAtially Referenced 
Regressions On Watershed attributes (SPARROW) models (Martinez and others, 2024). Grids presented here are also accessible in an 
interactive searchable map in appendix 1, figure 1.1. Black lines indicate hydrologic region boundaries. White areas on the map were 
excluded from analysis.



Quality of Surface-Water Resources    19

A B

Total nitrogen concentration exceedance 
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Note: SPARROW, SPAtially Referenced Regressions On Watershed attributes

Total phosphorus concentration exceedance 
of U.S. Environmental Protection Agency 
National Rivers and Streams Assessment 
regional criteria—Simulated with SPARROW
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Figure 4.  Predicted 2012 mean annual SPARROW nutrient concentrations benchmarked against U.S. Environmental Protection 
Agency National Rivers and Streams Assessment regional water-quality thresholds for the least disturbed, near-reference 
condition for (A) total nitrogen concentration and (B ) total phosphorus concentration. Categories are multiples of the concentration 
established as the regional near-reference “Good” condition. Grids presented here are also accessible in an interactive searchable 
map at appendix 1, figure 1.1. White areas on the map were excluded from analysis.
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Figure 5.  (A) Total nitrogen and (B) relative contributions of total nitrogen loads by source for each hydrologic region of the conterminous United States.



Quality of Surface-Water Resources    21

Excess nutrients (nitrogen and phosphorus) can affect 
ecosystems and people in indirect ways. Nutrients can 
contribute to eutrophication, which disrupts many other 
ecosystem functions (Wurtsbaugh and others, 2019), including 
primary productivity, food webs, and species composition. 
Eutrophication is also an important driver of harmful algal 
blooms (HABs), which can indirectly cause hypoxia (that 
is, low dissolved oxygen [DO]), resulting in fish kills, and 
degrade beneficial recreational uses of waterbodies (see 
sections, “Harmful Algal Blooms” and “Dissolved Oxygen”). 
The relative ratios of nitrogen to phosphorus can also suggest 
which nutrient may be limiting algal growth, although exact 
thresholds may vary based on local context (Keck and Lepori, 
2012). High nutrient concentrations may also contribute 
to potential human-health effects at drinking-water nitrate 
concentrations less than the regulatory limit (Ward and 
others, 2018).

Nutrients have a range of natural and anthropogenic 
sources. Natural sources of nutrients in surface water 
include fixation of atmospheric nitrogen by soil bacteria 
that is transported to streams, geogenic sources, fixation 
by aquatic bacteria and algae, and lightning strikes (fig. 1). 
Anthropogenic sources of nutrients in surface water 
generally include nonpoint fertilizer and manure application, 
atmospheric deposition (which generally has anthropogenic 
origins), nitrogen fixation by crops, and point sources such 
as wastewater treatment plant discharge (Galloway and 
others, 2004; Carpenter, 2008). Legacy nitrogen stored in 
groundwater can also be an important source to streams as 
well (Tesoriero and others, 2013; Van Meter and others, 
2016). Across the CONUS, primary sources vary spatially, 
and include fertilizer and manure, atmospheric deposition, 
wastewater treatment plants, urban land, and a range of 
natural sources including stream channel and geologic sources 
(figs. 5, 6).

We integrated total and source-specific nutrient loads 
from five independently developed regional SPARROW 
models to assess CONUS spatial patterns in loads and sources 
(Ator, 2019; Hoos and Roland, 2019; Robertson and Saad, 
2019; Wise, 2019; Wise and others, 2019). Variability in 
sources across regional models makes regional comparisons 
challenging. To address this issue, we generalized common 
sources to enable a simple comparison. Still, some key 
sources are not represented across all regions, so our analysis 
is approximate. Despite this limitation, some clear patterns 
emerge. Nutrient total loads vary by region. The Midwest and 
Tennessee–Missouri hydrologic regions have the highest loads 
of total nitrogen and total phosphorous, whereas the Central 
Rockies have the lowest loads (figs. 5, 6). Other regions 
generally have substantially lower loads than the Midwest and 
Tennessee–Missouri hydrologic regions, with the highest loads 
tending to have high loads from multiple sources compared to 
a single source driving high loads. Nutrients in the Midwest 
and Tennessee–Missouri hydrologic region streams have local 
effects on aquatic ecosystems and water use and contribute to 

HABs and reoccurring hypoxic zones downstream, including 
in the Gulf of Mexico (Rabalais and Turner, 2019).

The sources of nutrients in streams vary across the 
CONUS. Fertilizer, manure, and atmospheric deposition 
contribute most of the total nitrogen load in nearly all 
hydrologic regions (fig. 5). Fertilizer and manure, geologic 
sources, and wastewater are the largest sources of total 
phosphorus in the Midwest and Tennessee–Missouri 
hydrologic regions (fig. 6). Fertilizer and manure, geologic 
sources, and wastewater are also the dominant sources of total 
phosphorus across the CONUS, with fertilizer and manure 
contributing 50 percent or more of the load in most hydrologic 
regions in the High Plains, Southeast, and Northeast through 
Midwest (fig. 6). Wastewater discharge to streams is an 
important source of total nitrogen in some hydrologic regions 
such as the California–Nevada, Southwest Desert, and Texas 
hydrologic regions, and a relatively minor source in other 
hydrologic regions such as the Mississippi Embayment and 
Souris–Red–Rainy hydrologic regions (fig. 5). However, 
a study in the Delaware, Illinois, and Upper Colorado 
River Basins indicated that even the complete elimination 
of wastewater point sources would not improve nitrogen 
and phosphorus concentrations to below various nutrient 
benchmarks for most reaches because of the persistence of 
various nonpoint sources (Ator and others, 2022). Nitrogen 
fixation is an important source of total nitrogen in the 
Mississippi Embayment, Souris–Red–Rainy, Midwest, and 
Pacific Northwest hydrologic regions. The importance of 
developed lands for nutrients varies by hydrologic region as 
well. Springs are a uniquely important source of nutrients 
in models representing the Columbia–Snake hydrologic 
region, as are stream channels in the Western and Southeast 
aggregated regions. Understanding variability in sources 
across regions can help tailor nutrient-management strategies 
to individual areas.

Salinity

Salinity effects on water availability are more spatially 
limited than nutrients, but salinity can cause considerable local 
issues for human beneficial uses and ecosystem needs. Salinity 
can be indicated by a range of constituents or properties, 
including specific conductance, (total) dissolved solids, 
chloride, and other ions. The USEPA NRSA for 2013–14 
(U.S. Environmental Protection Agency, 2020a) indicated 
that 85 percent of streams across the country were classified 
as having good salinity conditions for ecosystems based 
on specific conductance. Compared with sites identified as 
suitable for data assessment across the United States (Oelsner 
and others, 2017), 80 percent of samples were within the 
USEPA NRSA specific conductance good criteria benchmark, 
and 80 percent of sample concentrations were less than the 
USEPA total dissolved solids SMCL for drinking water of 
500 milligrams per liter for water years 2010–17 (fig. 7; 
table 3). These results also generally agree with Shoda and 
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Figure 6.  (A) Total phosphorus and (B) relative contributions of total phosphorus loads by source for each hydrologic region of the conterminous United States.
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Figure 7.  (A) Specific conductance in surface water benchmarked against U.S. Environmental Protection Agency regional 
water-quality thresholds for the least-disturbed, near-reference condition (table 3; U.S. Environmental Protection Agency, 
2020b) and (B ) total dissolved solids benchmarked against the 500 milligrams per liter national Secondary Maximum 
Contaminant Level, in the conterminous United States for water years 2010–17.
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others (2019), who, using the same data over a slightly later 
time period, reported that dissolved-solid concentrations at 
74 percent of stream sites were less than the drinking-water 
SMCL during 2002–12. Predictions from a SPARROW model 
representing long-term average conditions during 1980–2009 
showed that 12.6 percent of stream reaches were predicted to 
have dissolved-solid concentrations greater than the SMCL, 
and these exceedances are most common (over 25 percent of 
reaches are predicted to exceed the SMCL) in the Souris–Red–
Rainy, Rio Grande, Arkansas-White-Red, Missouri, Lower 
Colorado, and Texas-Gulf regions (Anning and Flynn, 2014). 
About 50 percent of river reaches in the Souris–Red–Rainy 
region are predicted to have dissolved solids concentrations that 
exceed the SMCL (Anning and Flynn, 2014). The SMCL only 
applies to water served to customers for drinking water and does 
not apply to all stream reaches across the country or to water 
that is used for purposes other than drinking water, but it is 
used here as a metric for evaluating model results in the context 
of drinking-water supply. According to the USEPA ATTAINS 
database, 10–15 percent of river miles impaired for drinking 
water and other uses are attributable to chloride/sulfate, an 
indicator of salinity, and <5 percent of river miles are impaired 
for ecological uses, fish consumption, or recreational uses 
owing to salinity (fig. 2; U.S. Environmental Protection Agency, 
2023c). However, the use of high-resolution data would be 
beneficial in the detection of acute aquatic-life exceedances 
for chloride (Moore and others, 2020), although such data are 
not yet fully represented at a continental scale because they 
are sparse on a long-term basis. The further development of 
long-term continuous salinity-monitoring sensors help enable a 
more comprehensive temporal assessment of salinity stress on 
water availability (Conaway and others, 2024a).

There has been a growing recognition of the threat that 
freshwater salinization (increasing salinity) of surface waters 
poses to water availability (Cañedo-Argüelles, 2020), with 37 
percent of the drainage area of the CONUS having experienced 
salinization, primarily in the populated Northeast through 
Midwest aggregated hydrologic regions (Kaushal and others, 
2018; Cañedo-Argüelles, 2020). Trend assessments at individual 
sites across the United States show increasing salinity with time 
at many sites, particularly in urban areas, and at concentrations 
that indicate potential corrosion to drinking-water infrastructure. 
A study that compared predicted salinity concentrations 
to human user needs for drinking-water and agricultural 
uses in the Upper Colorado River Basin indicated that 
estimated mean-annual flow-weighted, total-dissolved-solid 
concentrations (a measurement of salinity) exceeded State 
standards for agricultural water use and (or) the SMCL for 
drinking water in 52 percent of streams by length (Ator and 
others, 2022). Salinity can limit water availability for beneficial 
uses and result in substantial economic damages. Excessive 
salinity can limit water availability for humans through reduced 
agricultural yields, damage to infrastructure through corrosion, 
high drinking-water lead levels attributable to corrosion 
of lead-containing service lines or household plumbing, 

mobilization of other metals or pollutants, and unpleasant taste, 
or by causing water to be too saline for consumption (Stets 
and others, 2018; U.S. Environmental Protection Agency, 
2020b). Ecological communities in naturally low-salinity areas 
are particularly vulnerable to salinity changes (Clements and 
Kotalik, 2016), and anthropogenic elevations of salinity above 
background levels are related to effects on aquatic life (Cormier 
and others, 2018). Increasing salinity can limit water availability 
for ecosystems through the mechanisms of increased 
osmoregulatory stress on individuals, resulting in mortality, and 
causing cascading changes to populations, communities, and 
ecosystems (Cañedo-Argüelles and others, 2013).

Salinity has geogenic (natural) and anthropogenic sources, 
and yields are greatest in the Midwest, Northeast, West Coast, 
and agricultural areas in the intermountain West (Anning and 
Flynn, 2014). Geogenic sources include groundwater, saline 
springs, and rock formations, which are the predominant source 
in 89 percent of the CONUS catchments and contribute 71 
percent of the total amount of dissolved solids delivered to 
CONUS streams (Anning and Flynn, 2014). A study by Olson 
and Cormier (2019) predicted background natural salinity 
(specific conductivity) during 2001–15 across the CONUS, 
and national estimates of salinity (dissolved solids) across the 
CONUS have been made for long-term conditions (Anning 
and Flynn, 2014). Anthropogenic sources (for example, road 
deicers); land use such as irrigation, urbanization, and pasture/
rangeland; and release of produced water from oil and gas 
production can be locally important and contribute to increasing 
salinity with time (Mullaney and others, 2009; Anning and 
Flynn, 2014; Harkness and others, 2015; Thorslund and others, 
2021). Road deicers, which contribute 13.9 percent of the 
long-term average annual dissolved solids load to CONUS 
stream reaches, are the predominant source of salinity to 
streams in 5 percent of CONUS catchments, primarily in the 
Northeast and Great Lakes regions (Anning and Flynn, 2014). 
Pasture lands, which contribute 7 percent of the long-term 
average annual dissolved-solid load to CONUS stream reaches, 
are the predominant source of salinity to streams in 3 percent of 
catchments, primarily in the western half of the country (Anning 
and Flynn, 2014). Urban lands, which contribute 5 percent of 
the long-term average annual dissolved solids load to CONUS 
stream reaches, are the predominant source in 2 percent of 
catchments (Anning and Flynn, 2014). Base flow (groundwater 
discharge to streams), which includes geogenic and 
anthropogenic sources, can be an important pathway for salinity 
to enter streams (Rumsey and others, 2017). For example, 
according to a time-varying, dissolved-solid SPARROW model 
of the Upper Colorado River Basin, groundwater contributes 
66–82 percent of the dissolved-solid loads to streams (Miller 
and others, 2024). Base-flow sources may be especially relevant 
to chronic thresholds, whereas seasonal surface runoff with 
deicer salts can result in short-term salinity peaks relevant to 
acute thresholds (Moore and others, 2020). The subtopic of 
salinity from saltwater intrusion is covered later in this chapter 
(see section “Brackish Groundwater and Sea Water”).
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Sediment

Excessive sediment and its effect on turbidity can 
frequently limit water availability for ecological uses, 
drinking water, recreation, and other beneficial uses such as 
navigation and infrastructure (fig. 2). However, national-scale 
assessments of sediment effects on water availability 
are challenged by the wide range of ways sediment can 
limit beneficial uses and ecological needs, as well as by 
inconsistencies in monitoring approaches, regulatory criteria, 
and modeling metrics. Although an aquatic-life standard 
exists for sediment (turbidity) limitation on light, including 
for aesthetic purposes, sediment is frequently assessed for its 
effect on impairing aquatic life through excess fine streambed 
sediment (Collins and others, 2011; Fanelli and others, 2022).

Using a nationally consistent approach, the USEPA 
NRSA indicated that approximately one-half of the Nation’s 
rivers and streams have streambed sediment in good condition 
to support ecosystems and that approximately 20 percent 
of rivers and streams have streambed sediment in poor 
condition (U.S. Environmental Protection Agency, 2020a). 
Sediment standards for aquatic life are also regularly used 
as the same benchmark for protecting recreational uses 
(U.S. Environmental Protection Agency, 2023d). National 
SPARROW model estimates of suspended sediment across 
the CONUS indicate that mean-annual flow-weighted 
concentrations are generally higher in the western half of the 
country than in the eastern half and that areas of high yields 

are widespread (fig. 8; Ator, 2019; Hoos and Roland, 2019; 
Robertson and Saad, 2019; Wise, 2019; Wise and others, 
2019). Drinking water-standards exist for finished, treated, 
public-supply water, but no consistent standards exist for 
raw public-supply intake water because of the varying ability 
of different filtering and treatment technologies to handle 
turbidity and sediment.

Excessive suspended sediment can limit water availability 
by making water directly unusable when in suspension in the 
water column and after settling onto the bed of downstream 
waters. Altered sediment bedload, the portion of the total 
sediment load that is transported along the riverbed, is 
associated with channel instability and mobility, flooding, and 
habitat simplification (Sims and Rutherfurd, 2017). Bedload 
is also a particular threat to beneficial uses dependent on 
reservoirs because bedload is efficiently trapped by most 
reservoirs, difficult to manage with flushing techniques, and 
a critical component of long-term reservoir sustainability 
(Morris, 2016). However, direct monitoring measurements 
of bedload are rare and typically estimated (Morris, 2016). 
Reservoir sedimentation has resulted in an estimated loss of 
40 billion cubic meters in storage capacity across the United 
States since the late 1980s (Randle and others, 2021). Loss 
of reservoir capacity can reduce the ability to support public 
water supply, irrigation, hydroelectric generation, and other 
industry, navigation, and recreational uses, as well as flood 
risk reduction, with sufficient loss of capacity resulting in dam 
decommissioning (Randle and others, 2021).

