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Foreword

Sustaining the quality of the Nation’s water resources and the health of our diverse ecosystems
depends on the availahility of sound water-resources data and information to develop effective,
science-based policies. Effective management of water resources also brings more certainty and
efficiency to important economic sectors. Taken together, these actions lead to immediate and
long-term economic, social, and environmental benefits that make a difference to the lives of
the almost 400 million people projected to live in the United States by 2050.

In 1991, Congress established the National Water-Quality Assessment (NAWQA) Project to
address where, when, why, and how the Nation's water quality has changed, or is likely to
change in the future, in response to human activities and natural factors. Since then, NAWQA
has been a leading source of scientific data and knowledge used by national, regional, State,
and local agencies to develop science-based policies and management strategies to improve
and protect water resources used for drinking water, recreation, irrigation, energy development,
and ecosystem needs (https://water.usgs.gov/nawqa/applications/). Plans for the third decade
of NAWQA (2013-23) address priority water-quality issues and science needs identified by
NAWAQA stakeholders, such as the Advisory Committee on Water Information and the National
Research Council, and are designed to meet increasing challenges related to population growth,
increasing needs for clean water, and changing land-use and weather patterns.

NAWOQA is assessing the quality of groundwater used for public and domestic drinking-water
supply. NAWQA obtains samples from public-supply wells, domestic wells, and shallow moni-
toring wells and analyzes those samples for a large number of chemical constituents. These
data are used to assess the suitability of the resource for human consumption, as well as to
evaluate changes in groundwater quality over a variety of time scales. Groundwater quality
also is assessed at multiple scales: locally, regionally, and nationally. Groundwater-quality data
collected by the NAWQA Project during each year are published in annual data series reports.
This report, the fifth in the series, combines groundwater-quality data collected at 983 sites to
provide a summary of groundwater quality in selected aquifers across the Nation during the
sampling period. All NAWQA reports are available online at https://water.usgs.gov/nawga/bib/.

We hope this publication will provide you with insights and information to meet your water-
resource needs and will foster increased citizen awareness and involvement in the protection
and restoration of our Nation’s waters. The information in this report is intended primarily for
those interested or involved in resource management and protection, conservation, regulation,
and policymaking at the regional and national levels.

Dr. Donald W. Cline
Associate Director for Water
U.S. Geological Survey


https://water.usgs.gov/nawqa/applications/
https://water.usgs.gov/nawqa/bib/




Contents

FOTBUWOIT ..ottt ettt bbb s A es b s b s st es b b s st st s e iii
A 0 - U 1
INEEOAUCTION. vttt bbb s s s s s st s b s bbb st en et s ae b s 1
PUIPOSE AN SCOPE ...veveeecicteeeieris ettt et st 1
Groundwater STUAY DESIGN ...c.vcviieeeeeee ettt sttt b s naens 2
Principal Aquifer StUdy NETWOIKS .......cccucuieeiieeeeceesee ettt 2
Colorado Plateaus Principal Aquifer Study Network (Coplpast)....c.coveeeenennereereeeeennns
Edwards-Trinity Aquifer System Principal Aquifer Study Network (edtrpas1)
Stream-Valley Aquifers Principal Aquifer Study Network 1 (strvpas1)........cccccceeeueuunnne.
Stream-Valley Aquifers Principal Aquifer Study Network 2 (strvpas2) ........cccceeeeeevennnnes
Surficial Aquifer System Principal Aquifer Study Network (surfpast).....cccooeeeeveevrnnnne
California Coastal Basin Aquifers Principal Aquifer Study Network (cacbpasi)........... 13
Central Valley Aquifer System Principal Aquifer Study Network (cvalpas?)................... 14
Decadal Trends Networks—Land-Use Study NetWorks .........cccceeeecueevererreerneccneseeesee e 14
Connecticut, Housatonic, and Thames River Basins Urban Land-Use Study
NETWOIK (CONNIUSICT) ettt 14
Eastern lowa Basins Agricultural Land-Use Study Network (eiwaluscr)......cccccccnvenee. 27
Long Island-New Jersey Coastal Drainages Urban Land-Use Study Network
(T ) OO 27
Mississippi Embayment Urban Land-Use Study Network (miselusrc1) .......cccccocuveeunnee. 27
Ozark Plateaus Agricultural Land-Use Study Network (ozrklusag2a) ........cccoevervevervennen. 27
Puget Sound Drainages Agricultural Land-Use Study Network (pugtluscri)................. 28
Sacramento River Basin Agricultural Land-Use Study Network (sacrluscri)................ 28
Sacramento River Basin Urban Land-Use Study Network (sacrlusrc1) ......cccocveeerennnnee 28
Santee River Basin and Coastal Drainages Agricultural Land-Use Study
NETWOIK (SANHUSCIT) coveveieieeeceeeeceeee bbb 28
South-Central Texas Urban Land-Use Study Network (sctxlusrc1).....cceecvecevcreceeenrenne. 28
Upper Mississippi River Basin Agricultural Land-Use Study Network (umisluscr1) .....29
Upper Snake River Basin Agricultural Land-Use Study Network (usnkluscr3) .............. 29

Decadal Trends Networks—Major Aquifer Study Networks..........ccoceeveecrveeevrececcinnnnes
Central Arizona Basins Major Aquifer Study Network (cazbsus1a)

Connecticut, Housatonic, and Thames River Basins Major Aquifer Study
NETWOIK (CONNSUS2).....cvoeveirreicrieiiecte et

Eastern lowa Basins Major Aquifer Study Network (eiwasus2)

Long Island-New Jersey Coastal Drainages Major Aquifer Study Network
(TINJSUSZ) ettt ettt ettt b st

Lower lllinois River Basin Major Aquifer Study Network (lirbsus1)
Santee River Basin and Coastal Drainages Major Aquifer Study Network

(SANTSUSZ) w.veveveceecreeetee ettt bbb bbb bbbt 40
South-Central Texas Major Aquifer Study Network (SCIXSUST) ..c.cueuiececeeereeieeecieereeraes 40
Upper lllinois River Basin Major Aquifer Study Network (UirbSus3).......cccccvvveveveererrrnnnes 40
Upper Mississippi River Basin Major Aquifer Study Network (umissus3)........c.ccco...... 40

Enhanced Trends NETWOIKS ...ttt 41

Columbia Plateau Enhanced Trends Network (CIptetnT) ....oeceeeeeeecveveeeceeeeseeeeeeeeeveees 4



Vi

Central Valley Enhanced Trends Network (cvaletn1) ... 44
Rio Grande Aquifer System Enhanced Trends Network (rgagetn1)........cccccoeevcrvceenrnnee. 44
Edwards-Trinity Aquifer System Enhanced Trends Network (edtretn1).......cccccccoveuunnee. 44
Glacial Aquifer System Enhanced Trends Network (glacetnT)......cccoevererreererrerreensenenn. 44
Mississippi Embayment Aquifer System Enhanced Trends Network (metxetn1)........... 44
Northern Atlantic Coastal Plain Enhanced Trends Network (nacpetn1).....cccccocoveeueunee. 45
New England Crystalline-Rock and Glacial Aquifer System Enhanced Trends
NEtWOTK (NEYXEINT) ettt ettt et st 45
Vertical FlIow-Path StUdY NETWOIKS......c.ceurrerieeerrircinsie s s sssssssesessssssssssessssssssnsesans 45
Edwards-Trinity Aquifer System Vertical Flow-Path Study Network (edtrvfpsi)............ 45
Floridan and Surficial Aquifer System Vertical Flow-Path Study Network
(FISTUTPST) ettt ettt 45
Glacial Aquifer System Vertical Flow-Path Study Network (glacvfps2).......cccccecuvevurennee. 50
Northern Atlantic Coastal Plain Aquifer System Vertical Flow-Path Study
NEtWOrK (NACPVIPST) ettt s 50
Modeling Support StUdY NETWOTKS ......ccevuieeieierisriee et snens 50
Mississippi Embayment Aquifer System Modeling Support Study Network
(IMUSBIMSST) ettt e et et ee et eeee s e s eeeeseeees s e aeeeeneeeen s e senneneeeenaneenennnns 50
Mississippi River Valley Alluvial Aquifer Modeling Support Study Networks
(MIVAMSST) couetriisriecee sttt s st s s 50
Sample Collection and ANAIYSIS ...t ssessensnsas 53
[ e TN =T 0T 4o 53
Quality-Assurance and Quality-Control Methods ..o 54
Groundwater-QUAlity DALA .....cccceverreeeeiececiseeeee sttt 55
Water-Quality INAICATOTS ...ttt s s ennes 55
INOrganiC CONSTIEUBNES.....cccvcvctceeecte ettt b s 56
0rganic COMPOUNGS ......cuueeeeceeieiceeesessses s ssss s st ss bbbt 56
REE T 1T od =T T 7O 56
Microbiological INAICATOrS ... 56
Constituents of SPECIAl INTEMEST ..ot 56
B TV T V75T TP 57
ACKNOWIEAGMENTS ...ttt ettt s st s e s s s st e s s s s s b s e 57
REfEIENCES CItBM......cveeecececiciecie ettt 57
Appendix 1. Information Contained in Previous Reports in This Series......ccoorenireneeneeneeneens 64
Appendix 2. Well Depth and Open Interval by Study Network.........cc.ccveveveviceccvescececeecees 65

Appendix 3. Well Identification Numbers and Reports Containing Sample Results for
Wells in the California Coastal Basin Aquifers and Central Valley Aquifer System
Principal Aquifer Study NETWOTKS ..ottt sessss st st sssssssessensans 70

Appendix 4. High-Frequency Data from Enhanced Trends Networks.........cocvveeeeveeneenereeneennenenns n
Appendix 5. Quality-Control Data and AN@lYSIS ......ccccveuveeecivcireieeeseeesee e sssesaees 72



Figures

1.

Map showing groundwater study networks and wells sampled as part of the

U.S. Geological Survey National Water-Quality Assessment Project for which
water-quality data are included in this repPOrt ... 3
Map showing study area and wells sampled as part of the Colorado Plateaus

aquifers principal aquifer study network for the U.S. Geological Survey

National Water-Quality ASSESSMENt ProJECT ... ssees 5
Map showing study area and wells sampled as part of the Edwards-Trinity

aquifer system principal aquifer study network for the U.S. Geological Survey

National Water-Quality AsSeSSMENt ProjeCt .......c.cveiveiceceeeteececeeeeteee ettt 6
Map showing study area and wells sampled as part of the stream-valley

aquifers principal aquifer study network 1 for the U.S. Geological Survey

National Water-Quality ASS@SSMENt ProjECT ....c.vvuvievieeeeeeeessseseeessssssseeese s ssessees 7
Map showing study area and wells sampled as part of the stream-valley

aquifers principal aquifer study network 2 for the U.S. Geological Survey

National Water-Quality ASSeSSMENt ProjECt ......covuvveeeeeeeteeeee ettt 8
Map showing study area and wells sampled as part of the surficial aquifer

system principal aquifer study network for the U.S. Geological Survey National
Water-Quality ASSESSMENT PrOJECT ...uvveeeeeerrereereeeetreereees e sessessessssssesessnens 9
Maps showing study area and wells sampled as part of the California Coastal

Basin aquifers principal aquifer study network for the U.S. Geological Survey

National Water-Quality ASSESSMENt PrOJECT....cvvuvveeeeerrereerereersesesresesseseseese e sseessssnses 10
Map showing study area and wells sampled as part of the Central Valley

aquifer system principal aquifer study network for the U.S. Geological Survey

National Water-Quality ASSeSSMENt ProjECt ..o 1
Map showing study area and wells sampled as part of the Connecticut,

Housatonic, and Thames River Basins urban land-use study network near

Hartford, Connecticut, for the U.S. Geological Survey National Water-Quality
ASSESSMENT PIOJECT ..cuveececiceteec ettt bbb st 15
Map showing study area and wells sampled as part of the Eastern lowa Basins
agricultural land-use study network for the U.S. Geological Survey National
Water-Quality ASSESSMENT PrOJECT .....cveveeceeeceeieeecsee et 16
Map showing study area and wells sampled as part of the Long Island-New

Jersey coastal drainages urban land-use study network near Glasshoro, New

Jersey, for the U.S. Geological Survey National Water-Quality Assessment Project....17
Map showing study area and wells sampled as part of the Mississippi

Embayment urban land-use study network near Memphis, Tennessee, for the

U.S. Geological Survey National Water-Quality Assessment Project.......ccueveeeerrereerennes 18
Map showing study area and wells sampled as part of the Ozark Plateaus

agricultural land-use study network for the U.S. Geological Survey National
Water-Quality ASSESSMENt PrOJECT .......cvvireiceectreeeece ettt 19
Map showing study area and wells sampled as part of the Puget Sound

drainages agricultural land-use study network for the U.S. Geological Survey

National Water-Quality ASSeSSMENt ProjECT.....cvevueverriereeeectseeeesse s 20
Map showing study area and wells sampled as part of the Sacramento River

Basin agricultural land-use study network for the U.S. Geological Survey

National Water-Quality ASSeSSMENt ProjECT.....cvvercuvireeeeieesctseeceset et sssssssesaens 21
Map showing study area and wells sampled as part of the Sacramento River

Basin urban land-use study network near Sacramento, California, for the U.S.
Geological Survey National Water-Quality Assessment Project .......c.ccccveveerccrvcrncrnenee 22

vii



viii

17.

18.

19.

20.

21.

22.

23.

24

25,

26.

27.

28.

29.

30.

31.