A B
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Figure 8.  (A) Suspended sediment concentration and (B ) accumulated yield from 2012 mean-annual SPAtially Referenced 
Regressions On Watershed (SPARROW) models, in the conterminous United States (Martinez and others, 2024). Grids presented 
here are also accessible in an interactive searchable map in appendix 1, figure 1.1. Black lines indicate hydrologic region 
boundaries. White areas on the map were excluded from analysis.
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Excessive sediment in suspension has myriad potential 
effects on surface waters, including directly reducing light 
penetration for ecosystems; affecting water color, visibility, 
and aesthetic standards for drinking water, recreation, 
and industrial uses; interfering with water treatment and 
disinfectant processes; and, causing direct physical harm 
to biota. Excess sediment deposition or bedload can reduce 
channel capacity and hinder navigation, necessitating dredging 
to maintain navigational uses at costs of billions of dollars 
per year (the costs of which have substantially risen in the 
last several decades; Fuller and others, 2023). Sedimentation 
in reservoirs can reduce capacity for beneficial uses and 
can decrease trapping efficiencies, resulting in increased 
downstream transport of other water-quality constituents, 
such as nutrients (Zhang and others, 2016). Sediment can 
also function as a vector for other water-quality constituent 
concerns, such as particulate nutrients, microbial pathogens, 
and other sediment-bound contaminants. Fine-grained 
sediment (<2 millimeters [mm] in diameter)—encompassing 
silts, clays, and equivalent sized organic matter—is typically 
the largest component of suspended-sediment loads and has 
greater surface area for the sorption, transport, and delivery 
of nutrients, heavy metals, and other contaminants than 
coarse-grained sediment. The deposition of fine sediments 
onto the streambed also has large effects on ecosystems by 
smothering bed habitat for biota and increasing consumption 
of DO required by aquatic organisms and for the spawning 
success by some fishes (Kemp and others, 2011; Jones and 
others, 2012).

Conversely, insufficient sediment supply can be 
a locally important water-availability issue. Sediment 
deposition is crucial to sustaining river deltas and coastal 
marshlands, particularly as sea level rises, and to delta- and 
marsh-dependent ecosystems and industries such as fisheries 
(Grossman and others, 2022). Sediment starvation can occur 
below impoundments (Phillips and others, 2004) and as a 
result of in-channel sand and gravel mining, which can limit 
sediment availability for ecological needs and habitat creation 
(Melis and others, 2012), as well as threaten infrastructure 
through effects such as bridge scour (Avila, 2016; Torres 
Santana, 2016).

Sediment transport in surface water originates with 
the natural erosion of landscapes and stream corridors 
and is a vital part of maintaining the function of river 
systems. Erosion rates and sediment yields naturally vary 
across the country owing to local topography and slopes, 
geologic uplift, landscape vegetation types and cover, and 
rainfall patterns. Increased sediment can be caused by the 
anthropogenic erosion of sources in the uplands, especially 
agricultural and urban land uses, which can alter vegetation 
cover, make soils more erosion-prone, and concentrate the 
erosive forces of surface runoff. Historical, legacy land uses 

and degradation (such as mining and land clearing) can also 
continue to affect current rates of erosion because of long 
transit times and storage, and remobilization of these older 
sediments from within channels and floodplains (James, 
2013), which complicates the understanding of sediment 
processes (Gellis and others, 2024). Erosion of the stream 
channel, especially stream banks, can also contribute a large 
fraction of suspended-sediment (Gellis and others, 2017) 
and total-phosphorus loads (Ishee and others, 2015), but 
this process is not robustly considered in existing modeling 
approaches (Gellis and others, 2024). Across large spatial 
scales, suspended sediment and its effect on excess streambed 
fine sediments is further mediated by topographic positioning, 
slope, local channel forms, and hydraulics, suggesting the 
need for more direct modeled assessments of streambed 
sediment condition for use in assessment limitations on 
aquatic life. SPARROW models estimate important sources of 
suspended sediment across the country, including agricultural 
land, forested areas, stream channels, and geologic sources 
(fig. 9).

Like with the nutrients analysis, we integrated total and 
source-specific suspended-sediment loads from five regional 
SPARROW models to assess CONUS spatial patterns in loads 
and sources (Ator, 2019; Hoos and Roland, 2019; Robertson 
and Saad, 2019; Wise, 2019; Wise and others, 2019). Within 
these models, suspended sediment in streams originates from 
either upland erosion or stream channel erosion. Sediment 
loads vary considerably across hydrologic regions of the 
CONUS, with higher loads mostly attributed to erosion of 
agricultural lands, forested lands, and other land use compared 
to hydrologic regions with lower sediment loads (fig. 9). The 
Gulf Coast, Midwest, and Tennessee–Missouri hydrologic 
regions have the highest loads of suspended sediment, whereas 
the Florida hydrologic region has the lowest loads (fig. 9).

Erosion of agricultural land, forested lands, stream 
channels, and other land use are important sources of 
suspended sediment across the country. The relative 
importance of different sources varies greatly among 
hydrologic regions (fig. 9). For example, erosion of forested 
lands ranges from being the dominant source in the Pacific 
Northwest hydrologic region to being a minor source in many 
other regions. In the Pacific Northwest hydrologic region, 
erosion of agricultural lands and developed lands deliver more 
suspended sediment per unit area than forested lands, but 
the large areal coverage of forested lands results in it being 
the dominant source in this hydrologic region (Wise, 2019). 
Agricultural lands are the dominant source of suspended 
sediment in other regions, particularly in the High Plains, and 
Northeast through Midwest aggregated regions. Recognition 
of the variability of source importance across regions can help 
in the management of suspended sediments.
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Figure 9.  (A) Total suspended-sediment loads by source for each hydrologic region and (B) relative contributions of sources to loads by hydrologic region of the 
conterminous United States.
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Temperature

Temperature limits water availability, primarily for 
ecosystem uses, but also human uses such as drinking 
water, recreation, and (to a limited extent) fish consumption, 
and other uses like industrial cooling (fig. 2). Temperature 
impairments are predominantly located in the Western United 
States (U.S. Environmental Protection Agency, 2023c), and 
a major management focus revolves around the persistence 
and availability of cold-water habitats for specific fish 
communities.

Several large regional temperature assessment models are 
focused on ecosystem needs and the persistence of cold-water 
fish taxa, including NorWest for the Western United States 
(Isaak and others, 2017) and Ecosheds in the Mid-Atlantic 
and Northeastern United States (Letcher and others, 2016). 
Overall, these models have indicated historical stream 
warming as well as forecasted future warming under multiple 
climate scenarios and suggest that cold-water habitats suitable 
for cold-water fisheries will decrease in areal extent (Walker 
and others, 2020). At the CONUS scale, a spatially continuous 
national temperature model exists, which categorizes rivers 
and streams into various summer and annual thermal class 
categories (McManamay and DeRolph, 2019). Recent work 
using process-guided deep learning has also predicted daily 
surface temperatures for 185,549 lakes across CONUS from 
1980 to 2020 (Willard and others, 2022).

Temperature affects water availability for aquatic 
ecosystems through various processes, including through 
its control of dissolved-oxygen solubility and by regulating 
growth rates (affecting reproduction, respiration, and life 
stage) and can impose physiologically lethal limits. Water 
temperature is an important factor controlling DO in surface 
waters and limits rates of chemical reactions for other 
water-quality constituents. Specific thermal optima and 
maxima vary by individual species (Welch and Jager, 2022), 
as well as by an individual’s life-stage, duration of exposure, 
and co-exposure to other water-quality stressors. Broad 
temperature-preference classifications have been developed for 
a range of fish taxa (U.S. Environmental Protection Agency, 
2023d), ranging from warm- to cold-water preferencing taxa, 
with cold-water taxa particularly vulnerable to changes in 
stream temperature (Wagner and others, 2023). As a result, 
anthropogenic alterations to the natural thermal regime of 
a river can alter habitat suitability for fish species, thereby 
reducing water availability for ecosystem needs.

Water temperatures are predominantly driven by air 
temperature but can be affected by groundwater interactions, 
canopy shading, channel complexity and depths, and other 
human influences such as discharge from thermoelectric 
plants and dam impoundments, and runoff from anthropogenic 
land use (Leach and others, 2023). Groundwater interaction 
in mountain streams (specifically local bedrock depths and 
discrete hydrogeologic features) can drive spatial patterns 
of summer base flow, temperature, and flow disconnection 
(Briggs and others, 2022), all crucial factors in understanding 

the persistence of summer cold-water habitat refugia in 
response to climate change (Snyder and others, 2015). 
An analysis of thermoelectric impacts on surface-water 
temperatures across the United States indicated that 
one-through coolant effluent (1) averaged nearly 10 degrees 
Celsius (°C) higher than intake water; (2) had an average 
maximum effluent temperature of 37 °C; and, (3) at more 
than one-half of U.S. power plant cooling systems, increased 
temperatures by an amount sufficient to impact aquatic life 
(Madden and others, 2013). USGS streamgage data across 
large spatial scales highlight that water temperatures follow 
typical air temperature gradients of being colder in the north 
and in mountainous areas compared to warmer in the south 
and more low-lying areas (fig. 10), but with important outliers 
highlighting key anthropogenic alterations like aforementioned 
bottom-releases from dams.

Work is ongoing in the USGS Water Resources Mission 
Area to adapt process-guided deep learning—pre-trained on 
calibrated National Hydrologic Model temperature output to 
produce daily water temperature metrics during 1980–2020 for 
rivers and streams across CONUS.

Organic Constituents and Contaminants of 
Emerging Concern (CECs)

Pesticides

Pesticides and their degradates are regularly detected 
in surface waters in all hydrologic regions of the country. In 
fact, at least 50 percent of each region’s sites had at least one 
chronic aquatic-life benchmark exceedance. Of 74 monitored 
sites, nearly all had at least 1 exceedance of aquatic-life 
thresholds, but exceedances of human-health benchmarks 
were rare (Stackpoole and others, 2021). Pesticides are 
anthropogenic chemicals designed to kill insects, undesirable 
plants, and fungi. Pesticides persist in the environment, 
however, beyond the site of application and after the expected 
period of use (Stackpoole and others, 2021). Therefore, runoff 
and persistence can expose nontarget aquatic insects, plants 
and algae, and fish, as well as humans, and affect ecosystem 
condition, recreation, fish consumption, and drinking-water 
beneficial uses (fig. 2). Different pesticides can have different 
effects on biota. The presence of pesticides in rivers and 
streams can have lethal effects on nontarget organisms at 
environmental concentrations. Nonlethal effects can also 
disrupt ecological communities and create problems in 
fish health that affect fish-consumption uses (Brander and 
others, 2016). Some pesticides are highly lipophilic and can 
accumulate in sediments and bioaccumulate in fishes (Brander 
and others, 2016), potentially having toxic effects on humans. 
Pesticides are applied in agricultural areas, homes, businesses, 
and recreational areas, and they are also discharged in 
food-processing wastewater (Hubbard and others, 2022).
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Figure 10.  Mean summer temperature observational data from across the United States (Oliver and others, 2024) binned into summer temperature classifications adapted 
from McManamay and DeRolph (2019). Very Cold, less than 10 degrees Celsius (°C); Cold, 10–15 °C; Cool–Cold, 18–21 °C; Cool, 18–21 °C; Cool–Warm, 21–24 °C; Warm, 
greater than or equal to 24 °C.
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The likelihood of aquatic-life exceedances for pesticides 
is high across all hydrologic regions of the country. The 
Midwest hydrologic region has high pesticide application 
rates across a large spatial area (fig. 11), which is associated 
with high pesticide concentrations, and leading to the greatest 
detection frequency in surface-water samples (Stackpoole and 
others, 2021). Within the range of pesticides and degradates 
detected in surface waters, ecological-benchmark exceedances 
predominantly occurred in a relatively small number of 
compounds, most notably the herbicides atrazine and 
metolachlor and insecticide imidacloprid. Imidacloprid, with 
245 benchmark exceedances at 60 of the 74 monitoring sites, 
posed the greatest potential threat to aquatic life (Stackpoole 
and others, 2021).

Although the USEPA ATTAINS database indicates that 
<5 percent of river miles are impaired for drinking water, 
ecological uses, fish consumption, recreational uses, or 
other uses because of pesticides (fig. 2; U.S. Environmental 
Protection Agency, 2023c), the regulatory environment tends 
to lag behind pesticide creation and adoption such that most  
of the prevalent pesticides do not have existing criteria  
(U.S. Environmental Protection Agency, 2023d). Additionally, 
pesticide transformation products and chronic exposures are 
incompletely considered in current hazard quotients (Mahler 
and others, 2021), which risks misattribution of some types 
of ecological effects to other water-quality constituents that 
co-occur as mixtures, such as nutrients in agricultural settings 
(Fanelli and others, 2022). Mixtures of multiple pesticides 
can cause compounding toxicity problems to aquatic life 
(Covert and others, 2020); within USGS multi-stressor 
studies across the country, various pesticides and their 
degradates were commonly the top causes of degraded algal, 
fish, and especially macroinvertebrate conditions (Waite and 
others, 2021).

Overall, risk to surface-water availability from pesticides 
is likely underestimated because of a limited number of 
pesticides having toxicity benchmarks (Mahler and others, 
2021). An even smaller number of pesticide breakdown 
byproducts have benchmarks but have also been shown to 
have toxic effects (Mahler and others, 2021). Additionally, 
pesticide occurrence in surface waters is characterized by a 
high degree of temporal variability, which might be missed 
by traditional discrete water-quality samples compared to 
more integrated, time-averaging sampling (Van Metre and 
others, 2017).

Per- and Polyfluoroalkyl Substances
Per- and polyfluoroalkyl substances (PFAS) are a large, 

varied group of chemicals of potential concern that can limit 
water availability through their effects on human and ecological 
health. Drinking-water uses are of particular concern; at least  
45 percent of the Nation’s tap water is estimated to have one or 
more PFAS, and people in urban areas have a higher probability 
of PFAS exposure than people in rural areas (Romanok and 
others, 2023; Smalling and others, 2023). PFAS have numerous 

common anthropogenic sources. PFAS are widely used 
manufactured chemicals that persist in the environment for a 
long time and have been recognized as a CEC by the USEPA 
(Podder and others, 2021; U.S. Environmental Protection 
Agency, 2022b, Romanok and others, 2023; Smalling and others, 
2023). Thousands of PFAS have been used for various industrial 
and commercial product purposes including food packaging, 
cookware coatings, firefighting foams, furniture, military 
installations, airports, and manufacturing and processing facilities. 
Wastewater treatment plant discharge and atmospheric deposition 
are the primary sources of PFAS in the environment (Podder and 
others, 2021), with waters becoming local sinks for PFAS.

Some PFAS can bioaccumulate through trophic levels, 
leading to potential human exposure through fish consumption 
(Fair and others, 2019). PFAS can be particularly resistant to 
degradation and can persist, bioaccumulate, and have toxic 
effects on humans and aquatic life (Mahoney and others, 2022). 
Exposure to PFAS can affect human health, including human 
development, organs (including the kidney and liver), obesity,  
and immune systems, and increased cancer risk  
(U.S. Environmental Protection Agency, 2019a; Heindel and 
others, 2022). PFAS exposure can also be toxic to aquatic life and 
cause neurobehavioral changes, growth deformities, hormone 
disruption, and oxidative stress, and affect fish-health metrics 
(Mahoney and others, 2022), although more study is needed to 
determine risks for many PFAS (Ankley and others, 2021). The 
USEPA developed recommended Aquatic Life Criteria and 
Aquatic Life Benchmarks for selected PFAS (U.S. Environmental 
Protection Agency, 2024a, 2024b, 2024c).