32.

33.

Map showing study area and wells sampled as part of the Santee River

Basin and coastal drainages agricultural land-use study network for the U.S.
Geological Survey National Water-Quality Assessment Project ......cooeeeveveeereereeneenennes 23
Map showing study area and wells sampled as part of the South-Central Texas

urban land-use study network near San Antonio, Texas, for the U.S. Geological

Survey National Water-Quality AsSeSSMENt ProjECT......covuvereererrerrernereeeeeseeseeeeeeseessenesees 24
Map showing study area and wells sampled as part of the Upper Mississippi

River Basin agricultural land-use study network for the U.S. Geological Survey
National Water-Quality ASSESSMENt ProjECT....c.vuvveeveerrireerieerrireeesesseseeese s sesssesenes 25
Map showing study area and wells sampled as part of the Upper Snake

River Basin aquifer system agricultural land-use study network for the U.S.

Geological Survey National Water-Quality Assessment Project .......ccocceveveveverreeneennnns 26
Map showing study area and wells sampled as part of the Central Arizona

Basins major aquifer study network for the U.S. Geological Survey National
Water-Quality ASSESSMENT PrOJECT ....cucuivieeiieeciseeie ettt senaes 30
Map showing study area and wells sampled as part of the Connecticut,

Housatonic, and Thames River Basins major aquifer study network for the U.S.
Geological Survey National Water-Quality Assessment Project .......c.ccocveveeeverrcvncrnennes 31
Map showing study area and wells sampled as part of the Eastern lowa

Basins major aquifer study network for the U.S. Geological Survey National
Water-Quality ASSESSMENT PrOJECT ....cucvivieeicectecece ettt senaes 32
Map showing study area and wells sampled as part of the Long Island-New

Jersey coastal drainages major aquifer study network for the U.S. Geological

Survey National Water-Quality ASSESSMENt ProjECt......ccvvveeeeeeeereireireieeeeiseiseseieceesesnes 33
Map showing study area and wells sampled as part of the Lower lllinois River

Basin major aquifer study network for the U.S. Geological Survey National
Water-Quality ASSESSMENT PrOJECT ...t 34
Map showing study area and wells sampled as part of the Santee River Basin

and coastal drainages major aquifer study network for the U.S. Geological

Survey National Water-Quality ASSESSMENt ProjECt......c.vveeeieererrireiieeeeesiseiseseieesesesnes 35
Map showing study area and wells sampled as part of the South-Central

Texas major aquifer study network for the U.S. Geological Survey National
Water-Quality ASSESSMENT PrOJECT .....vvueieceeeiereieiecssie et snens 36
Map showing study area and wells sampled as part of the Upper lllinois River

Basin major aquifer study network for the U.S. Geological Survey National
Water-Quality ASSESSMENT PrOJECT .....vvueveeeeeceeieiecssie et 37
Map showing study area and wells sampled as part of the Upper Mississippi

River Basin major aquifer study network for the U.S. Geological Survey

National Water-Quality ASSESSMENt PrOJECT....c.vueveeeeerrereeeereereereeeeeessese e seeseesenes 38
Maps showing study areas and wells sampled in the western United States as

part of the enhanced trends networks for the U.S. Geological Survey National
Water-Quality ASSESSMENT PrOJECT ....vuvvviereeeerrerrireereeensiseseessessesssseseesssssssessessesssssseesssssssssesens 42
Maps showing study areas and wells sampled in the eastern United States as

part of the enhanced trends networks for the U.S. Geological Survey National
Water-Quality ASSESSMENT PrOJECT ....cuvuveeeeeerirsireeieieiseseese st sesssssesssssssssssssssnsennes 43
Map showing study area and wells sampled as part of the Edwards-Trinity

aquifer system vertical flow-path study network for the U.S. Geological Survey
National Water-Quality ASSESSMENt ProjECT....c.cvuvveeveereireriieesctreeeesessesseee s sesseessees 46
Map showing study area and wells sampled as part of the Floridan and surficial
aquifer system vertical flow-path study network for the U.S. Geological Survey
National Water-Quality ASSeSSMENt ProjECT......cccvueveurireeeeectseece et 47



34.

35.

36.

37.

Map showing study area and wells sampled as part of the glacial aquifer
system vertical flow-path study network for the U.S. Geological Survey
National Water-Quality ASSeSSMENt ProjECT ......ccveeeeeitrrircieseceses e 48

Map showing study area and wells sampled as part of the Northern Atlantic
Coastal Plain aquifer system vertical flow-path study network for the U.S.
Geological Survey National Water-Quality Assessment Project ......coocoevenerereereenneninns 49

Map showing study area and wells sampled as part of the Mississippi

Embayment aquifer system modeling support study network for the U.S.

Geological Survey National Water-Quality Assessment Project .......ccoccccveveeevcrvenevnnnens 51
Map showing study area and wells sampled as part of the Mississippi River

Valley alluvial aquifer modeling support study network for the U.S. Geological

Survey National Water-Quality ASSeSSMENt ProjeCt......ccvvveeeveevereireireieeeesissesesseeessesesnens 52

Conversion Factors

U.S. customary units to International System of Units

Multiply By To obtain
Length
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)
Area
square mile (mi2) 2.590 square kilometer (km?2)
Flow rate
foot per day (ft/d) 0.3048 meter per day (m/d)
cubic foot per second (ft3/s) 0.02832 cubic meter per second (m3/s)
gallon per minute (gal/min) 0.06309 liter per second (L/s)
million gallons per day (Mgal/d) 0.04381 cubic meter per second (m3/s)
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

kilometer (km) 0.6214 mile (mi)

Temperat

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

Datum

Vertical ¢

oordinate information is referenced to either the North American Vertical Datum of

1988 (NAVD 88) or the National Geodetic Vertical Datum of 1929 (NGVD 29) and is specified in
tables where vertical datum is reported.



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

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

Activities for radioactive constituents in water are given in picocuries per liter (pCi/L).

This report contains Chemical Abstracts Service (CAS) Registry Numbers®, which are a
Registered Trademark of the American Chemical Society. The CAS recommends the verification
of the CAS Registry Numbers through CAS Client ServicesSM.