The USGS conducted a national reconnaissance of PFAS 
from 716 locations (269 private-wells, 447 public supply wells) 
across the United States during 2016–21. The study filled a gap 
in information about PFAS in residential tap water at the point 
of use, especially from private wells (Romanok and others, 
2023; Smalling and others, 2023). Concentrations of PFAS were 
assessed by three laboratories and compared with land-use and 
potential-source metrics to determine drivers of contamination 
(Romanok and others, 2023; Smalling and others, 2023). Across 
the United States, multiple PFAS compounds and estimated 
median cumulative concentrations were similar among private 
wells and public-supply tap water. Seventeen PFAS were 
observed at least once, and detection probabilities varied spatially 
with limited temporal variation. The USEPA is establishing 
drinking-water standards for selected PFAS (U.S. Environmental 
Protection Agency, 2024d). 

Other studies have also detected the widespread occurrence 
of PFAS in drinking water. The USEPA analyzed data collected 
during 2013–15 at all PWSs serving more than 10,000 people 
and 800 systems serving 10,000 or fewer people and reported that 
1.3 percent of PWSs had measured concentrations of two types 
of PFAS (perfluorooctanoic acid and perfluorooctane sulfonate) 
that were greater than the EPA lifetime drinking-water health 
advisory limit (U.S. Environmental Protection Agency, 2016c, 
2016d, 2019a). Lake Michigan is the drinking-water source 
for the Chicago-Naperville-Elgin-Illinois-Indiana-Wisconsin 
Metropolitan Statistical Area, the third largest  
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Figure 11.  Mean annual application of total reported pesticides at county scale across the conterminous United States, 2013–17 (Wieben, 2019).
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U.S. metropolitan statistical area with an estimated 2017 
population of 9.5 million. Within 45 homes in this area, PFAS 
detection was ubiquitous with detections in all but one sample 
(Bradley and others, 2020a). In a multi-State assessment, 
PFAS were detected in 84 percent of tap water samples taken 
in homes and workplaces (Bradley and others, 2018).

Given the burgeoning importance of PFAS with respect 
to human and environmental health, a strategic science 
plan was developed to comprehensively assess PFAS at the 
national scale (Tokranov and others, 2021) and that the USGS 
has begun to implement. Expanded knowledge of various 
PFAS sources and their relative contributions to ambient 
concentrations could be used to enhance USGS models aiming 
to predict PFAS concentrations in surface-water resources, 
their potential ecotoxicological effects, and possible exposure 
routes for humans and ecosystems. Prior assessments of PFAS 
have been limited to regional and metropolitan scales, and 
more sampling is needed for national coverage (Tokranov and 
others, 2021), especially in wastewater discharge effluents and 
ambient water resources. However, the continued development 
of novel PFAS compounds, even as previous legacy PFAS 
compounds receive more study, continues to challenge overall 
PFAS assessments because of the general lack of information 
about mechanisms and toxic potencies (Mahoney and others, 
2022) and effects of PFAS on different components of the 
ecosystem (Banyoi and others, 2022).

Pharmaceuticals

Pharmaceuticals can affect water availability primarily 
for ecosystem uses, with consequences for recreational fishing 
and human consumption, from headwaters streams to large 
rivers. Nationally, many different kinds of pharmaceuticals 
have been detected in surface waters, including drinking water, 
and although they are generally detected at concentrations 
associated with low direct risk to human health, they may pose 
risks to aquatic organisms (World Health Organization, 2012; 
Batt and others, 2016; Wilkinson and others, 2022). Exposure 
to pharmaceuticals can affect human and ecosystem health, 
with various effects and mechanisms related to the type of 
pharmaceutical present in the environment, which can include 
antibiotics, non-steroidal anti-inflammatory drugs, blood 
lipid lowering agents, reproductive hormones, beta-blockers, 
and antidepressants (Santos and others, 2010). Various 
pharmaceuticals can affect aquatic-species behavior, health, 
and mortality; contribute to antibiotic-resistant bacteria; 
feminize fish; and increase fish susceptibility to predation 
(Kidd and others, 2007; Brodin and others, 2013; Wellington 
and others, 2013; Horký and others, 2021; Ortúzar and others, 
2022). Although negative effects on human health are unlikely 
due to exposure to the trace concentrations of pharmaceuticals 
that could potentially be found in treated drinking water, 
exposure through drinking water is a concern because it is 
involuntary and can potentially occur over long time periods 
(World Health Organization, 2012).

Sources of pharmaceutical contamination in surface 
waters include human wastewater and food processing 
wastewater point sources (World Health Organization, 
2012; Hubbard and others, 2022), but also nonpoint sources. 
USGS studies have determined that although pharmaceutical 
detections and concentrations are correlated with urban 
land use and wastewater treatment plant discharges, 
pharmaceutical mixtures were also found across the Nation 
in streams without large wastewater plant discharges but with 
dispersed sources such as septic systems or animal waste 
runoff (Bradley and others, 2020b), with numerous effects 
on local ecosystems. Under low-flow conditions, streams 
are vulnerable to public wastewater-contaminant discharges 
because wastewater discharge flow can be most important for 
maintaining stream flow at low flow for small streams (Rice 
and Westerhoff, 2017).

Estrogenic and endocrine-disrupting chemicals can also 
be produced naturally by some plants, called phytoestrogens, 
with notable sources including some agricultural crops 
(Burnison and others, 2003) and industrial applications 
(Lundgren and Novak, 2009). Endocrine-disrupting chemicals 
have been shown to cause reproductive problems and intersex 
in freshwater fishes, especially sport fish (Blazer and others, 
2012), assessed at regional scales (Gordon and others, 2021).

Microplastics
Although there are no criteria to which to compare them, 

the presence of microplastics, which are small (<5-mm) 
plastic fragments and fibers, has been documented throughout 
the environment, from remote mountains to deep ocean 
trenches (Baldwin and others, 2016; Baldwin and others, 
2017; Whitmire and Van Bloem, 2017; Hale and others, 
2020; Baldwin and others, 2021; Reynolds and others, 2022). 
Compared to marine environments, however, relatively less 
focus has been placed on the assessment of microplastics in 
fresh water and their potential ecotoxicological effects on 
freshwater ecosystems (Li and others, 2023). However, recent 
studies have suggested that microplastics may have a range of 
potential effects on humans and ecosystems.

Microplastics can potentially limit water availability 
through their presence in water. Microplastics are easily 
colonizable by biofilms, have been shown to concentrate 
harmful pathogens, and can potentially promote pathogenic 
transfer across long distances (Li and others, 2023), which 
may limit drinking-water uses. Because of their small size, 
microplastics are easily ingestible by wildlife, including birds, 
fish, plankton, filter feeders, and other aquatic organisms, and 
can be easily lodged in gills. Once ingested, microplastics can 
cause physical damage (impaired reproduction, inflammation, 
altered metabolism, or death), block an animal’s digestive 
system, and reduce or interfere with feeding. Plastic 
degradation can release additives or plasticizers. Pollutants, 
trace metals, and pathogens can (1) adhere to microplastics, 
(2) bioaccumulate in animals that consume microplastics, 
and (3) alter the bioavailability of heavy metals and other 
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organic contaminants (Li and others, 2020). Overall, however, 
toxic effects are mainly limited to individual and tissue 
levels and more study is needed on larger community and 
ecosystem effects.

Microplastics have anthropogenic sources. Microplastics 
are either synthesized for the cosmetic or chemical industry 
or form through degradation of larger plastic pieces including 
plastic litter, cleaning products, medicines, and textiles. 
Microplastics enter the environment through their disposal in 
solid waste, wastewater, tire wear, paint failure, and textile 
washing (Hale and others, 2020). However, this is an emerging 
field of study with many unanswered questions about sources, 
transport, and effects on humans and ecosystems.

Other Organic Contaminants
Other notable organic contaminants include 

polychlorinated biphenyls (PCBs), tire-wear by-products, 
and polycyclic aromatic hydrocarbons (PAHs), all of which 
can persistently limit water availability. Their presence in 
surface water typically results from long-term additions 
and subsequent accumulation of contaminants on land, in 
groundwater, and in areas adjacent to stream channels. The 
existence of some of these accumulated contaminants can 
cause substantial time lags between the implementation of 
remediation or restoration efforts and when the effects of these 
efforts are observed within aquatic ecosystems.

PCBs are a legacy and persistent organic contaminant 
that are still of widespread concern for water availability 
(sidebar 4), primarily for humans but also for ecological uses. 
According to the USEPA ATTAINS database, 23.8 percent 
of river miles impaired for fish consumption are the result 
of PCBs; just 5 percent or fewer of river miles impaired for 
drinking water, ecological uses, recreational uses, or other uses 
are the result of PCBs (fig. 2; U.S. Environmental Protection 
Agency, 2023c). PCBs are endocrine-disrupting compounds, 
associated with cancers and a wide range of human-health 
risks, are generally stable and persistent in the environment, 
and can bioaccumulate in aquatic organisms and food webs 
(Ngoubeyou and others, 2022), leading to concerns for 
ecological and recreational uses and hazards to human health 
through fish consumption (fig. 2). Although PCBs were 
prohibited decades ago, PCB contamination can be common 
in industrial sites (point sources) and hydrologically connected 
locations. About 30 percent of the historical worldwide 
production of PCBs is still present in aquatic ecosystems, 
sediments, and aquatic food webs (Ngoubeyou and others, 

2022). However, PCBs were also extensively used as a 
plasticizer in building materials in the mid-20th century and 
may function as a nonpoint source of PCB exposure across 
developed landscapes of certain aged construction (Herrick 
and others, 2016).

Tire wear on road surfaces has recently been shown 
to have the potential to severely limit water availability for 
fish. Tire wear can create residue that is prevalent in urban 
stormwater flows and can kill salmonids within 24 hours 
of exposure at environmentally measurable concentrations 
(McIntyre and others, 2023). Water-quality issues associated 
with urban stormwater have been a known issue on limiting 
water availability for the successful spawning of federally 
listed coho salmon (Oncorhynchus kisutch) in the Pacific 
Northwest (Scholz and others, 2011). The specific chemical 
responsible for the toxicity was previously unknown but has 
been linked to 6PPD-Quinone, a degradate of a common 
tire-derived chemical (6PPD), an anti-degradant in car tires 
used to promote tire longevity and consumer safety (Tian and 
others, 2021). Typical exposure levels can result in upwards of 
90-percent mortality in female coho salmon prior to spawning 
in urban watersheds (Scholz and others, 2011). USGS research 
has been involved in assessing the transport and distribution of 
these compounds, species sensitivity, and methods of toxicity.

PAHs are a broad, diverse class of widespread organic 
pollutants that can limit water availability for human 
and ecosystem uses. PAHs can be released into aquatic 
environments through natural and anthropogenic sources 
(Douben, 2003)—including the combustion and (or) 
breakdown of hydrocarbons such as crude oil, tar, and oil 
shale (Lima and others, 2005)—and can be transported 
through atmospheric deposition and subsequent runoff of dust 
and sediments with PAH-bound particles. PAHs are associated 
with multiple negative ecological effects (Douben, 2003) 
and potential human-health concerns (Ball and Truskewycz, 
2013; Mallah and others, 2022). Within urban areas, pavement 
coated with coal-tar-based sealcoats (sidebar 4)—which have 
been historically used in the Eastern United States—has been 
shown to be a notable source of PAHs (Van Metre and others, 
2022). PAH concentrations from runoff of coal-tar-sealed 
pavements can remain high for weeks to months after 
application, at concentration levels potentially fatal to aquatic 
organisms and fish (Mahler and others, 2014). The breakdown 
and wear of coal-tar-sealed pavements into road dust can also 
result in sediment-bound transport into nearby waterbodies 
(Van Metre and others, 2022).
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Biotic Constituents

Harmful Algal Blooms
Harmful algal blooms (HABs) can severely limit 

water availability for human and ecosystem uses in many 
waterbodies across the Nation. Aquatic algae occur naturally 
in all waterbodies and occur in benthic (that is, attached to 
bottom surfaces) and planktonic (that is, in the water column) 
forms. Under advantageous conditions, high growth rates can 
lead to large accumulations of benthic or planktonic algae 
known as an “harmful algal blooms,” and depending on the 
taxa, can produce toxins. HABs can limit water availability 

through nuisance algal growth, food-web impairment, bloom 
decomposition causing hypoxia, taste and odor problems in 
drinking water, and lost recreational opportunities(Wackler 
and others, 2017; Graham and others, 2020). Some algal 
blooms produce biotoxins at a concentration hazardous to 
people, pets, and aquatic ecosystems. Biotoxins primarily 
affect ecological and recreational beneficial water uses, and in 
some rare cases, drinking water (fig. 2).

Phytoplankton have been assessed nationally for 
many decades, and these early assessments noted high 
phytoplankton abundances occurring in areas of high 
nutrient concentrations in water associated with human 
and agricultural activities and erodible soils (Briggs and 
Ficke, 1977). HABs have been correlated with agricultural 
land use and associated increased total nitrogen, dissolved 

Sidebar 4. Examples of Other Legacy and Persistent Organic Contaminants4

Polychlorinated biphenyls (PCBs), banned in 
the 1970s, are still of widespread concern for 
water availability today, for example by limiting 

ecological and recreational water uses. PCBs are 
also a potential hazard to human health through fish 
consumption (fig. S4.1).

Polycyclic aromatic hydrocarbons (PAHs) are 
persistent organic pollutants that are still in use and can 
be released into aquatic environments through natural 
and anthropogenic sources. Pavement coated with 
coal-tar based sealcoats (fig. S4.2) can have runoff with 
high PAH concentrations for weeks to months after 
application. PAH concentrations in pavement runoff 
can be hazardous to aquatic organisms, fish, and human 
health.

Figure S4.1.  A sign warning of hazardous chemical 
conditions in a river. Photograph by Alan Cressler, 
U.S. Geological Survey.

Figure S4.2.  (Left) Spray application of asphalt seal coat 
chemicals to a parking lot. Photograph by Alan Cressler, 
U.S. Geological Survey.
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organic carbon (DOC), and temperature (Beaver and others, 
2014; Yuan and Pollard, 2017), although in some instances 
they can be limited by turbidity effects on light availability. 
Cyanobacteria can cause HABs and produce toxins. Satellite 
imagery provided CONUS-scale assessments of cyanobacteria 
showing that cyanobacteria bloom frequency was widespread 
and relatively stable in large lakes during 2017–19 (Coffer 
and others, 2021a). A national assessment of cyanobacteria 
blooms near 685 drinking-water intakes resolvable in 2019 
satellite imagery indicated that the median frequency of 
blooms identified in satellite images at each location was 
2 percent (that is, a bloom was present at that 300-meter 
pixel in 2 percent of the images during a year). However, 
the maximum was 100 percent, indicating that a bloom was 
always present in the images near a drinking-water intake 
for a given year (Coffer and others, 2021b). A review of 
potential toxin-producing algal blooms in surface waters on 
Federal lands and Trust species—including marine mammals, 
migratory birds, threatened and endangered species, and 
species of concern exposed to algal toxins—indicated 
that at least 11.1 percent of 1,944 Federal land units that 
cover 2.59 million square kilometers have been affected by 
toxin-producing algae and cyanobacteria, although exposures 
are likely underreported (Laughrey and others, 2022). Handler 
and others (2023) identified the risk of toxic blooms among 
more than 2,000 lakes in the United States and identified 
several hundred priority lakes at high risk of exceeding 
various thresholds, including chlorophyll-a, cyanobacteria, 
and microcystin. This study identified clusters of lakes with a 
high probability of exceeding HAB thresholds in the Midwest, 
Gulf Coast, and Florida, although within-region variability in 
exceedance probability was high.

Much of the existing data and research on HABs has 
focused on lakes, reservoirs, and coastal water, but HABs 
are also found in rivers. The properties and conditions of 
HABs in rivers remain less defined (Bouma-Gregson and 
others, 2017; Graham and others, 2020; Giblin and others, 
2022). The presence of cyanobacteria capable of producing 
toxins, and the genes responsible for producing them, are 
common in eutrophic rivers, especially in the midcontinent 
region (Graham and others, 2020; Zuellig and others, 
2021). The 2013–14 USEPA NRSA report estimated that 
the algal toxin microcystin was present in about 38 percent 
of the Nation’s river miles, but concentrations exceeded the 
USEPA-recommended recreational swimming advisory in 
only 0.1 percent of river miles (U.S. Environmental Protection 
Agency, 2016b, 2020a). Additionally, much HAB work has 
focused on planktonic algae, but there is growing recognition 
and research on the role of benthic algae in HABs and 
biotoxin creation (Catherine and others, 2013). In particular, 
benthic HABs in rivers are particularly sensitive to flow 
regimes, local hydraulics, and flow regulation, which can 
reduce flow disturbance and scour, and facilitate conditions for 
HAB creation (Catherine and others, 2013).

HABs are caused by complex interactions among 
physical, chemical, biological, hydrological, and 
meteorological conditions, and determining the conditions that 
may lead to bloom formation and specifically toxin production 
is an active area of research of great interest to water-resource 
managers (Sellner and others, 2003; Beaver and others, 2018).

Microbial Pathogens
Microbial pathogens, especially bacteria, are the top 

cause of overall impairment of water availability in rivers  
and streams for various uses across the United States  
(U.S. Environmental Protection Agency, 2023c) and primarily 
are a threat to human health through ingestion and recreational 
activities like swimming, although they are also linked to 
ecological uses (fig. 2). Bacteria can originate from natural 
or human activities that cause contamination including 
(1) wastewater treatment plant discharge, leaky septic 
systems, stormwater runoff, animal waste; and (2) runoff 
from animal pastures, feedlots, or manure storage (Cabral, 
2010; Verhougstraete and others, 2015; U.S. Environmental 
Protection Agency, 2020a).

According to the USEPA ATTAINS database, nearly 
40 percent of river miles impaired for recreational use 
are attributable to pathogens, and <15 percent of river 
miles impaired for drinking water, ecological uses, fish 
consumption, or other uses are attributable to pathogens 
(fig. 2; U.S. Environmental Protection Agency, 2023c). Each 
year in the United States, an estimated 560,000 people may 
suffer from moderate-to-severe waterborne infection, an 
estimated 1.7 million people suffer from mild-to-moderate 
waterborne infections, and an estimated 1,200 people die 
from waterborne infections (Morris and Levine, 1995). Young 
children are particularly vulnerable to waterborne diseases. 
Enterococci are bacteria that are harmless to humans but are 
used to indicate the presence of disease-causing agents such as 
viruses, bacteria, and protozoa. Enterococci assessment in the 
2013–14 USEPA NRSA program indicated that an estimated 
65 percent of national stream and river miles were in good 
status, whereas 30 percent of river and stream miles exceeded 
the recommended enterococci human-health criterion  
(U.S. Environmental Protection Agency, 2020a).

Metals and Physical Characteristics

Mercury
Mercury can limit water availability for aquatic species 

and humans through consumption of aquatic species. Mercury 
has geogenic sources (volcanos, hot springs, geologic 
deposits, and the ocean) and anthropogenic sources (industrial 
processes, mining, and primarily coal combustion). Dispersion 
of mercury through the atmosphere has resulted in widespread 
occurrence of mercury in the environment. The methylated 
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form of mercury, methylmercury, is highly bioavailable and 
can accumulate in higher trophic levels, such as fish, relative 
to lower trophic levels at concentrations that make fish 
consumption unhealthy for humans (Wentz and others, 2014).

Fish consumption is the primary exposure route 
for humans and other wildlife, and 81 percent of all fish 
consumption advisories are attributable to mercury (Wentz and 
others, 2014). As a result, mercury affects water availability 
through its toxicity primarily for fish consumption uses 
because of its bioaccumulation, followed by ecological and 
recreational uses (fig. 2). According to the USEPA ATTAINS 
database, more than 20 percent of river miles impaired for 
fish consumption are attributable to mercury, and <5 percent 
of river miles impaired for drinking water, ecological use, 
recreational use, or other uses are attributable to mercury 
(fig. 2; U.S. Environmental Protection Agency, 2023c).

A national assessment of mercury in streams indicated 
that bioavailable methylmercury concentrations in fish 
exceeded the USEPA criterion for the protection of human 
health at approximately 25 percent of streams (Wentz and 
others, 2014). Mercury concentrations tend to be higher in soil 
in the Eastern one-half of the United States and in streambed 
sediments in urban areas. In streams, methylmercury 
concentrations vary with the abundance of wetland, which 
are areas of active mercury methylation, and the amount 
of inorganic mercury available. Streams with historical 
mercury or gold mining can also have high methylmercury 
concentrations. USEPA national sampling during 2008–09 
and 2013–14 resulted in the detection of methylmercury 
concentrations in all fish samples, and concentrations 
exceeded human-health criterion in about 25 percent of 
river miles (U.S. Environmental Protection Agency, 2016b, 
2020a). Small basin- and stream-scale studies have provided 
valuable insights into mercury and methylmercury ecosystem 
cycling, highlighting the sources, processes, and watershed 
characteristics that influence mercury and methylmercury 
transport and bioaccumulation (Brumbaugh and others, 2001; 
Shanley and others, 2008; Brigham and others, 2009; Chasar 
and others, 2009; Marvin-DiPasquale and others, 2009; 
Bradley and others, 2011; Riva-Murray and others, 2011; 
Burns and others, 2012; Bradley and others, 2013).

Mercury limits water availability through its toxic effects. 
Mercury is a neurotoxin that has been associated with adverse 
effects on human and wildlife health ranging from pathologies 
of the central nervous system, diminished cardiovascular 
health, endocrine disruption, reproduction, and long-term 
impairments in brain function, to death (Clarkson and others, 
2003; Scheuhammer and others, 2007; Choi and Grandjean, 
2008; Tan and others, 2009; Wentz and others, 2014). Fetal 
exposure, even at low levels, has been linked to neurological 
effects (Mahaffey and others, 2011).

Iron, Selenium, Arsenic, Lead, Copper, and Other 
Metals

Although many metals are critical to sustaining health 
and life, metals can limit water availability through risks 
associated with toxicity for human and aquatic health. Metal 
toxicity depends on the physical and chemical form of the 
metal, concentration, and route of exposure and physical 
characteristics of exposed individuals (Förstner and Wittmann, 
1983; Tchounwou and others, 2012). Metal exposure even at 
low levels can contribute to DNA, cellular, and organ damage, 
as well as the onset of cancer.

According to the USEPA ATTAINS database,  
26.1 percent of river miles impaired for drinking water are 
attributable to metals other than mercury (fig. 2;  
U.S. Environmental Protection Agency, 2023c). Non-mercury 
metals typically impair water availability predominantly 
for ecological and drinking beneficial water uses (fig. 2), 
and iron, selenium, arsenic, lead, and copper are the top 
non-mercury metals impairing rivers and streams across the 
United States (U.S. Environmental Protection Agency, 2023c). 
Several global assessments of metals in surface water have 
been conducted, although the coarse spatial resolution limits 
interpretation at sub-continental or sub-country scales (Kumar 
and others, 2019; Zhou and others, 2020). Many assessments 
of metals in surface waters have generally focused on 
individual waterbodies or on metals in groundwater.

Metals occur naturally in surface water from geogenic 
sources such as rock weathering, soil erosion, and dissolution 
of water-soluble salts. Human activities—including mining, 
urban runoff, wastewater, fertilizer and pesticide use, fuel 
combustion, and nuclear reactions—can (1) add substantial 
volumes of metals to the environment above background 
levels, (2) intensify effects of naturally occurring metals, and 
(3) release greater amounts of metals in more toxic and mobile 
forms than natural sources (Vareda and others, 2019; Zhou 
and others, 2020; Van Metre and others, 2022). Metals can 
concentrate in sediment, preferentially binding to fine-fraction 
silt and clays, and can accumulate through ecosystems. 
Binding of metals to dissolved organic matter also influences 
speciation, toxicity, and bioavailability (Breault and others, 
1996, and references therein).

Many of these metals are associated with mining and 
mine drainage from active and inactive metal and coal mining. 
Acidic mine drainage interacting with underlying rock can 
create an iron- and metal-rich solution that can be released 
into nearby waters (Gray, 1997). Selenium contamination 
is also associated with coal mining and can be a particular 
hazard; even at low concentrations, selenium is prone to 
rapid bioaccumulation in food chains to levels toxic for 
aquatic life (Lemly, 2009). Geogenic arsenic occurrence 
is ubiquitous in the environment, although concentrations 
in water are influenced by local geology, climate, and 
mining and agricultural practices (Welch and others, 2000; 
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Tchounwou and others, 2012; Jones and others, 2020b). 
Fossil-fuel burning, mining, and manufacturing contribute to 
high concentrations of lead greater than natural background 
concentrations in the environment, and corrosion and 
dissolution of lead in pipes can mobilize lead into drinking 
water (Tchounwou and others, 2012; Pieper and others, 
2017). Mining, industrial processes, fertilizer application, 
and the wear of automobile brakes and tires and subsequent 
urban runoff contribute copper to surface waters (Hwang and 
others, 2016; Rehman and others, 2019; U.S. Environmental 
Protection Agency, 2023b).

pH
pH is a measure of how acidic or basic water is and ranges 

from 0 to 14. Water with a pH of 7 is neutral, water with pH 
greater than 7 is basic, and water with pH less than 7 is acidic. 
The alkalinity of water indicates the ability of water to resist 
changes to pH and is influenced by local geology. Excessively 
high- or low-pH waters can cause damage or death through 
either direct contact or through the biological availability and 
solubility of nutrients and metals. pH can also affect chemical 
reactions that determine water-quality conditions; the pH of 
water determines the biological availability, chemical solubility, 
and toxicity of chemical constituents like nutrients and metals 
and, therefore, plays a key role in influencing water availability.

Water can be too acidic or basic for the health of human or 
aquatic species. Water that is too acidic or basic primarily limits 
ecological uses, but also affects various human uses directly 
and indirectly through other water-quality constituents (fig. 2). 
According to the USEPA ATTAINs database,  
<5 percent of river miles are impaired for drinking water, 
ecological uses, fish consumption, recreational uses, or 
other uses due to pH (fig. 2; U.S. Environmental Protection 
Agency, 2023c). Increasing pH from salt pollution, accelerated 
weathering, mining, and resource extraction, and easily 
weathered minerals in agriculture and urbanization has affected 
90 percent of the CONUS drainage area over the past century 
(Kaushal and others, 2018). The acidification assessment in 
USEPA NRSA program estimates that  
98 percent of national streams and rivers are in good status, 
although when they are in poor condition, pH has a large 
effect on local ecosystems (U.S. Environmental Protection 
Agency, 2020a).

pH can be influenced by a wide range of chemical, 
hydrologic, and climatic conditions, and human activities. 
Locally, pH problems can be caused by (1) acidic drainage from 
mines in rivers near legacy mining (Acharya and Kharel, 2020); 
(2) urban, industrial, and agricultural waste, including through 
atmospheric deposition (Driscoll and others, 2001); and (3) 
photosynthesis and respiration (Fuller and Davis, 1989). Human 
activities can alter the acidification state of nearshore coastal 
habitats (Cai and others, 2011; Ekstrom and others, 2015).

Dissolved Oxygen
Low dissolved oxygen (DO), also known as hypoxia, can 

limit water availability primarily for ecosystem users  
(U.S. Environmental Protection Agency, 2023e) but can also 
affect human beneficial uses. According to the USEPA ATTAINSs 
database, <10 percent of river miles impaired for drinking water, 
ecological uses, fish consumption, recreational uses, or other 
uses are attributable to DO (fig. 2; U.S. Environmental Protection 
Agency, 2023c). A recent study of river hypoxia indicated that, 
although extended periods of hypoxia are rare, infrequent hypoxic 
conditions are common across the globe and CONUS and are 
more likely to occur in warm, small, and low-gradient rivers, 
especially those draining urban or wetland land cover (Blaszczak 
and others, 2023). Many high-profile estuaries and coastal water 
bodies, such as the Gulf of Mexico and Chesapeake Bay, have 
regulatory Total Maximum Daily Load requirements to reduce 
upstream nutrient loadings, but with the goal to improve DO 
conditions for aquatic-life uses (U.S. Environmental Protection 
Agency, 2003, 2007).

Ecosystems are typically sensitive to disturbances in 
pH and oxygen because DO is needed for respiration and can 
affect animal behaviors and swimming performance (Eliason 
and Farrell, 2016). DO is also a main concern for reproductive 
success of gravel-spawning fishes, especially as affected by flow 
modifications, and fine and organic sediment deposition can affect 
the DO available in interstitial flows for fish embryo survival 
(Kemp and others, 2011). DO is also an important regulator of 
(1) oxidation-reduction (redox)-sensitive chemical reactions, 
including carbon and nutrient cycles; and  
(2) the control of phosphorus and metal sorption to sediments 
(Lovley, 1993). DO can also affect recreational uses owing to 
byproducts associated with hypoxia, such as color, odor, or other 
aesthetic factors.

DO is controlled by a series of physical and biological 
processes regulated by natural and anthropogenic drivers 
(McCabe and others, 2021; Zhi and others, 2023), including (1) 
ambient water temperature, which is a factor limiting the total 
amount of oxygen that can remain dissolved in solution; (2) flow, 
turbulence, and wind-based physical agitation, which can aerate 
water and increase dissolved oxygen;  
(3) photosynthesis and respiration attributable to the production 
and metabolism of aquatic life; and (4) organic matter 
decomposition, such as decomposition caused by organic fine 
sediments, nutrient-rich wastewater and runoff, and die off from 
algal blooms.

DO typically follows a diurnal cycle, increasing through 
photosynthesis by aquatic plants and algae during the day and 
decreasing through biologic respiration at night. The deposition 
of organic matter in the bed of aquatic ecosystems can, in 
some lakes and other non-mixed systems, cause stratified 
DO conditions in the water column, where organic matter 
decomposition can cause localized hypoxic (that is, low oxygen) 
conditions near the bed that are isolated from oxic DO higher in 
the water column.



38    Status of Water-Quality Conditions in the United States, 2010–20

Surface-Water Societal Factors

The United Nations defines access to clean water as 
a human right (United Nations General Assembly, 2010), 
and societal factors are often related to access to clean 
water. Most Americans get drinking water from public 
supplies, and about 60 percent of the public supply comes 
from surface-water sources (Johnson and others, 2022). 
Low-income and minority-dominated communities, often have 
greater exposure to drinking-water contamination (Balazs 
and Ray, 2014; Stillo and Gibson, 2017; Schaider and others, 
2019). Health-based violations of the Safe Drinking Water 
Act at community water systems disproportionately affect 
socially vulnerable communities. Approximately 70 percent 
of community water systems with health-based violations 
systems have a high modified Social Vulnerability Index 
(mSVI, calculated by measures of socioeconomic status, 
race and language, and demographics and housing; Scanlon 
and others, 2023). Surface Water Treatment Rule violations, 
Disinfection Bioproduct Rule violations, and Lead and Copper 
Rule violations (noncompliance) were particularly associated 
with high mSVI; small systems face substantial challenges 
to the implementation and maintenance of treatment systems 
(Scanlon and others, 2023). In addition to a greater proportion 
of such systems serving minority communities than other 
communities, the duration of noncompliance for systems 
serving minority communities is also greater (Scanlon and 
others, 2023). Response times are also longer for facility 
inspections for noncompliant facilities in communities with 
higher percentages of poor and Hispanic people than other 
communities (Konisky and others, 2021).

For marginalized communities, the maintenance 
or replacement of water infrastructure can also involve 
challenges that can result in disproportionate financial 
and health impacts (Katner and others, 2018). Population 
loss from urban areas can compound water infrastructure 
inequities through increased per-capita cost burdens, which 
disproportionately affect low-income and racial minority 
communities (Butts and Gasteyer, 2011; Katner and others, 
2018). Communities lacking piped water are more common 
on American Indian lands, rural Alaskan Native communities, 
and border communities known as colonias (VanDerslice, 
2011). A lack of secure, clean household water can have 
substantial negative health and developmental effects (Fink 
and others, 2011; Tanana and others, 2021).