Abbreviations

DL detection limit

DOC dissolved organic carbon

EPA U.S. Environmental Protection Agency
ETN enhanced trends network

GAMA-PBP Groundwater Ambient Monitoring and Assessment Program Priority
Basin Project

HBSL health-based screening level

HHB human-health benchmark

HHBP human-health benchmark for pesticides
LUS land-use study

MAS major aquifer study

MSS modeling support study

NAWQA National Water-Quality Assessment
NwaQaL National Water Quality Laboratory

PAS principal aquifer study

ac quality control

RSD relative standard deviation

SD standard deviation

SMCL secondary maximum contaminant level
ssL, sample-specific critical level

ssMDC sample-specific minimum detectable concentration
USGS U.S. Geological Survey

VFPS vertical flow-path study

VoC volatile organic compound



Groundwater-Quality and Select Quality-Control Data
from the National Water-Quality Assessment Project,
January 2017 through December 2019

By James A. Kingsbury, Laura M. Bexfield, Terri Arnold, MaryLynn Musgrove, Melinda L. Erickson,
James R. Degnan, Anthony J. Tesoriero, Bruce D. Lindsey, and Kenneth Belitz

Abstract

Groundwater-quality environmental data were collected
from 983 wells as part of the National Water-Quality
Assessment Project of the U.S. Geological Survey National
Water Quality Program and are included in this report. The
data were collected from six types of well networks: principal
aquifer study networks, which are used to assess the quality
of groundwater used for public water supply; land-use study
networks, which are used to assess land-use effects on shallow
groundwater quality; major aquifer study networks, which are
used to assess the quality of groundwater used for domestic
supply; enhanced trends networks, which are used to evaluate
the time scales during which groundwater quality changes;
vertical flow-path study networks, which are used to evalu-
ate changes in groundwater quality from shallow to deeper
depths; and modeling support studies, which are used to
provide data to support groundwater modeling. Groundwater
samples were analyzed for many water-quality indicators and
constituents, including major ions, nutrients, trace elements,
volatile organic compounds, pesticides, radionuclides, micro-
biological indicators, and some constituents of special interest
(arsenic speciation, hexavalent chromium [chromium (VI)],
and perchlorate). These groundwater-quality data, along with
data from quality-control samples, are tabulated in this report
and in an associated data release. Data for microbiological
indicators for samples collected in 2016 are included in the
companion data release.

Introduction

The National Water-Quality Assessment (NAWQA)
Project of the U.S. Geological Survey (USGS) National
Water Quality Program was fully implemented in 1991 and
operates in about 10-year-long cycles. The NAWQA Project
began its third cycle of studies in 2013. The NAWQA Project
was designed to describe current water-quality conditions
of the Nation’s freshwater streams, rivers, and aquifers; to

describe how water quality is changing with time; to improve
understanding of the natural and human factors that affect
water quality; to forecast future water-quality conditions;

and to assess effects of water-quality stressors on aquatic
ecosystems (Rowe and others, 2010, 2013).

The NAWQA Project groundwater assessments focus
on the quality of groundwater used for public and domestic
drinking-water supply; groundwater susceptibility to degrada-
tion; effects of natural and human factors on source, transport,
and flux of contaminants to and within aquifers; groundwater-
quality contributions to surface-water quality; and current
and historical management practices relative to groundwater
quality. Groundwater quality is studied at multiple scales:
locally, regionally, and nationally. The primary regional scale
at which groundwater data are collected during the third cycle
of the NAWQA Project is the scale of the principal aquifers
(Burow and Belitz, 2014). A principal aquifer is defined as
a regionally extensive aquifer or aquifer system that has the
potential to be used as a source of potable water. Principal
aquifers were selected for assessment based on their national
ranking as sources of water used for public supply (Arnold
and others, 2016a).

Groundwater-quality data collected by the NAWQA
Project each year are published in data series reports. The
first four reports and associated data releases in this series
published available data from samples collected May 2012
through December 2013 (Arnold and others, 2016a, b),
January through December 2014 (Arnold and others,
2017a, b), January through December 2015 (Arnold and
others, 2018a, b), and January through December 2016
(Arnold and others, 2020a, b). In appendix 1, table 1.1 lists
the networks that are described in this report and are described
in previous reports in this series.

Purpose and Scope

The purpose of this report is to describe the networks
for which groundwater-quality samples were collected from
2017 to 2019 as part of the third cycle of NAWQA Project
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studies. Types of constituents analyzed include the following:
water-quality indicators, major and minor ions, nutrients,
volatile organic compounds (VOCs), pesticides, radionuclides,
microbiological indicators, and select constituents of special
interest (arsenic speciation, hexavalent chromium [chromium
(VI)], and perchlorate). The water-quality data are presented
in tables formatted as tab-delimited American Standard Code
for Information Interchange text files, which may be imported
into spreadsheet, database, or statistical software for manipula-
tion and analysis. These water-quality data tables are publicly
available from a data release (Kingsbury and others, 2020).
The data release includes data collected primarily during 2017
and 2018. It also includes data for 10 networks sampled in
2019 and microbiological indicator results for one network
with wells sampled in 2016 and 2017.

Groundwater Study Design

Groundwater-quality samples were collected from wells
that were organized into networks (fig. 1) for study purposes.
A network is a group of wells that have been selected for
sampling based on specific hydrogeologic conditions, land
use, or other design criteria. Many networks have wells that
were sampled in multiple decadal sampling periods; however,
if a network well was damaged or destroyed or had too little
water, or the current owner would not permit sampling, then
that well was not resampled during this sampling period.
Maps and tables in this report and in Kingsbury and oth-
ers (2020) have well identification numbers assigned by the
NAWOQA Project to identify the wells; because some wells
could not be resampled, some networks do not have consecu-
tively numbered NAWQA Project identification numbers.

As used on maps showing network-specific information
(figs. 2-37), the identification numbers are shown either as
numbers only (the numeric part of the NAWQA well identi-
fication number; table 1 in Kingsbury and others, 2020) or a
combination of numbers and letters that indicate a particular
well within the network. For a few networks, some wells

fall outside of areas delineated for the network. In some
cases, they are outside the study area because the boundar-
ies are based on national-scale spatial data and local aquifer
or land-use boundaries may differ. In some cases, the local
land use may not be accurately classified at the national scale.
Although a well may be outside the published study area
boundary, it will still be in the aquifer and the designated
land use for the network. The NAWQA well identification
numbers listed in table 1 of Kingsbury and others (2020) are
a combination of the network name and the NAWQA Project
identification number. Data from six primary types of ground-
water study networks are presented in this report (fig. 1):
principal aquifer study (PAS), land-use study (LUS), major
aquifer study (MAS), enhanced trends networks (ETNs),
vertical flow-path study (VFPS), and modeling support
study (MSS).

Wells in PAS, LUS, and MAS networks were selected
randomly using an equal-area grid to divide the study area
of each network (Scott, 1990). The equal-area grid method
allows for evaluation of constituent concentrations at a
regional scale (Belitz and others, 2010). For LUS networks,
random potential sampling locations in each grid cell were
generated by a software program (Scott, 1990), and monitor-
ing wells were subsequently installed as near to the randomly
selected locations as possible. Study areas for LUS networks
included the areal extents of the primary aquifer that under-
lie a specific land use (for example, orchard) of interest. For
MAS and PAS networks, one well per grid cell was randomly
selected from a population of existing domestic or public-
supply wells (Scott, 1990; Gilliom and others, 1995). For PAS
networks, if no public-supply well was available within a grid
cell (for example, because permission to sample could not be
obtained), an additional well was selected within an adjacent
grid cell, not to exceed four wells in two adjacent grid cells.
Equal-area grids used for network design are shown only on
figures relating to PAS networks because the grids are not
available for LUS or MAS networks designed during the first
two decades of sampling.