Water-quality problems that affect ecosystems may also 
affect people who rely on ecosystems for food. For example, 
Arctic Indigenous peoples have a traditional diet rich in 
marine mammals and fish, which are also a substantial source 
of mercury exposure (Arctic Monitoring and Assessment 
Programme, 2009, 2011). Young children and developing 
fetuses are particularly vulnerable to mercury exposure 
through movement across the placenta from mother to fetus. 
In Alaska nearly 20 percent of blood samples from Inuit and 
Yup’ik women of childbearing age had mercury levels that 
exceeded the USEPA guideline of 5.8 micrograms per liter 

(µg/L; Arctic Monitoring and Assessment Programme, 2009, 
2011), compared with about 8 percent of women in a more 
diverse group of women of childbearing age across the United 
States exceeding the USEPA guideline (Schober and others, 
2003). This study also identified increased mercury levels 
among women who consumed more fish.

Native communities can also be subject to unique 
cultural impacts from water-quality degradation based on 
differing socio-economic and political structures and ways of 
relating to the natural world (Clausen and others, 2021, 2023). 
Surface-water-quality degradation can interfere with the 
relations many Native people have with the land and disrupt 
the community-building processes (Fernández-Llamazares and 
others, 2020).

Quality of Groundwater Resources
Groundwater serves as the drinking-water source for 

about 140 million people, about one-third of the Nation’s 
population. Of those, about 43 million people have a 
drinking-water supply that is a sole-source domestic well 
(DeSimone, 2009; DeSimone and others, 2015; Norman 
and others, 2018; U.S. Environmental Protection Agency, 
2018; Johnson and others, 2019, 2022; Belitz and others, 
2022; and references therein). This section focuses primarily 
on groundwater-quality problems from widely occurring 
geogenic sources that can limit water availability for domestic 
and public drinking-water supply. Anthropogenic groundwater 
constituents (such as chloride and nitrate) are also discussed, 
which can limit the use of groundwater and degrade surface 
water when discharged as base flow. Ecological contaminant 
thresholds may differ from drinking-water thresholds for 
groundwater concentration contributions to surface water 
base flow. The more stringent of two different water-quality 
standards can most limit water availability.

Across the Nation, Principal Aquifers (PAs; Miller, 
1999) and Secondary Hydrogeologic Regions (SHRs; Belitz 
and others, 2018) have been defined by lithology and other 
physical characteristics. Each PA and SHR has a unique 
name, and they can be grouped into categories of similar 
hydrogeochemical characteristics and described in the context 
of influences on susceptibility to geogenic or anthropogenic 
contaminants. PAs provide most of the public supply 
and domestic supply, but SHRs can be locally important 
groundwater drinking-water sources (Miller, 1999; Johnson 
and others, 2019, 2022; Degnan and others, 2021; Belitz and 
others, 2022; U.S. Environmental Protection Agency, 2022a). 
The USGS has been designing, conducting, and interpreting 
national-scale and regional-scale sampling for 3 decades and 
the synthesis presented here draws heavily from that work. 
The groundwater sampling was organized into networks 
of wells, and each network type fulfilled a specific purpose 
(Rowe and others, 2010, 2013). The broad purpose of the 
USGS groundwater network design was to provide data to 
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answer questions such as “what is the quality of groundwater 
serving public or domestic supply?” and “what is the quality 
of groundwater underlying urban or agricultural areas?” The 
national distribution of high concentrations of contaminants 
from human and geologic sources in most of the Nation’s 
important drinking-water aquifers is shown in figure 12. Some 
of the most important groundwater-quality constituents and 
issues are presented and discussed in this section.

Groundwater-Quality Drivers—Age, 
Geochemical Evolution, and Physicochemical 
Setting

Groundwater flow path, age distribution, physicochemical 
setting including redox condition, pH, and other factors all 
drive the likelihood of groundwater contamination from 
geogenic sources, anthropogenic sources, or combined 
sources (DeSimone and others, 2015; Belitz and others, 2022; 
Jurgens and others, 2022). Groundwater primarily composed 
of recent recharge is commonly considered to be susceptible 
to contamination by anthropogenic contaminants from the 
land surface (fig. 13). Geogenic contaminants, conversely, 
are more commonly elevated in older groundwater because 
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over long time periods they dissolve from aquifer material 
(fig. 13). Using tritium as an indicator, Lindsey and others 
(2019) developed a groundwater age classification scheme 
(modern, mixed, premodern) that can inform the likelihood 
of groundwater susceptibility to contamination from 
anthropogenic or geogenic contaminants. Age can serve as 
a proxy for groundwater geochemical evolution processes 
that alter the physicochemical setting. Redox condition can 
shift from atmospheric oxic conditions near land surface, 
through the ecological succession of electron acceptors (DO, 
nitrate, manganese, iron, sulfate; McMahon and Chapelle, 
2008; Jurgens and others, 2009) to more reducing conditions 
deeper, with older water (Degnan and others, 2020; Erickson 
and others, 2021a). Likewise, pH can evolve over time and 
depth, from being similar to rainwater to being more alkaline 
or acidic because of interaction with carbonates or pyrite 
respectively, or other minerals (Morgan and Stumm, 1981; 
Appelo and Postma, 2005). The effect of groundwater age 
distributions and groundwater quality on surface water quality 

is further discussed in the section “Groundwater Flow Path, 
Contaminant Residence Time, and Groundwater–Surface 
Water Interactions.”

Geogenic (Geologic Source) Constituents

Geogenic constituents are the category most commonly 
found at elevated or high-concentration in drinking-water 
aquifers across the Nation (DeSimone and others, 2015; 
Stackelberg and others, 2018; McMahon and others, 2019, 
2020; Lindsey and others, 2021a; Musgrove, 2021; Belitz 
and others, 2022). The effect of elevated concentrations of 
geogenic constituents using areal and population metrics is 
shown in figures 14–16, as follows, using data from Belitz and 
others (2022):

•	 Areal distribution of elevated inorganic constituent 
concentrations in assessed drinking-water aquifers 
(fig. 14).

Figure 13.  Key hydrologic and geochemical concepts related to groundwater quality. Anthropogenic contaminants released at the 
ground surface can be transported through shallow or deep groundwater and can discharge to surface water years or decades after 
entering the subsurface or can degrade through interaction with microbes or sediment. Geogenic contaminants can be continuously 
cycled through immobilization, mobilization, transport, and discharge through well water or into surface water through aquifer sediment 
interaction with microbes, anthropogenic chemicals, and changing pH or oxidation-reduction conditions. Illustration by Amanda Carr, 
U.S. Geological Survey.
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•	 Affected population, area, and relative proportion 
of elevated concentration of specific geogenic 
constituents and nitrate (fig. 15).

•	 Areal distribution of elevated arsenic and manganese 
(fig. 16).

Results for selected individual constituents in decadal 
well networks and PAs are also accessible in interactive 
searchable maps in appendix 1, figures 1.2 and 1.3.

Elevated concentrations of geogenic constituents 
affect extensive areas and millions of people using aquifers 
for drinking water across the country. Five geogenic 
constituents—arsenic, manganese, strontium, radium, and 
adjusted gross alpha (the total amount of energy released 
from radionuclides)—each have a substantially larger area 
and larger population affected by elevated concentration than 
nitrate. There is also considerable co-occurrence of geogenic 
constituents at elevated concentrations. Elevated geogenic 
constituent concentrations affect more than 30 million people, 
with the largest affected groundwater-dependent populations 
using three aquifers—two of the western unconsolidated PAs 
(California Coastal Basin and Basin and Range basin-fill 
aquifers) and the Glacial aquifer (Belitz and others, 2022).

Selected constituents frequently found at high 
concentration in groundwater will be described in more detail 
in this section. Results for selected individual constituents are 
also accessible in interactive searchable maps at appendix 1, 
figures 1.2, 1.3, and 1.4.

Arsenic
Arsenic is frequently detected at elevated concentrations 

in groundwater and potentially affects the drinking-water 
supply quality of more than 14 million people in the CONUS 
(figs. 15, 16; Ayotte and others, 2017; Erickson and others, 
2019a; Lombard and others, 2021a; Spaur and others, 2021; 
Belitz and others,2022). Exposure to inorganic arsenic is 
linked to increased risk of adverse health outcomes (immune, 
nervous, pulmonary, reproductive, and cardiovascular 
systems) and to cancer (skin, liver, kidney, and bladder; 
Naujokas and others, 2013; Jiang and others, 2015; Kuo 
and others, 2017; Mendez and others, 2017; Krajewski and 
others, 2021).

Arsenic in groundwater reflects the interaction of key 
factors, including geologic source, groundwater geochemistry, 
and geochemical processes related to hydrochemistry. Two 
common arsenic mobilization mechanisms are (1) release 
during dissolution of iron and manganese oxides in anoxic 
conditions and (2) desorption from solid materials under oxic, 
alkaline conditions (Fujii and Swain, 1995; Ayotte and others, 
1999; Welch and others, 2000; Smedley and Kinniburgh, 
2002; Thomas, 2007; Camacho and others, 2011; Anning 
and others, 2012; Erickson and others, 2019a). Geochemical 
factors such as the redox process or pH (not high-arsenic, 
solid-phase source material) are often the most important 
drivers of arsenic mobilization processes on a local or regional 

scale (Ayotte and others, 2017; Belitz and others, 2022). 
Results for arsenic concentrations in decadal well networks 
and PAs, and model results for arsenic and redox condition in 
groundwater are also accessible in interactive searchable maps 
in appendix 1, figures 1.2, 1.3, and 1.4.

Aquifers in the southwestern, southcentral, midwestern, 
and northeastern parts of the CONUS have high proportions 
of aquifers with elevated arsenic. Groundwater pumping and 
groundwater-level changes, inputs of carbon (for example, 
organic releases), and other human activities can trigger 
geochemical changes that mobilize arsenic from solids and 
into groundwater (Ayotte and others, 2011; Harte and others, 
2012; Bexfield and Jurgens, 2014; Cozzarelli and others, 
2016; Erickson and others, 2019b). Climate change, through 
many mechanisms (for example, drought and salinization), is 
predicted to increase the proportion of drinking-water aquifers 
contaminated with elevated arsenic (Lombard and others, 
2021b; Erickson and others, 2024a). Managed aquifer recharge 
is a practice in which excess water during wet periods is stored 
in shallow aquifers through infiltration or in deep aquifers 
through direct injection. Introduction of recharge water can 
alter hydrologic and geochemical aquifer conditions such 
that arsenic and other geogenic contaminants are mobilized 
(fig. 17; Fakhreddine and others, 2021).

Manganese
Manganese is currently a secondary drinking-water 

contaminant, but it is being considered for possible future 
regulation (Eaton, 2021). Manganese is prevalent at elevated 
concentrations in relatively shallow groundwater under 
reduced conditions. Elevated manganese concentrations 
potentially affect the drinking-water-supply quality of more 
than 13 million people (domestic supply and public supply) 
in the CONUS (figs. 15, 16; McMahon and others, 2019; 
Belitz and others, 2022). Domestic wells are often drilled 
to shallower depths than public supply wells, so manganese 
may disproportionately affect domestic well users compared 
to people served by PWSs (McMahon and others, 2019; 
Belitz and others, 2022). Although manganese is an essential 
element, infants and children exposed to higher concentrations 
of manganese in drinking water (compared to lower 
manganese concentrations) may suffer adverse outcomes, 
including infant mortality, hyperactivity, and impairments 
to intelligence, memory, attention, and motor function 
(Wasserman and others, 2016; Bouchard and others, 2018; 
Health Canada, 2019; Kullar and others, 2019; Schullehner 
and others, 2020; Scher and others, 2021). Elevated 
manganese is also associated with cognitive impairment in 
older adults (Larvie and others, 2022).

Like arsenic, groundwater geochemistry influences 
manganese mobilization from aquifer materials to 
groundwater. Elevated groundwater manganese has been 
attributed to reductive dissolution of manganese, soil- or 
river-derived DOC, and acidic conditions (McMahon and 
others, 2019). Elevated manganese concentrations are most 
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commonly found in the drinking-water aquifers in the Great 
Lakes, Midwest, Mississippi Embayment, and Northeast 
hydrologic regions (Ying and others, 2017; McMahon 
and others, 2019; DeSimone and Ransom, 2021; Erickson 
and others, 2021b; Belitz and others, 2022; Knierim and 
others, 2022).

Several types of anthropogenic activities, influences, 
and risk factors affect manganese release or mobilization, 
including (1) shifts in well pumping patterns that change 
groundwater flow patterns or water levels, (2) leaching 
of agricultural chemicals to groundwater, (3) releases of 
mine wastes or leachate, (4) enhanced aquifer recharge, 
and (5) wastewater or other organic carbon inputs (Ayotte 
and others, 2011; Brown and others, 2019; McMahon and 
others, 2019; Fakhreddine and others, 2021; Riedel and 
others, 2022). Changing groundwater resource stresses 
owing to climate change may enhance known manganese 
mobilization mechanisms through increased groundwater 
extraction, increased use of enhanced aquifer recharge, and 
other factors. Results for manganese concentrations in decadal 
well networks and principal aquifers, and model results for 
manganese and for manganese as a redox condition indicator 
in groundwater are also accessible in interactive searchable 
maps in appendix 1, figures 1.2, 1.3, and 1.4.

Strontium
Strontium, frequently detected at elevated concentrations 

in groundwater, potentially affects the drinking-water-supply 
quality of more than 5.5 million people in the CONUS 
(fig. 15; Musgrove, 2021; Belitz and others, 2022). Although 
not currently regulated, strontium is being considered for 
possible future regulation (U.S. Environmental Protection 
Agency, 2019b). Strontium, an alkaline-earth metal that 
behaves similarly to calcium, is a common trace element in 
rocks, soils, sediments, and waters (Musgrove, 2021). When 
ingested, strontium is a bone-seeking trace metal that can 
have adverse health effects, including strontium rickets in 
children and teeth mottling (Curzon and Spector, 1977; Ozgür 
and others, 1996; Agency for Toxic Substances and Disease 
Registry, 2004).

Geogenic and anthropogenic sources can cause elevated 
concentrations of strontium in groundwater. Geogenic 
strontium sources include carbonate aquifer minerals, 
evaporative concentration, and mixing with upwelling 
saline groundwater. Anthropogenic sources include fly 
ash and agricultural chemicals (Musgrove, 2021; Belitz 
and others, 2022). High concentrations of total dissolved 
solids are an indicator of elevated strontium. Carbonate and 
carbonate-containing drinking-water aquifers in Florida, 
Texas, the Southwest, and the Midwest most commonly have 

Geogenic contaminant
mobilization
Geogenic contaminant
mobilization

InjectionInjection
Self-supply
withdrawal
Self-supply
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Figure 17.  Managed aquifer-recharge methods and processes. Managed recharge—
which uses water of dissimilar geochemistry from groundwater through infiltration into 
shallow aquifers or injection into deep aquifers—can alter hydrologic and geochemical 
aquifer conditions such that arsenic and other geogenic contaminants are mobilized 
from sediment to aqueous phase. Modified by Amanda Carr, U.S. Geological Survey, 
from Fakhreddine and others (2021) graphical abstract.
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elevated strontium. Upwelling saline groundwater is also a 
source of strontium in some locations, including Texas and 
Florida. Shallow groundwater in unconsolidated sand and 
gravel aquifers in arid or semiarid settings also commonly has 
elevated strontium attributable to applied sources of strontium 
or evaporative concentration of dissolved constituents 
(Musgrove, 2021; Belitz and others, 2022).