The ETN, VFPS, and MSS wells were selected from
existing networks where possible. The ETN wells are in
hydrogeologic settings where changes in hydrologic condi-
tions, land use, or contaminant inputs are expected to be
reflected quickly in groundwater (less than 10 years). The
VFPS wells were “nested” wells with various depths col-
located in a selected area to represent vertical gradients of
groundwater flow to enhance the understanding of how con-
taminants move through aquifers over timespans of more than
a decade. The MSS wells were selected to provide key data to
support specific modeling goals.

Principal Aquifer Study Networks

The PAS networks consist of public-supply wells, and
water is sampled from the part of the aquifer used for the pub-
lic drinking-water supply (Burow and Belitz, 2014). The PAS
networks were designed to focus on public-supply wells that
tap deeper groundwater than typical domestic-supply wells.
Data are collected over principal aquifers rather than target-
ing smaller areas, which was done for the MAS networks. The
data collected from these networks can be used to characterize
the deep groundwater, thus completing a three-dimensional
picture of groundwater quality and complementing previous
NAWQA studies (Burow and Belitz, 2014). Public-supply
wells are generally the deepest wells sampled. Wells in PAS
networks are sampled once to assess groundwater-quality
conditions in the study areas. The extents of PAS network
areas are based on the USGS (2003) map of principal aqui-
fers and may be modified in some areas, as described in this
report. Data from the following PAS networks are included
in this report: Colorado Plateaus PAS network (coplpasl;
fig. 2), Edwards-Trinity aquifer system PAS network
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(edtrpasl; fig. 3), stream-valley aquifers PAS network 1
(strvpasl; fig. 4), stream-valley aquifers PAS network 2
(strvpas2; fig. 5), and surficial aquifer PAS network (surfpasl;
fig. 6). Two additional PAS networks have been constructed
from wells that are part of an ambient groundwater monitoring
project in California (USGS, 2020b): the California Coastal
Basin aquifers PAS network (cacbpasl; fig. 7) and the Central
Valley aquifer system PAS (cvalpasl; fig. 8).

Colorado Plateaus Principal Aquifer Study
Network (coplpas1)

The Colorado Plateaus aquifers underlie an area of about
141,000 square miles (mi2), which has a population of about
1.2 million people (U.S. Census Bureau, 2010). The aquifer
ranks 28th in the Nation as a source of groundwater for public
supply, with about 102 million gallons per day (Mgal/d) with-
drawn for public supply in 2000 (Maupin and Barber, 2005).
The aquifers underlie parts of southwestern Wyoming, eastern
Utah, western Colorado, northwestern New Mexico, and
northeastern Arizona. Most of the land overlying these aqui-
fers has natural cover (97 percent) with relatively small areas
of pasture and agricultural land (1.9 percent) and urban and
other developed land (1 percent) (Homer and others, 2015).

The coplpas] consists of several regional aquifers:
Uinta-Animas, Mesaverde, Dakota-Glen Canyon, and the
Coconino-De Chelly aquifers consisting of Tertiary- to
Permian-age rocks (Davidson, 1979; Robson and Banta, 1995;
Glover and others, 1998). The aquifers are each within several
formations, primarily sandstones within conglomerate, silt-
stone, and shale layers with varying degrees of lithification.
The sedimentary rocks making up these aquifers are thousands
of feet thick, offset by faults, variably uplifted, or subsided.

The coplpasl consists of 60 public-supply wells (fig. 2).
Because parts of the region are sparsely populated, and
public-supply wells are not evenly distributed, the study area
was delineated by creating 12.4-mile buffers around exist-
ing public-supply wells. An equal-area grid was then created
within the area defined by all the buffer areas (fig. 2). Each
well was selected from a 60-cell equal-area grid that extended
across the aquifer system. The wells ranged from 100 to
3,636 feet (ft) in depth, with a median of 565 ft (appendix 2,
table 2.1). Open intervals were generally about 101,790 ft
(appendix 2, table 2.2). Samples were collected during June
and December 2017.

Edwards-Trinity Aquifer System Principal Aquifer
Study Network (edtrpas1)

The Edwards-Trinity aquifer system underlies an
area of about 78,000 mi2, from west Texas to southeastern
Oklahoma. The aquifer system is an important water source
with primary water use for public supply and irrigation.
About 411 Mgal/d were withdrawn for public supply in 2000,
which ranks the aquifer 11th in the Nation as a source of

groundwater for public supply (Maupin and Barber, 2005).
About 11 million people live in the area overlying the aqui-
fer system, including the urban areas of Dallas-Fort Worth,
Austin, and San Antonio, Texas. Land use overlying the
aquifer system is composed primarily of natural land cover
(including rangeland; 81 percent) and agricultural land

(12 percent) with relatively small areas of urban and other
developed land (7 percent) (Homer and others, 2015).

The Edwards-Trinity aquifer system is composed of
three aquifers of Cretaceous-age carbonate and clastic rocks,
which are described in detail by Ryder (1996) and George and
others (2011) and summarized here: from west to east, the
aquifers are the Edwards-Trinity aquifer, the Edwards aquifer,
and the Trinity aquifer. The Edwards aquifer overlies and is
in part hydraulically connected to the Trinity aquifer, whereas
the Trinity and Edwards-Trinity aquifers are stratigraphically
equivalent in part and are hydraulically connected in places
(Ryder, 1996). The climate of the region is highly variable
with mean annual precipitation decreasing from east to west
by an order of magnitude.

The Edwards-Trinity aquifer—locally referred to as the
Edwards-Trinity (Plateau) aquifer—extends across much of
the southwestern part of Texas and is composed of Edwards
Group limestone and dolomite in the upper part and Trinity
Group sands in the lower part. Irrigation is the primary water
use for the Edwards-Trinity aquifer. The Edwards-Trinity
aquifer area consists of flat to rolling plains that are dissected
in places, forming steep-walled canyons. The aquifer area is
bounded on the west by mountain ranges. The aquifer slopes
generally to the south and southeast, and regional groundwater
flow is to the southeast. Recharge occurs by direct precipita-
tion on the land surface where the aquifer is unconfined; in the
deeper zones, the aquifer is confined.