Uranium and Other Radionuclides

Geogenic radionuclides—including uranium, radium, 
lead-210, polonium-210, and their isotopes—are primarily 
present in groundwater because of water-rock interactions 
of geologic materials that contain radioactive elements 
(Erickson and others, 2024a). The interaction of aquifer and 
groundwater geochemistry (for example, solubility, speciation, 
redox condition, pH), aquifer lithology, and hydrogeology 
together affect concentrations of radionuclides in groundwater 
(Vengosh and others, 2022).

Elevated groundwater uranium concentrations are 
most common in aquifers in the arid and semiarid West 
(Belitz and others, 2022). Uranium exposure can cause an 
increased risk of cancer, interference with bone chemistry, 
and kidney toxicity (U.S. Environmental Protection Agency, 
2002; Kurttio and others, 2005; Vicente-Vicente and others, 
2010), and more than 1 million people are estimated to use 
drinking-water-aquifer sources with elevated uranium (fig. 15; 
Belitz and others, 2022). A wide range of pH and redox 
conditions are conducive to uranium mobility, so key drivers 
are availability of uranium in aquifer sediments (granites and 
other silicic igneous rock parent material) and concentration 
of complexing aqueous species (dissolved inorganic carbon; 
Hobday and Galloway, 1999; Jurgens and others, 2010). 
Uranium can also be mobilized by anthropogenic activities 
(Jurgens and others, 2010; Nolan and Weber, 2015; Riedel and 
Kübeck, 2018; Tesoriero and others, 2019).
        Radium and other radioactive isotope occurrences at 
elevated concentrations in drinking water are a human-health 
concern because they are known human-carcinogen sources 
attributable to ionizing radiation (Agency for Toxic Substances 
and Disease Registry, 1999; Weinhold, 2012). Radium, which 
is regulated as the sum of radium-226 plus radium-228, 
primarily occurs in low-pH groundwater or in anoxic, highly 
mineralized groundwater. Radium mobilization can be 
enhanced by road salt contamination (McNaboe and others, 
2017; Lindsey and others, 2021b). Elevated radium is found 
in aquifers serving more than 7.5 million people (fig. 15), 
and is most prevalent in carbonate aquifers, particularly 
the Cambrian-Ordovician aquifer system (Stackelberg and 
others, 2018; Belitz and others, 2022). Elevated adjusted 
gross alpha (sum of alpha-emitting) and elevated adjusted 
gross beta (sum of beta-emitting) isotopes are most common 
in certain carbonate and surficial aquifers, including the 
Cambrian-Ordovician aquifer system (Szabo and others, 2020; 

Belitz and others, 2022). On the basis of lifetime cancer risks, 
lead-210 and polonium-210 in drinking-water supplies may 
pose human-health concerns (Seiler, 2016); however, these 
constituents do not have individual, enforceable human health 
drinking-water thresholds (U.S. Environmental Protection 
Agency, 2018).

Fluoride
Elevated groundwater fluoride concentrations occur 

when geochemical conditions are favorable to mobilize 
fluoride to groundwater from an existing aquifer source, 
such as fluorine-bearing minerals or mixing with geothermal 
fluids (Belitz and others, 2022; Rosecrans and others, 2022). 
Fluoride in drinking water at relatively low concentrations can 
be beneficial to human tooth and bone health; however, there 
are multiple adverse health effects at higher concentrations 
(US Department of Health and Human Services Federal 
Panel on Community Water Fluoridation, 2015; World Health 
Organization, 2017). An estimated 3.3 million people use 
groundwater drinking-water sources with elevated fluoride 
(fig. 15; McMahon and others, 2020; Belitz and others, 2022). 
There is a high prevalence of elevated fluoride concentration 
in aquifers with a wide range of hydrogeologic characteristics 
(Belitz and others, 2022), but higher groundwater fluoride 
concentrations are associated with higher pH values, higher 
dissolved solids and alkalinity concentrations, and deeper well 
depths. Lower calcium-sodium ratios and less mean annual 
precipitation are also associated with higher groundwater 
fluoride concentrations (McMahon and others, 2020).

Lithium
Lithium is widely found in groundwater at elevated 

concentrations when compared to either of two relevant 
thresholds, 10 µg/L HBSL and 60 µg/L “drinking water 
only” (fig. 15; Lindsey and others, 2021a; Belitz and others, 
2022; Lombard and others, 2024). Health effects from 
elevated drinking-water lithium include inverse relations with 
depression, mortality from Alzheimer’s disease, suicide rates, 
and violent crime rates (Brown and others, 2018; Ishii and 
Terao, 2018; Barjasteh-Askari and others, 2020) as well as 
adverse effects on thyroid function (Concha and others, 2010; 
Broberg and others, 2011). Geogenic groundwater lithium 
is attributable to mineral-water interactions, evaporation, 
and mixing young water with continental, brackish, 
lithium-bearing water. Lithium is used in batteries, myriad 
consumer products, and medicine; anthropogenic sources 
of lithium include leachate from waste disposal, produced 
water from oil and gas wells, and human wastewater (Lindsey 
and others, 2021a). Elevated concentrations were prevalent 
in aquifers in arid regions and with older groundwater (for 
example, unconsolidated clastic aquifers and sandstones), 
but less prevalent in carbonate-rock aquifers. The findings 
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are consistent with lithium abundance differences in major 
lithologies and extent of rock weathering (Lindsey and others, 
2021a; Belitz and others, 2022). Model results for lithium in 
groundwater are also accessible in interactive searchable maps 
in appendix 1, figure 1.4.

Anthropogenic Constituents and Pathogens

Chloride

High chloride concentrations in groundwater contribute 
to groundwater corrosivity, and corrosivity increases risk of 
mobilization of lead and copper in plumbing systems that can 
cause lead contamination in drinking-water supplies (Belitz 
and others, 2016; Jurgens and others, 2019; Lazur and others, 
2020). Chloride concentrations have increased in shallow, 
modern groundwater, especially in urban cold-weather 
areas (DeSimone and others, 2015; Hintz and others, 2022; 
U.S. Geological Survey, 2023). Anthropogenic sources of 
chloride include road salt, wastewater, and water softeners. 
Groundwater chloride can also increase because of climate 
change effects such as saltwater intrusion or evaporative 
concentration (Kaushal and others, 2021). Elevated 
groundwater chloride concentrations can affect drinking-water 
availability (DeSimone and others, 2015; Levitt and 
Larsen, 2020; Hintz and others, 2022) and ecological water 
availability owing to chloride input to streams through 
groundwater discharge (Kaushal and others, 2021; Hintz and 
others, 2022). Contamination from road salt can also mobilize 
radium and other geogenic constituents (McNaboe and 
others, 2017; Kaushal and others, 2021; Lindsey and others, 
2021b). Brackish groundwater and produced water from oil 
and gas production, which also have substantial chloride 
concentrations, are discussed in more detail in the “Alternative 
Water Resources” section.

Nutrients

Nitrate is the only nutrient commonly found at high 
concentrations in groundwater, with more than 5.5 million 
people estimated to use drinking-water aquifers with elevated 
concentrations of nitrate (fig. 15; Belitz and others, 2022; 
Ransom and others, 2022). The drinking-water standard 
protects infants less than 6 months old, who are at risk of 
developing methemoglobinemia or “blue baby syndrome” 
from excess nitrate in drinking water (Ward and others, 2018). 
Although there are geogenic sources of nitrate, most of the 
elevated nitrate is attributable to anthropogenic sources such 
as fertilizer, manure, and human wastewater. The measured 
or modeled likelihood of exceedance of the drinking-water 
standard is related to manure and fertilizer application, 
agricultural land use, and climate (Pennino and others, 2020; 

Ransom and others, 2022). Nitrate degrades in anoxic aquifer 
conditions, so elevated nitrate is primarily found in modern 
groundwater that has oxic conditions. Aquifers in the Central 
Valley of California, the Midwest, and the central Southwest 
are most affected by elevated nitrate concentrations.

Groundwater movement and transport of stored legacy 
nitrate can be an important source of nitrate to streams (Van 
Meter and others, 2016). Groundwater transport of nitrate 
at concentrations much lower than current drinking-water 
standards can contribute to HABs through discharge to 
surface water. Because of a growing USGS nitrate dataset 
and collaboration with academia, progress is being made in 
the further identification of the spatial distribution and type 
of nitrate input sources in groundwater (Boshers and others, 
2019). Sources and processes affecting individual samples 
or regions identified in previous studies are being confirmed 
through analysis of machine-learning model results from 
drinking-water supply depths (Ransom and others, 2022) and 
shallow depths with additional source/input-related predictor 
variables (Ransom and Kauffman, 2023). Model results 
for nitrate in groundwater are also accessible in interactive 
searchable maps in appendix 1, figure 1.4.

Pesticides
Pesticides and their degradates are anthropogenic 

constituents used to control plant and insect pests in urban 
and agricultural areas. Pesticide detections are associated 
with agricultural and urban areas in modern-age groundwater 
in shallow wells or aquifers with karst features. Atrazine, 
metolachlor, and their degradates were among the most 
frequently detected pesticides. Although detection of 
pesticides and their degradates is common, the concentrations 
of pesticide and pesticide degradates in public supply wells did 
not exceed a benchmark or estimated benchmark, even when 
considering mixtures and degradates without benchmarks 
(Bexfield and others, 2021); only 0.6 percent of samples had 
an elevated concentration (Belitz and others, 2022). In shallow 
monitoring wells in urban and agricultural areas, pesticide 
concentrations exceeded thresholds at a higher rate than in 
domestic wells (DeSimone and others, 2015).

Per- and Polyfluoroalkyl Substances
Per- and polyfluoroalkyl substances (PFAS), a large 

group of chemicals with numerous anthropogenic sources, 
were described in section “Per- and Polyfluoroalkyl 
Substances” under the Quality of Surface-Water Resources 
heading of this chapter. Although a national-scale study of 
PFAS in groundwater has not yet been completed, PFAS 
have been widely detected in groundwater. In a study of 
seven drinking-water well networks in aquifers in the Eastern 
United States, 14 of the 24 analyzed PFAS were detected in 
groundwater, with 60 and 20 percent of public-supply and 
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domestic wells, respectively, containing at least one PFAS 
detection (McMahon and others, 2022). In an expanded study 
of more than 30 networks in aquifers in the continental United 
States, 18 PFAS compounds were detected in groundwater, 
with 43 and 17 percent of public-supply and domestic wells, 
respectively, containing at least 1 PFAS detection (Tokranov 
and others, 2024). Model results for PFAS in groundwater are 
also accessible in interactive searchable maps in appendix 1, 
figure 1.4. USEPA risk-level standards for human and aquatic 
organism health are evolving to lower concentrations such 
that in the future any detection may indicate exceedance of 
standards (U.S. Environmental Protection Agency, 2016c, 
2016d, 2022b, 2024a, 2024b, 2024c). USEPA is establishing 
drinking-water standards for selected PFAS, and the new 
primary drinking-water standards may have threshold 
concentrations that are less than the current method detection 
levels PFAS (U.S. Environmental Protection Agency, 2024d). 
In addition to being a drinking-water hazard, persistent 
PFAS plumes found in groundwater can eventually discharge 
into surface water bodies and surface-water, drinking-water 
sources, which then can affect the health of downstream 
aquatic organisms and humans.

Microbial Pathogens
Microbial pathogens, such as bacteria and viruses, can 

cause gastrointestinal disease in humans; in a recent review, 
five pathogens were responsible for most disease outbreaks: 
norovirus, Campylobacter, Shigella, hepatitis A and Giardia 
(Murphy and others, 2017). Untreated groundwater supply 
(water supply that is not disinfected) is at high risk for causing 
gastrointestinal disease (Murphy and others, 2017; Burch and 
others, 2022).

Although a national-scale synthesis of microbial 
pathogens in groundwater has not been published, State-scale 
and regional-scale studies can provide information about why 
microbial pathogens are found in groundwater in a wide range 
of aquifers and hydrogeological conditions (Stokdyk and 
others, 2020; Borchardt and others, 2021; Burch and others, 
2022; Stokdyk and others, 2022). Sources of pathogens are 
common in the environment (septic waste, animal waste, 
leakage from sanitary sewer pipes, urban stormwater), and 
rapid transport of pathogens deep into aquifers is possible 
(Bradbury and others, 2013; Hunt and others, 2014; Murphy 
and others, 2020; Stokdyk and others, 2020; de Lambert 
and others, 2021). Transport of pathogens to drinking-water 
wells is associated with precipitation events and karst aquifer 
systems (Bradbury and others, 2013; Murphy and others, 
2020). These findings merit consideration because disinfection 
is not required for groundwater-sourced, public drinking-water 
systems unless the system has been determined to be under 
the influence of surface water; domestic well water has no 
disinfection requirement (U.S. Environmental Protection 
Agency, 2006, 2022a).

Groundwater Societal Factors

Equity of drinking-water quality can be evaluated using 
societal factors such as income, race, proximity to pollution 
sources, drinking-water source, and knowledge (or lack of 
knowledge) about environmental conditions. Recent research 
highlights that societal factors including historical economic 
and racial disparities relate to drinking-water-quality inequities 
(Cutter and others, 2003; Tanana and others, 2021; Nigra and 
others, 2022; Ravalli and others, 2022). For example, Ravalli 
and others (2022) reported that barium, chromium, selenium, 
and uranium are highest in public water supplies serving 
Hispanic communities. Nigra and others (2022) found that 
public water supplies serving low-income populations are 
more likely to have high arsenic concentrations. Some Native 
American tribal communities depend on private domestic 
well water that has high uranium and arsenic concentrations 
or is near historical mines (Tanana and others, 2021). Because 
of the absence of required water testing or water treatment, 
people with domestic wells as their drinking-water source 
are more prone to exposure to contaminants compared to 
people served by PWSs (Gibson and others, 2020; Spaur 
and others, 2021). Studies have shown that, although arsenic 
exposure declined for people served by PWSs after the 
2006 arsenic MCL was lowered to 10 µg/L from 50 µg/L, it 
did not decline for people using domestic wells (Nigra and 
others, 2017; Welch and others, 2018). There are substantial 
socioeconomic disparities in domestic well testing and home 
water treatment in the United States attributable to cost and 
other factors (Flanagan and others, 2016; Malecki and others, 
2017; Yang and others, 2020). Predominantly Hispanic and 
African American communities rely on domestic wells in 
some areas because of historical barriers to PWS access 
(Wilson and others, 2008; Gibson and Pieper, 2017; Purifoy, 
2021). Violations of the arsenic and radionuclide rules were 
associated with higher modified Social Vulnerability Index 
(mSVI categories; Scanlon and others, 2023). Although 
arsenic and radionuclide violations in PWSs are driven 
primarily by physical factors such as arid climate, the length 
of time a facility remained in violation of drinking-water 
standards was related to mSVI categories (Scanlon and 
others, 2022; Scanlon and others, 2023). Tribal PWSs have 
a disproportionate number of drinking-water rule violations, 
with about 30 percent of people affected by a health-based 
violation compared to about 10 percent across the CONUS. 
The Tribal system violations are primarily attributable to 
violations of the Groundwater Rule, Revised Total Coliform 
Rule, and Arsenic Rule (Scanlon and others, 2023).
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Groundwater–Surface Water 
Interactions and Chemical Mixtures

Groundwater Flow Path, Contaminant 
Residence Time, and Groundwater–Surface 
Water Interactions

Stream base flow can be an important pathway for 
many groundwater-quality constituents to enter and mix with 
surface waters. Surface water can also recharge groundwater 
in losing stream reaches, through subsurface losses from 
reservoirs, or intentionally through enhanced or managed 
infiltration intended to store groundwater for water supplies. 
Storage and transport through the subsurface can delay the 
delivery of contaminants to streams; for example, road salt 
(Rossi and others, 2022), nitrogen (Spahr and others, 2010b; 
Sanford and Pope, 2013; Tesoriero and others, 2013; fig. 18), 
and endocrine-disrupting compounds and other agricultural 
contaminants (Thompson and others, 2021). Salt pollution that 
enters groundwater can become a dominant source to surface 
waters during base-flow conditions. During low-flow times 
of the year, biota may be adversely affected by fluctuation in 
water quality during a sensitive lifecycle period, such as for 
spawning success (Malcolm and others, 2004). Groundwater 

inputs to streams also provide important temperature refugia 
by buffering stream temperatures for some cold-water species 
like trout (Snyder and others, 2015).