The Edwards aquifer—Ilocally referred to as the Edwards
(Balcones Fault Zone) aquifer—consists of partially dis-
solved and highly permeable limestone of the Georgetown
Formation and the Edwards Group. The aquifer is present
in a narrow band ranging from about 4 to 30 miles wide and
240 miles long and is coincident with the Balcones Fault
Zone, along which the aquifer dips steeply to the south and
southeast. Faulting resulted in a series of blocks of Edwards
aquifer rocks that are partially to completely offset and divide
the unconfined and confined parts of the aquifer (Maclay and
Small, 1983). Geographically, the Edwards aquifer covers
the smallest area of the three aquifers of the Edwards-Trinity
aquifer system (fig. 3) but is the most productive, and pub-
lic supply is its primary water use. The Edwards aquifer is
one of the most productive aquifers in the Nation (Sharp
and Banner, 1997) and is the primary water supply for the
city of San Antonio; it is a designated sole-source aqui-
fer (U.S. Environmental Protection Agency [EPA], 2018).
Recharge to the Edwards aquifer occurs primarily by stream-
flow losses across the fault zone and by direct infiltration
on the recharge zone or by leakage from the underlying
Trinity aquifer. Regional groundwater flow is to the east and
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U.S. Geological Survey National Water-Quality Assessment Project.
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northeast. Natural discharge occurs through large springs,
which provide habitat for several threatened and endangered
species (Texas State University, 2020).

The Trinity aquifer extends across much of central and
northeastern Texas into southeastern Oklahoma in an arcuate
band about 550 miles long. The Trinity aquifer consists of
interbedded sandstone, sand, limestone, and shale. The Trinity
aquifer is composed of several smaller aquifers that are locally
referred to differently in different parts of its extent; it is
commonly called the Antlers aquifer in Oklahoma. The Trinity
aquifer’s primary use is public supply, and its importance
increases north of Austin; it is one of the most extensive and
highly used groundwater resources in Texas, and large water
level declines have occurred in some parts of the aquifer.

The aquifer dips to the south and southeast and is unconfined
where the formations outcrop, becoming confined downdip.
The aquifer is characterized by large vertical variability and is
often described by division into an upper, middle, and lower
Trinity aquifer. Recharge is primarily from infiltration of
rainfall; some recharge also occurs where streams lose water
to the aquifer. Natural discharge occurs to many small (less
than 10 cubic feet per second) springs.

The Edwards-Trinity aquifer system PAS network
(edtrpasl; fig. 3) includes 74 public-supply wells distributed
across the extent of the three individual aquifers; wells were
selected using three 25-cell equal-area grids, one for each
of the three aquifers (only 24 wells were sampled in the
Edwards-Trinity aquifer) (fig. 3). Samples were collected
between November 2016 and August 2017. Wells ranged in
depth from about 25 to 3,200 ft deep, with a median well
depth of about 400 ft (appendix 2, table 2.1). Open intervals
ranged from about 15 to 490 ft (appendix 2, table 2.2).

Stream-Valley Aquifers Principal Aquifer Study
Network 1 (strvpas1)

Stream-valley aquifers are not represented on the USGS
principal aquifer map (USGS, 2003); however, Sargent and
others (2008) compiled water use from these aquifers and
delineated alluvial deposits in the valleys along major rivers
and streams that compose these aquifers. Stream-valley
aquifers rank as the 12th largest provider of groundwater for
public supply in the Nation, so the NAWQA Project sampled
selected parts of these aquifers based on withdrawals for
public supply.

The stream-valley aquifers sampled for this study
underlie an area of about 41,200 mi2 in the sedimentary
deposits of the Arkansas, Missouri, and Red River drainages.
About 4.5 million people live in the area overlying these
aquifers, and about 167 Mgal/d were withdrawn for public
supply in 2000 (Sargent and others, 2008). The study area
includes parts of five States (Oklahoma, Nebraska, Kansas,
Missouri, and Colorado). Most of the area overlying the
aquifer is undeveloped (54 percent). Agricultural land use
makes up about 39 percent and urban land use makes up about

7 percent of the study area. Major cities in the study area
include Omaha, Nebraska; Kansas City, Missouri; and Tulsa,
Oklahoma.

The stream-valley aquifers are associated with the sand
and gravel deposits in the valleys of the stream or river that
typically is hydraulically connected to the aquifers (Miller
and Appel, 1997); consequently, these aquifers usually are
only as much as a few miles wide but can extend over long
distances (Ryder, 1996). These aquifers typically are no more
than 100 ft thick, but along some of the large rivers may be as
much as 160 ft thick (Miller and Appel, 1997). The groundwa-
ter in these aquifers usually is unconfined or under water-table
conditions; however, locally, where coarse-grained sediments
are overlain by low permeable silt or clay, confined conditions
may exist (Miller and Appel, 1997). Recharge to the aquifer is
from infiltration of precipitation and drainage of surface water
from the streams and rivers adjacent to these aquifers (Ryder,
1996; Miller and Appel, 1997).

Groundwater quality in these stream-valley aquifers
was evaluated by sampling 59 public-supply wells randomly
distributed in an equal-area grid (strvpasl; fig. 4). The wells
ranged from about 30 to 200 ft deep, with a median depth of
82 ft (appendix 2, table 2.1). Samples were collected between
June and September 2018.

Stream-Valley Aquifers Principal Aquifer Study
Network 2 (strvpas2)

The stream-valley aquifers sampled for this study
underlie an area of about 9,600 mi2 in the sedimentary
deposits of the Ohio and Allegheny River drainages and parts
of a few large tributaries (fig. 5). About 2.8 million people live
in the area overlying these aquifers, and about 200 Mgal/d
were withdrawn for public supply in 2000 (Sargent and others,
2008). The study area includes parts of six States (Illinois,
Kentucky, Indiana, Ohio, West Virginia, and Pennsylvania).
Most of the area overlying the aquifer is undeveloped
(60 percent). Agricultural land use makes up about 27 percent
and urban land use makes up about 13 percent of the study
area. Major cities in the study area include Pittsburg,
Pennsylvania; Charleston, West Virginia; Cincinnati, Ohio;
and Louisville, Kentucky.

The stream-valley aquifers are within the Holocene-age
sand and gravel deposited as alluvium along the valleys of
major streams. Some of these sediments are reworked glacial
deposits that were eroded and transported downstream, and
they are associated with rivers such as the Allegheny and Ohio
Rivers that have their headwaters in glaciated areas (Trapp and
Horn, 1997). The stream-valley aquifers are associated with
the sand and gravel deposits in the valleys of the stream or
river that typically is hydraulically connected to the aquifers
(Trapp and Horn, 1997). Groundwater in the stream-valley
aquifers commonly is under water-table, or unconfined,
conditions but confined conditions occur in places where clay
or silt make up local confining units (Lloyd and Lyke, 1995).



Recharge to the aquifer is from infiltration of precipitation
and drainage of surface water from the streams and rivers
adjacent to these aquifers (Lloyd and Lyke, 1995; Trapp and
Horn, 1997).

Groundwater quality in these stream-valley aquifers
was evaluated by sampling 55 public-supply wells randomly
distributed in an equal-area grid (strvpas2; fig. 5). The wells
ranged from about 45 to 135 ft deep, with a median depth of
80 ft (appendix 2, table 2.1). Samples were collected between
June and September 2019.

Surficial Aquifer System Principal Aquifer Study
Network (surfpas1)

The surficial aquifer system underlies an area of about
63,600 mi2 in parts of Alabama, South Carolina, Georgia, and
Florida. About 14 million people live in the area overlying this
aquifer (U.S. Census Bureau, 2010), and about 270 Mgal/d
were withdrawn for public supply in 2015 (Lovelace and
others, 2020). The aquifer was ranked 16th in withdraw-
als for public supply (Maupin and Barber, 2005). Much of
the area overlying the aquifer is wetlands, forest, and open
water (71 percent). Agricultural land use makes up about
18 percent and urban land use makes up about 11 percent
of the study area. The part of the surficial aquifer system
sampled for this study was defined by creating 10-kilometer
buffer areas around water supply wells and equal-area grids
for the aggregated buffers in parts of Florida, Georgia, and
South Carolina (fig. 6). Major cities in or near the study area
include Savannah, Georgia; Hilton Head, South Carolina;
and Palm Beach and Fort Meyers, Florida, among many
additional communities.

The sediments that make up the surficial aquifer
system include unconsolidated Miocene- to Holocene-age
sand and gravel as well as shelly sand and shell deposits
(Miller, 1990). These sediments make up nine geologic for-
mations in Florida but are complexly interbedded lenses such
that all the formations are not present at a given location
(Miller, 1990). In Georgia and South Carolina, the surficial
aquifer system consists of undifferentiated Pleistocene-
age terrace deposits and Holocene sand deposits (Miller,
1990). The surficial aquifer system typically is less than
100 ft thick, but it thickens to the south in Florida where
it is as much as 400 ft thick (Miller, 1990). Groundwater
in the surficial aquifer system is mostly unconfined, but
locally, fine-grained deposits can result in semiconfined to
confined conditions.

Groundwater quality in the surficial aquifer system was
evaluated by sampling 45 spatially-distributed (randomized)
public-supply wells (Scott, 1990) sampled for the purposes
of assessing groundwater quality at a regional scale, and
15 additional wells sampled for the purposes of understanding
the factors affecting groundwater quality (surfpasl; fig. 6).
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The wells ranged from about 20 to 270 ft deep, with a median
depth of 108 ft (appendix 2, table 2.1). Samples were collected
between June and November 2019.

California Coastal Basin Aquifers Principal
Aquifer Study Network (cachpas1)

The California Coastal Basin aquifers extend along
much of the length of California’s coast and underlie about
10,200 mi2 in groundwater basins within the coastal moun-
tains. The study area includes coastal and inland basins (fig. 7)
with a population of about 21 million people (U.S. Census
Bureau, 2010). This aquifer is ranked fourth in the amount of
groundwater used for public supply with about 960 Mgal/d
withdrawn in 2015 (Lovelace and others, 2020). Land use
in the study area is about 34-percent urban, 54-percent
undeveloped land, and 12-percent agricultural (Homer and
others, 2015). The cities of Los Angeles, San Diego, San
Francisco, and Oakland and many other communities overlie
this aquifer system.

The California Coastal Basin aquifers consist of more
than 100 individual basin-fill aquifers in depressions between
the mountains that are along California’s western coast
(Planert and Williams, 1995). The basins are filled with
marine and alluvial sedimentary deposits, as much as tens
of thousands of feet thick in some basins, but most of the
freshwater resources are in the upper thousand feet or so of
unconsolidated to semiconsolidated sand and gravels derived
from the surrounding mountains. The hydrology and lithology
of each basin differ (Planert and Williams, 1995), but two or
more aquifers separated by confining units commonly are
present (California Department of Water Resources, 2015).

The California Coastal Basin aquifers PAS network
(cacbpasl; fig. 7) includes 90 public-supply wells distributed
across the extent of the aquifer system. Wells were selected
using an area grid that extended across the extent of the
aquifer system. This network was designed by the NAWQA
Project using the same approach as the other PAS networks;
however, the network was constructed using a subset of wells
that were sampled as part of the California Groundwater
Ambient Monitoring and Assessment Program Priority Basin
Project (GAMA-PBP), a cooperative project between the
USGS and the California State Water Resources Control
Board (Belitz and others, 2003, 2015). These data are com-
parable to NAWQA data because the GAMA—PBP was
designed using a similar framework, and data were collected
using the same field and analytical methods as used by the
NAWQA Project. Data for samples collected by GAMA-PBP
between 2004 and 2017 are available from USGS (2018), and
the data also have been published in a series of data series
reports (appendix 3, table 3.1). Wells in the cacbpas] ranged
from 50 to 1,950 ft deep, with a median well depth of 500 ft
(appendix 2, table 2.1).
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Central Valley Aquifer System Principal Aquifer
Study Network (cvalpas1)

The Central Valley aquifer system underlies an area of
about 20,000 mi2 in central California. It lies between the
Cascade Range to the north, the Sierra Nevada mountains
to the east, the Klamath Mountains and Coast Ranges to
the west, and the Tehachapi Mountains to the south (fig. 8).
About 6.8 million people reside in areas overlying this aqui-
fer system (U.S. Census Bureau, 2010). Groundwater is an
important source of drinking water in the Central Valley, and
withdrawals for public supply were about 524 Mgal/d in 2015
(Lovelace and others, 2020). This aquifer system was ranked
sixth in withdrawals for public supply (Maupin and Barber,
2005). Large amounts of groundwater also are used for irriga-
tion with a total of about 11,100 Mgal/d for all uses withdrawn
in 2015 (Lovelace and others, 2020) within this nationally
important agricultural region. Land use in the area overlying
the Central Valley aquifer system is primarily agricultural
(60 percent) and natural land cover (29 percent) with a
moderate amount (11 percent) of urban and other developed
land (Homer and others, 2015). Sacramento, Fresno, and
Bakersfield are among the largest urban areas overlying this
aquifer system (fig. 8).

The lithologies that are included in the mountain ranges
surrounding the Central Valley include igneous and meta-
morphic rock. The tens of thousands of feet of sediments that
make up the Central Valley aquifer system include deposits
from the weathering of the surrounding mountains and marine
sediments that were deposited when the valley was covered
by the Pacific Ocean (Planert and Williams, 1995). The upper
sediments (about 1,000 ft) are the primary water-bearing units
and are the result of stream deposition from erosion of the sur-
rounding mountains when sea level declined. The sediments
that make up the Central Valley aquifer system include sand
and gravel, but substantial amounts of fine-grained material
(silts and clays) result in hydrologic conditions that include
unconfined, semiconfined, and confined flow (Planert and
Williams, 1995).