Base-flow nitrogen loading from groundwater to surface 
water can be substantial (Spahr and others, 2010b; see 
fig. 18 example). Estimates of nitrogen loading from base 
flow generated from results of a machine-learning model 
of groundwater nitrate concentrations (Ransom and others, 
2022) are currently (2024) being evaluated as SPARROW 
input. Microbial pathogens in surface water and stormwater 
can be transported through infiltration to drinking-water wells 
when groundwater is “under the influence” of surface water 
(Stokdyk and others, 2019; de Lambert and others, 2021).

Several tools are available to help scientists determine 
groundwater susceptibility to contamination from 
mobilization of geogenic contaminants or from surface-loaded 
anthropogenic contaminants. Environmental tracer and 
dissolved gas concentrations can be used to determine 
groundwater age using interactive workbook programs, 
including lumped parameter modeling (TracerLPM; Jurgens 
and others, 2012, 2016) and Dissolved Gas Modeling 
and Environmental Tracer Analysis (DGMETA; Jurgens 
and others, 2020). Lumped parameter models developed 
with TracerLPM have been used in national efforts for 
evaluating age-tracer data in local and regional studies of 
groundwater contaminant trends. DGMETA is used to model 
dissolved-gas concentration data for age tracers and reactive 
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biogeochemistry, including denitrification. A Groundwater 
Age Mixtures and Contaminant Trends Tool (GAMACTT) 
has been developed to guide users through the process 
of evaluating how groundwater age distributions from 
TracerLPM and changing surficial contaminant inputs affect 
anthropogenic contaminant trends in water-supply wells and 
other groundwater discharges (Böhlke and others, 2014a, 
2014b). Age-tracer modeling results from TracerLPM have 
been shown to be equivalent to particle-tracking age results 
produced from much more complex models (Eberts and 
others, 2012). Differing contaminant trends, groundwater-age 
distributions, and hydrogeologic settings of aquifer water 
supplies can be related with the new tools (Eberts and others, 
2012; Lindsey and others, 2017). Basic water chemistry results 
can also be evaluated to determine the groundwater redox 
condition using an interactive workbook program (Jurgens and 
others, 2009). GAMACTT and these other related tools and 
principles for evaluating groundwater supplies for contaminant 
susceptibility and trends evolved from USGS water-quality 
and research studies. Examples of the many of studies that 
used these tools include Böhlke and others (2007, 2009), 
Levitt and other (2019), and Lindsey and others (2017).

Multiple Stressors and Contaminant Mixtures

Although aquatic-life thresholds are based on single 
water-quality constituents in isolation, water-quality 
constituents are typically altered in combination (sometimes 
referred to as “stressor mixtures” or “urban stream 
syndrome”). Typically, ecological degradation is observed 
in streams that drain urban land, with degradation driven by 
common landscape or anthropogenic changes (Walsh and 
others, 2005). In the context of these co-occurring stressor 
mixtures, causal attribution for the primary stressor(s) causing 
ecological impairment can be challenging and biased by 
disproportionate monitoring foci (Fanelli and others, 2022). 
For example, stressor studies from the USGS have emphasized 
the important harmful role of contaminants (especially 
insecticides, herbicides, and metals) on ecological outcomes, 
which are rarely measured in standard monitoring protocols 
(Schmidt and others, 2019; Waite and others, 2019, 2021). 
Additionally, stressor mixtures can have interactive effects—
whereby the exposure to multiple elevated water-quality 
constituents might have additive or multiplicative effects 
on biota unlike when considered in isolation—and have 
been shown to be important in USGS assessments across 
the country (Waite and others, 2021). A multi-region 
assessment of chemical mixtures evaluated the cumulative 
effects of contaminant mixtures in wadable urban- and 
agriculture-gradient streams across the United States (Bradley 
and others, 2021). Overall, identification tools have been 
developed to identify limiting stressors in causal assessments 
on ecological condition within stressor mixtures, such as the 
USEPA’s Causal Analysis/Diagnosis Decision Information 

System (CADDIS) tool (U.S. Environmental Protection 
Agency, 2022c), when comprehensive, multiple-stressor 
studies cannot be conducted (Waite and others, 2021).
        Although drinking-water contaminants are regulated 
individually, multiple drinking-water contaminants can occur 
together at elevated or high concentrations (Ryker, 2014; 
Scanlon and others, 2022; Barber and others, 2024; Erickson 
and others, 2024a). Little information exists regarding human 
health exposure risks from mixtures of drinking-water 
contaminants. Although much groundwater geochemical 
data exist, little interpretive work has analyzed groundwater 
contaminant mixtures. In many PWSs, drinking-water 
supply comes from surface water and groundwater sources 
(Johnson and others, 2021; Johnson and others, 2022), which 
can result in potentially different mixtures of constituents in 
source water.

Alternative Water Resources

Wastewater Reuse

A review of water-quality knowledge gaps related to 
wastewater is presented in Tesoriero and others (2024a, 
chapter D), and some of the most important considerations 
are summarized here. Wastewater reuse can be intentional or 
incidental (for example, incidental where municipal wastewater 
discharges to a stream that has a public water supply intake 
downstream). Wastewaters are a substantial source of CECs to 
surface water and groundwater. CECs in wastewater include 
pharmaceuticals and personal care products, PFAS, and 
numerous industrial chemicals (Glassmeyer and others, 2005; 
Elliott and others, 2018a, 2018b; Fork and others, 2021). A 
substantial gap in knowledge exists regarding direct and indirect 
water-quality degradation from anthropogenically used water 
that is returned to surface water or infiltrated to groundwater.

Barber and others (2024) identified wastewater categories 
that are most suitable for reuse, as well as challenges to 
purposeful water reuse (U.S. Environmental Protection  
Agency, 2020c). The National Water Reuse Action Plan  
(U.S. Environmental Protection Agency, 2020c) provides useful 
data and outcomes to promote water reuse in the face of climate 
change. A needed tool is a scheme that allows cross-comparison 
of different water-quality or toxicity benchmark measurements; 
for example, drinking-water thresholds compared to aquatic-life 
benchmarks. Municipal wastewater is an example of a complex 
chemical mixture of CECs that is often reused. Field and 
laboratory-based studies could assess complex mixtures of 
CECs and the effects of their transformation products on water 
quality following methods similar to work in Colorado and 
Iowa (Bradley and others, 2007; Barber and others, 2011, 2013; 
Zhi and others, 2020, 2021; Webb and others, 2021).
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Brackish Groundwater and Sea Water

Brackish water resources (with dissolved-solids 
concentrations of 1,000–10,000 milligrams per liter) may 
be a partial solution to increasing water demands; beneficial 
use limitations and unknowns were described in McMahon 
and others (2016). The most common brackish groundwater 
categories are mixed cation-sulfate, sodium-chloride, sodium, 
sulfate, calcium-sulfate, and sodium-bicarbonate. Within 
brackish groundwater, high mineral saturations for barite, 
calcite, and chalcedony are common; high concentrations of 
arsenic, boron, fluoride, nitrate, and uranium are also common 
(McMahon and others, 2016). Because brackish groundwater 
and sea water have high concentrations of ions and high mineral 
saturation, traditional treatment systems, such as reverse-osmosis 
systems, may have efficacy or operational problems (mineral 
precipitation).

Stanton and others (2017) estimated the distribution of 
saline and brackish groundwater in the United States by using 
a compiled well-chemistry database. The most extensive 
occurrence of brackish groundwater was observed in a wide band 
in the Central United States that extends from Montana and North 
Dakota in the north to Texas and Louisiana in the south, along 
the coastline in States along the Atlantic Coast, and in many other 
States. Within four regional areas defined in their report, Stanton 
and others (2017) described brackish groundwater resources by 
geochemical characteristics, depth encountered, principal  
aquifer system, and volume. In the Coastal Plains region, about  
23 percent of the grid-cell volume contained brackish 
groundwater, mostly 50–1,500 feet (ft) below land surface, 
and most commonly in the Intermediate, Southeastern Coastal 
Plain and Coastal lowlands aquifer systems. In the Eastern 
Midcontinent, about 16 percent of the observed grid-cell volume 
had brackish groundwater 0–3,000 ft below land surface, with 
most groundwater deeper than 1,500 ft being brackish. The 
Marshall aquifer, Silurian-Devonian aquifers, Mississippian 
aquifers, and New York and New England carbonate-rock 
aquifers had the highest percentages of brackish groundwater. 
About 50 percent of the observed grid-cell volume had brackish 
groundwater in  
the Western Midcontinent region, primarily at depths of  
0–3,000 ft. The highest proportions of brackish groundwater 
were in the Blaine aquifer, the Upper Cretaceous aquifers, the 
lower Tertiary aquifers, the Pecos River Basin alluvial aquifer, 
the Lower Cretaceous aquifers, and the Seymour aquifer. The 
Southwestern Basins region had brackish groundwater observed 
in 31 percent of the grid-cell volume, mostly at depths of 
50–1,500 ft below ground surface, with all considered principal 
aquifers having substantial volumes of brackish groundwater. 
The chemical composition of brackish groundwater varies 
widely because of differences in geologic setting and associated 
hydrologic and geochemical processes. The diversity in water 
composition, geochemical processes, and water-use needs differ 
across the United States, which has important implications for the 
feasibility and cost of using brackish groundwater. For example, 

brackish groundwater may be oversaturated with respect to 
barite (BaSO4), calcite (CaCO3), or chalcedony (SiO2), which 
could lead to precipitation of solids (scaling) during conveyance, 
storage, or treatment (Stanton and others, 2017). The use of 
saline and brackish water resources is projected to increase, and 
Conaway and others (2024b) present a detailed description of 
some of the most important considerations and water-quality 
knowledge gaps related to sustainably using increased volumes of 
brackish water. We provide a summary here.

The mapped distribution of brackish groundwater could 
be improved using additional existing geochemistry data and 
adding existing geophysical data (surface geophysical surveys 
and borehole logs) to refine spatial resolution. Borehole logs 
of electrical properties could improve resolution of salinity 
gradients, which are needed for delineating boundaries and 
determining volumes of fresh, brackish, and saline groundwater 
(Williams and others, 2016; Stephens and others, 2019). 
Borehole logs could also be used to refine the distribution of 
geologic features that control the distribution of groundwater 
salinity. The subsurface distribution of important hydrogeologic 
properties such as porosity, permeability, recharge or discharge, 
confinement, and connection with adjacent aquifers could 
be refined with three-dimensional geologic maps, borehole 
descriptions, well yields, and pump tests. Variability in the 
chemical composition of brackish and saline water resources 
affect the evaluation of water treatment needs and the design of 
treatment processes, so improved geochemical modeling tools 
could assist water treatment and planning. Predictive models for 
geochemical water type in groundwater based on local geologic, 
hydrologic, and climatic conditions may be considered to better 
inform decisions by water managers.

Sea-level rise is expected to affect water availability in 
coastal areas. Understanding the effects of sea-level rise on 
water availability is crucial because 2017 census data show that 
94.7 million people (29 percent of the U.S. population) lived 
in coastline counties (Cohen, 2019). Vengosh (2014, p. 338) 
describes saltwater intrusion as “one of the most widespread 
and important processes that degrades water-quality to levels 
exceeding acceptable drinking and irrigation standards.” 
Sea-level rise can be expected to accelerate saltwater intrusion 
into groundwater of coastal carbonate aquifers, other aquifers 
composed of porous and permeable materials, and likely all 
coastal aquifers (Ferguson and Gleeson, 2012; Wdowinski and 
others, 2016; Costall and others, 2020). Drinking and irrigation 
water on the Hawaiian Islands and other volcanic islands may be 
particularly vulnerable to effects from sea-level rise.

Sea-level rise also promotes the upstream advance of the 
saltwater wedge in coastal rivers. For example, in the Delaware 
River Basin, the upstream advance of saltwater may require 
moving the intake for the water supply of Philadelphia (Hurdle, 
2021), a city of about 1.6 million people. Inundation of coastal 
soils can also lead to arsenic and other geogenic contaminant 
mobilization, but the potential magnitude of the problem and full 
effect is unknown (LeMonte and others, 2017).
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Produced Water

Oil and gas development, using either conventional and 
unconventional wells, requires large volumes of water and 
results in large volumes of produced water. The USGS has 
compiled an online database of analytical results from samples 
of produced water. The linked online mapper of sample 
locations shows that oil and gas development and produced 
water discharge is most common in California and Nevada, 
central interior States from Montana to Texas to Alabama, 
Midwest states, and parts of Alaska (Blondes and others, 2018; 
U.S. Geological Survey, 2022). Produced water typically has 
high salinity, high radionuclide concentrations, high trace 
element (for example, arsenic) concentrations, and proprietary 
chemical additives (Harkness and others, 2015; Chaudhary 
and others, 2019; McDevitt and others, 2019; Conrad and 
others, 2020; Yazdan and others, 2020; Cooper and others, 
2022). Produced water has conventionally been considered a 
waste product. In 2012, an estimated 90 percent of produced 
water was reinjected (onsite disposal well, off-site disposal 
well, or enhanced recovery use; Clark and Veil, 2009; Veil and 
Clark, 2011). In some areas, produced water can be released 
to surface water under the National Pollutant Discharge 
Elimination System permitting process (McDevitt and others, 
2019; Cooper and others, 2022). Produced water reuse, 
especially in semiarid and arid regions, could reduce demand 
on freshwater supplies (Zemlick and others, 2018; Conrad and 
others, 2020; Cooper and others, 2022).

Recent review papers highlight potential best-fit, 
beneficial-use targets as well as summarize the myriad 
benefits and challenges for reuse of produced water (Conrad 
and others, 2020; Cooper and others, 2022). Comparison 
in New Mexico shows the competitiveness of total energy 
costs for treatment and reuse of produced water for fracking 
compared to extraction of fresh groundwater (Zemlick and 
others, 2018). On-site or proximal reuse of produced water 
in oil and gas production would often require the least 
amount of treatment (Conrad and others, 2020). Reuse in 
salt-tolerant, non-consumable crop irrigation (for example, 
cotton) would require substantial reduction of salts, metals, 
and other constituents, likely necessitating primary and 
secondary treatment. Additional research would benefit 
development of effective and efficient treatment technologies 
aimed at irrigation reuse of produced water (Conrad and 
others, 2020; Cooper and others, 2022). The most restrictive 
treatment requirements apply to reuse as potable water, which 
would require conformance to drinking-water regulations 
for inorganics, organics, and bacteria (U.S. Environmental 
Protection Agency, 2018). Challenges to widespread adoption 
of produced-water reuse for irrigation and potable supply 
include a lack of standard analytical methods and standards for 
testing treated water (Conrad and others, 2020), technological 
challenges, and water-delivery challenges (Cooper and 
others, 2022).

Summary
Degradation of water quality can make water harmful or 

unusable for humans and ecosystems. Although many studies 
have assessed the effect of individual constituents or narrow 
suites of constituents on freshwater systems, no consistent, 
comprehensive assessment exists over the wide range of 
water-quality effects on water availability. Inconsistent or 
nonexistent criteria, data, and models challenge national-scale, 
comprehensive assessment. Using literature reviews, this 
chapter moves towards a comprehensive assessment by 
summarizing how selected anthropogenic and geogenic 
water-quality constituents affect water availability for human 
and ecosystem needs at the national scale. Several types of 
human health, agricultural, and ecological beneficial-use 
standards or thresholds were used to provide context for 
categorizing surface-water and groundwater quality. Presented 
results rely primarily on published studies, data, and models 
of national and regional water quality completed in the United 
States during 2010–20.

Human beneficial uses of water are affected by a 
range of water-quality problems. Nationally, elevated 
concentrations of geogenic constituents such as arsenic, 
manganese, strontium, radium, and adjusted gross alpha 
together affect extensive areas and millions of people using 
groundwater aquifers for drinking water across the country. 
Collectively, elevated geogenic constituent concentrations 
affect more than 30 million people, with the largest 
affected groundwater-dependent populations using three 
aquifers: two of the western unconsolidated aquifer groups 
(California Coastal Basin aquifers and Basin and Range 
basin-fill aquifers) and the Glacial aquifer. Nitrate can also 
have high concentrations in groundwater with considerable 
co-occurrence of geogenic constituents at elevated 
concentrations. Additionally, about one-third of stream miles 
assessed for surface-water-sourced, drinking-water supply are 
impaired with respect to drinking-water use, most commonly 
because of non-mercury metals and salinity. At least  
45 percent of the Nation’s tap water is estimated to have one 
or more per- and polyfluoroalkyl substances (PFAS), with 
higher probabilities of PFAS exposure in urban as compared 
with rural areas. PFAS profiles and estimated median 
cumulative concentrations were similar among private wells 
and public-supply tap water.

Numerous other beneficial uses can be affected by water 
quality, including recreation, fish consumption, navigation, 
and agricultural and industrial uses. Increasing surface-water 
salinity has been linked to an increased potential for corrosion 
of drinking-water infrastructure and mobilization of lead. 
Agricultural beneficial uses of water can be limited by trace 
elements, salinity, and pH. Excess sediment can smother bed 
habitat, reduce river-channel capacity, hinder navigation, fill 
in reservoirs, and reduce dam function. Sediment can also 
function as a vector to hold and transport other pollutants, such 
as nutrients, microbial pathogens, and other sediment-bound 
contaminants. Human fish consumption is limited by health 
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concerns in about one-third of assessed stream miles because 
of high concentrations of mercury, polychlorinated biphenyls, 
and pathogenic bacteria. Recreational use of water (for 
example, swimming) is also limited in about one-third of 
assessed stream miles, most commonly because of microbial 
pathogens that can cause waterborne infections (with young 
children being particularly vulnerable) and harmful algal 
blooms (HABs) resulting from excess nutrients. Numerous 
constituents, including PFAS, do not have established 
thresholds for many human beneficial uses.

Almost one-half of the assessed stream miles in the 
United States do not support ecological uses because 
of impairments from anthropogenic sources, including 
elevated concentrations of water-quality constituents—
particularly nutrients, sediment, temperature, pathogens, 
salinity, and pesticides. Much of the country had nutrient 
concentrations, which were at least double the estimated 
near-reference conditions, with localized regions containing 
nutrient concentrations tenfold or greater than near-reference 
conditions. Across the conterminous United States, primary 
sources vary spatially, and include fertilizer and manure, 
atmospheric deposition, wastewater treatment plants, 
urban land, and a range of natural sources including stream 
channel and geologic sources. Excess nutrients (nitrogen 
and phosphorus) can contribute to eutrophication and disrupt 
many other ecosystem functions, including ecosystem 
productivity, food webs, and species community composition. 
Eutrophication is also a main driver of HABs, which can cause 
food-web impairment and indirectly cause hypoxia (that is, 
low dissolved oxygen [DO]), resulting in fish kills, and can 
have toxic effects on humans, pets, and other wildlife.

Fine sediment deposition can affect ecosystems by 
smothering bed habitat for biota and increasing consumption 
of DO required by aquatic organisms. SPAtially Referenced 
Regressions On Watershed models estimate important 
sources of suspended sediment across the country including 
agricultural land, forested areas, stream channels, and 
geologic sources. Increased sediment can be caused by the 
anthropogenic erosion of sources in the uplands (especially 
agricultural and urban land uses), which can alter vegetation 
cover, make soils more erosion-prone, and concentrate the 
erosive forces of surface runoff. U.S. Geological Survey 
(USGS) streamgage data across large spatial scales highlight 
that water temperatures generally correspond with air 
temperature gradients (for example, colder in the north and 
in mountainous areas) with important outliers that highlight 
key anthropogenic alterations, such as bottom-releases of 
water from dams and other impoundments. State-identified 
temperature impairments are predominantly located in the 
Western United States, but temperature is a major management 
focus across the country for the persistence and availability of 
cold-water habitats for specific fish communities.

Nationwide, the predominant source of dissolved 
solids (salinity) is geologic materials in 89 percent of the 
catchments, with road deicers and other anthropogenic 
activities responsible for the source in 11 percent of 

catchments. Catchments with dissolved solids that originated 
predominantly from geologic sources or from urban lands 
are found across much of the Nation. Dissolved solids 
originating predominantly from road deicers are largely found 
in the Northeast, and catchments with dissolved solids that 
originated predominantly from cultivated or pasture lands 
are largely found in the West. Salinity has been found to be 
increasing in much of the country, posing threats to water 
availability. High-resolution salinity data are often beneficial 
to detect short-term, acute, aquatic-life exceedances, and many 
assessments may underestimate the effects of increasing acute 
exceedances of salinity on ecological water availability.

Pesticides and their degradates are regularly detected 
in surface waters in all regions of the country, although few 
are currently listed under regulatory impairments. In national 
monitoring, nearly all sites have at least one exceedance of 
aquatic-life thresholds, but exceedances for human health are 
rare. Although the potential risk of aquatic-life exceedances 
is high across all regions of the country, the Midwest has the 
greatest detection frequency in surface-water samples. Despite 
the range of pesticides and degradates present in surface 
waters, exceedances predominantly occurred with a relatively 
small number of compounds. The herbicides atrazine and 
metolachlor and insecticide imidacloprid were the pesticides 
most commonly exceeding benchmarks, but many pesticide 
compounds and degradates do not have established thresholds. 
At environmental concentrations, pesticides in rivers and 
stream can have lethal effects on nontarget organisms and 
sublethal effects on behavior, physiology, and endocrinology, 
affecting not only ecological communities, but also creating 
problems in fish health that affect fish consumption uses for 
humans. Groundwater pesticide detections are associated with 
agricultural and urban areas in modern-age groundwater in 
shallow wells or aquifers with karst features, with atrazine, 
metolachlor, and their degradates among the most frequently 
detected. Although detection is common, the concentrations of 
pesticide and pesticide degradates in public supply wells did 
not exceed a benchmark or estimated benchmark, even when 
considering mixtures and degradates without benchmarks. 
Pesticide concentrations exceeded thresholds at higher rates in 
shallow monitoring wells in urban and agricultural areas than 
in domestic wells.

Numerous water-quality constituents have effects 
on water availability that are currently unknown, 
underexplored, or without thresholds for various beneficial 
uses. Co-occurrence and mixtures of multiple water-quality 
constituents can have compounding negative effects on 
water availability; however, co-occurrence and mixtures do 
not have standards or thresholds (standards and thresholds 
are single-constituent). Little information exists regarding 
human-health exposure risks from mixtures of geogenic and 
anthropogenic drinking-water contaminants. Although much 
groundwater geochemical data exist, little interpretive work 
has analyzed groundwater contaminant mixtures. Mixtures of 
multiple pesticides in surface water can cause compounding 
toxicity problems to aquatic life, and multi-stressor studies 
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across the country indicate that various pesticides and their 
degradates were commonly the top causes of degraded algal, 
fish, and macroinvertebrate conditions. USGS stressor studies 
have emphasized the important harmful role of contaminant 
mixtures—especially insecticides, herbicides, and metals—in 
ecological outcomes, which are rarely measured in standard 
monitoring protocols. Detections of individual pharmaceutical 
compounds are most commonly at concentrations less than 
human-health benchmarks. Individual and mixtures of 
pharmaceutical compounds, however, are found in rivers 
and streams (including headwaters without wastewater 
discharge) and can have numerous effects on local ecosystems. 
Effects include change in aquatic species behavior, health, 
and mortality, contributing to antibiotic-resistant bacteria, 
feminized fish, and increased fish susceptibility to predation. 
PFAS are a large, varied group of chemicals currently without 
standards; draft standards indicate that PFAS may limit future 
water availability for human beneficial uses and ecological 
health. Recent studies indicate widespread PFAS detections 
in drinking water, and some PFAS can bioaccumulate through 
trophic levels, leading to potential human exposure through 
fish consumption. PFAS ecosystem effects are an active area 
of research.

Climate change and anthropogenic activities can intensify 
the mobilization and transport of geogenic trace elements 
and radionuclides in groundwater. Conditions and processes 
include drought, managed aquifer recharge, salinization, 
anthropogenic chemicals, and groundwater-level changes. 
A substantial gap in knowledge exists regarding direct and 
indirect water-quality degradation from anthropogenically 
used water that is returned to surface water or infiltrated to 
groundwater and later reused.

Interactions between groundwater and surface water can 
influence the water quality of each water source. Because 
of transport times ranging from decades to centuries, 
groundwater with anthropogenic contamination by nitrate, 
chloride, and other constituents is an ongoing, long-term 
source of contaminant inputs to surface water. Groundwater 
discharge to streams, which can integrate anthropogenic and 
geogenic sources, can be an important source of salinity and 
nitrogen to streams. Additionally, persistent PFAS plumes 
found in groundwater eventually discharge into surface-water 
bodies and surface-water, drinking-water sources, which then 
can affect the health of downstream aquatic organisms and 
humans. Recharge can also transport constituents from surface 
water to aquifers.

Alternative water resources do or could contribute to 
increasing water availability. Wastewater reuse can provide 
water efficiency and may be intentional (for example, internal 
reuse within an industrial facility) or incidental (for example, 
municipal wastewater discharge to a stream that has a public 
water supply intake downstream). The U.S. Environmental 
Protection Agency’s National Water Reuse Action Plan 
provides useful data and outcomes to promote water reuse 
in the face of climate change. Brackish water resources 
(dissolved-solids concentrations of 1,000–10,000 milligrams 

per liter) may be a partial solution to increasing water 
demands for some beneficial uses, and recent publications 
summarize beneficial-use limitations and unknowns. The most 
extensive occurrence of brackish groundwater is observed 
in a wide band in the Central United States that extends 
from Montana and North Dakota in the north to Texas and 
Louisiana in the south, along the coastline in States along 
the Atlantic Coast, and in many other States. The chemical 
composition of brackish groundwater varies widely because of 
differences in geologic setting and associated hydrologic and 
geochemical processes. The diversity in water composition, 
geochemical processes, and water use needs differs across 
the United States, which has important implications for the 
feasibility and cost of using brackish groundwater. Oil and 
gas development requires large volumes of water and results 
in large volumes of produced water. Oil and gas development 
and produced water discharge are most common in California 
and Nevada, central interior States from Montana to Texas to 
Alabama, Midwest States, and parts of Alaska. Produced water 
typically has high salinity, high radionuclide concentrations, 
high trace element (for example, arsenic) concentrations, 
and proprietary chemical additives. Produced water reuse, 
especially in semiarid and arid regions, could reduce oil and 
gas development demand on freshwater supplies.
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Appendix 1.  Information About Linked Interactive Maps
Additional spatial water-quality-assessment and model 

results are provided as interactive online maps. The interactive 
maps allow users to explore additional water-quality-assessment 
and model results in more detail, for example, by selecting 
a particular water-quality constituent and zooming into a 
particular geographic area.

A hybrid statistical and process-based model, SPAtially 
Referenced Regressions On Watershed (SPARROW; Schwarz 
and others, 2006), was used to predict selected national 
surface-water quality results. Regional-scale models for 
nitrogen, phosphorous, and sediment (Moore and others, 2004; 
Ator, 2019; Hoos and Roland, 2019; Robertson and Saad, 2019, 
2021; Wise, 2019; Wise and others, 2019) were aggregated 
into a representation for the entire conterminous United States 
(CONUS) and are presented in figure 1.1, an interactive, 
searchable map.

Additional summaries of U.S. Geological Survey National 
Water Quality Assessment (NAWQA) Cycle 3 groundwater- 
quality results are presented in figures 1.2. and 1.3. The 
NAWQA framework and science plan for the third decade 
(Cycle 3) was developed with a focus on assessing status and 
trends of freshwater quality, and how human activities affect 
water quality (Rowe and others, 2010, 2013; National Research 
Council, 2012). Decadal groundwater networks were designed 
for the purpose of monitoring groundwater-quality conditions 
and decadal trends representing (1) shallow groundwater in 
agricultural settings, (2) shallow groundwater in urban settings, 
and (3) groundwater at the depth used for domestic supply in 

targeted settings. Networks were chosen based on geographic 
distribution across the CONUS and to represent the most 
important water-supply aquifers and specific land-use types 
(Lindsey and others, 2018). Decadal trends are presented in 
an interactive format in the “Decadal Change in Groundwater 
Quality” web page (Lindsey and others, 2018). The Cycle 3 
decadal network water quality results for selected constituents 
(Lindsey and others, 2023) are presented in figure 1.2. Sampling 
and studies of principal aquifers was also included as part of 
NAWQA Cycle 3 to evaluate the quality of groundwater used 
for public supply in a systematic way (Rowe and others, 2010). 
Results for the public supply wells study were presented in 
Belitz and others (2022). Cycle 3 water-quality results for 
selected constituents in the principal aquifer public-supply wells 
are presented in figure 1.3 (Belitz and others, 2022).

During Cycle 3, groundwater quality for some constituents 
was modeled using machine- learning-ensemble tree methods 
such as boosted regression trees and random forest (Cutler 
and others, 2007; Elith and others, 2008). Figure 1.4 presents 
model predictions of oxidation-reduction condition (Tesoriero 
and others, 2024), arsenic (Lombard and others, 2021), lithium 
(Lombard and others, 2024), nitrate (Ransom and others, 
2022), and per- and polyfluoroalkyl substances (Tokranov and 
others, 2024) across the spatial extent of the CONUS at depths 
relevant to drinking-water supplies or stream-aquifer interaction 
contributing to base flow. Model results are presented in terms 
of concentrations or likelihoods of threshold exceedance.

Figure 1.1.  Interactive, searchable map showing SPAtially Referenced Regressions On Watershed (SPARROW) model results for nitrogen, 
phosphorous, and sediment in the conterminous United States (Martinez and others, 2024). Map derived from figures 3, 4, and 8. 
 
         Figure 1.1 is an HTML file showing interactive, searchable SPARROW model results for nitrogen, phosphorus, and 
sediment available for download at https://doi.org/​10.3133/​pp1894C.

Figure 1.2.  Interactive, searchable map showing summary of decadal network Cycle 3 (2012–22) groundwater-quality results in the 
conterminous United States (Azadpour and others, 2025).

Figure 1.2 is an HTML file showing an interactive, searchable, summary of decadal network Cycle 3 groundwater-quality 
results available for download at https://doi.org/​10.3133/​pp1894C.

Figure 1.3.  Interactive, searchable map showing summary of groundwater-quality results of principal aquifer network in Cycle 3 (2012–22) 
in the conterminous United States (Azadpour and others, 2025). Maps of arsenic and manganese are also presented in figure 16.

Figure 1.3 is an HTML file showing an interactive, searchable summary of groundwater-quality results of principal aquifer 
network Cycle 3 maps of arsenic and manganese available for download at https://doi.org/​10.3133/​pp1894C.

Figure 1.4.  Interactive, searchable map showing selected groundwater-quality model results in the conterminous United States. 
 
         Figure 1.4 is an HTML file showing interactive, searchable groundwater-quality model results available for download at 
https://doi.org/​10.3133/​pp1894C.

https://pubs.usgs.gov/pp/1894/c/pp1894c_fig01.01.html
https://doi.org/10.3133/pp1894C
https://pubs.usgs.gov/pp/1894/c/pp1894c_fig01.02.html
https://doi.org/10.3133/pp1894C
https://pubs.usgs.gov/pp/1894/c/pp1894c_fig01.03.html
https://doi.org/10.3133/pp1894C
https://pubs.usgs.gov/pp/1894/c/pp1894c_fig01.04.html
https://doi.org/10.3133/pp1894C
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U.S. Geological Survey (USGS) scientist collecting a groundwater 
sample from a well using a syringe near Bemidji, Minnesota. Photograph 
by Jennifer T. McGuire, USGS.
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