The Central Valley aquifer system PAS network (cval-
pasl; fig. 8) includes 79 public-supply wells distributed across
the extent of the aquifer system. Wells were selected using a
120-cell equal-area grid (16,300 mi2) across most of the extent
of the aquifer system. This network also is constructed from a
subset of wells that are a part of the California GAMA-PBP,
a cooperative project between the USGS and the California
State Water Resources Control Board. Samples were col-
lected between 2005 and 2016 at these wells, and the data for
these samples have been published in a series of data series
reports (appendix 3, table 3.1). The data also are available
from USGS (2018). Wells in the cvalpas] ranged from about
80 to 1,500 ft deep, with a median well depth of about 400 ft
(appendix 2, table 2.1).

Decadal Trends Networks—Land-Use Study
Networks

The LUS networks are designed to facilitate analysis
of land-use effects on shallow groundwater quality. Wells in
LUS networks are sampled once per decade to assess tempo-
ral trends in water quality. Most of the LUS networks were
sampled in the 1990s and again in the 2000s (USGS, 2020a).
The samples collected during the period described in this
report represent the third decadal sampling for most of these
networks. Wells in LUS networks typically are shallow and
screened near the water table to allow sampling of recently
recharged groundwater that may demonstrate chemical char-
acteristics indicative of the surrounding land use. The LUS
areas are determined by the intersection of areal extents of the
primary aquifer and a targeted overlying land use (Lapham
and others, 1995). Data from the following LUS networks
are included in this report: Connecticut, Housatonic, and
Thames River Basins urban LUS network (connlusrcl; fig. 9)
near Harford, Connecticut; Eastern lowa Basins agricultural
LUS network (eiwaluscrl; fig. 10); Long Island-New Jersey
coastal drainages urban LUS network (linjlusrc1; fig. 11) near
Glassboro, New Jersey; Mississippi Embayment urban LUS
network (miselusrcl; fig. 12) near Memphis, Tennessee; Ozark
Plateaus agricultural LUS network (ozrklusag2a; fig. 13);
Puget Sound drainages agricultural LUS network (pugtluscrl;
fig. 14); Sacramento River Basin agricultural LUS network
(sacrluscrl; fig. 15); Sacramento River Basin urban LUS
network (sacrlusrcl; fig. 16); Santee River Basin and coastal
drainages agricultural LUS network (santluscrl; fig. 17);
South Central Texas urban LUS network (sctxlusrcl; fig. 18)
near San Antonio, Texas; Upper Mississippi River Basin agri-
cultural LUS network (umisluscrl; fig. 19); and Upper Snake
River Basin agricultural LUS network (usnkluscr3; fig. 20).

Connecticut, Housatonic, and Thames River
Basins Urban Land-Use Study Network
(connlusrc1)

The Connecticut, Housatonic, and Thames River Basins
urban LUS network (connlusrcl; fig. 9) was used to charac-
terize the quality of shallow groundwater in surficial glacial
aquifers within urban areas of the study unit in Connecticut and
southwestern Massachusetts. The Pleistocene- to Holocene-age
surficial aquifers are composed of unconsolidated glacial and
fluvial deposits, which are thickest in buried bedrock valleys.
Precambrian to early Mesozoic bedrock underlies the glacial
aquifer. Typical yields of wells in glacial aquifers are 10 to
400 gallons per minute (Olcott, 1995), and the glacial aquifer
supplies groundwater for drinking water and other uses. Urban
development, including residential, commercial, and other
developed land uses, is predominant, with small agricultural
and forest areas. The study area covers about 230 mi2.
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Figure 19. Study area and wells sampled as part of the Upper Mississippi River Basin agricultural land-use study network (umisluscr1)
for the U.S. Geological Survey National Water-Quality Assessment Project.
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The connlusrcl consists of 30 shallow monitoring
wells completed immediately below the water table at
depths from 8 to 70 ft, with a median of 20 ft (appendix 2,
table 2.1). Open intervals were 2—5 ft (appendix 2,
table 2.2). Samples for the current phase of monitoring were
collected April through September 2017, and these data
are presented in Kingsbury and others (2020). Wells from
the connlusrcl network were previously sampled in 2003
(USGS, 2020a).

Eastern lowa Basins Agricultural Land-Use
Study Network (eiwaluscr1)

The Eastern Iowa Basins agricultural LUS network
(eiwaluscrl; fig. 10) was used to assess the quality of shal-
low groundwater in alluvial stream-valley aquifers in the
Wapsipinicon, Cedar, lowa, and Skunk River Basins, tributar-
ies to the Mississippi River. Surficial alluvial deposits are
present in Holocene-age river valleys and commonly consist
of 30 to 100 ft of unconsolidated sands and gravels interbed-
ded with silts and clays (Steinhilber and Horick, 1970; Wahl
and others, 1978; Olcott, 1992). The surficial permeable
sands and gravels, shallow depth to the water table, and the
absence of confining units make the study unit alluvial aqui-
fers susceptible to contamination from land-use activities.
Surficial alluvial aquifers and Quaternary-age buried-channel
and glacial-outwash deposits supply a substantial part of
groundwater used in the study area. The study area covers
about 3,600 mi2, and row-crop agriculture is the dominant
land use (Savoca and others, 2000).

The eiwaluscrl consists of 29 shallow monitoring
wells completed immediately below the water table at
depths from 12 to 28 ft, with a median of 18 ft (appendix 2,
table 2.1). Open intervals were all 5 ft (appendix 2, table 2.2).
Samples for the current phase of monitoring were collected
May through August 2017, and these data are presented
in Kingsbury and others (2020). Wells from the eiwalu-
scrl network were previously sampled in 1998 and 2007
(USGS, 2020a).

Long Island-New Jersey Coastal Drainages
Urban Land-Use Study Network (linjlusrc1)

The Long Island-New Jersey coastal drainages urban
LUS network (linjlusrcl; fig. 11) was designed to char-
acterize urban land-use effects on shallow groundwater
quality in an area overlying the Northern Atlantic Coastal
Plain aquifer system in the Glassboro, N.J., area. The
Long Island-New Jersey coastal drainages aquifer system
(linjlusrcl is in the southern end) underlies an area of about
6,000 mi2 (Stackelberg and Ayers, 1994) and is home to
about 15 million people in parts of New York and New
Jersey (Ayers and others, 2000) and the cities of New York,
New York, and Trenton, N.J., overlying the aquifer system.
The Northern Atlantic Coastal Plain aquifer system consists
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of unconsolidated to partly consolidated sediments that

range in age from Early Cretaceous to Holocene (Trapp and
Horn, 1997; Masterson and others, 2013; Denver and others,
2014). The sedimentary layers thicken and deepen toward the
Atlantic Coast, where they reach a maximum thickness of
about 10,000 ft.

The linjlusrcl consists of 29 monitoring wells completed
in the unconfined surficial Kirkwood-Cohansey aquifer system
in the 400-mi2 Glassboro study area in southern New Jersey
(Ayers and others, 2000). Wells were completed at depths from
14 to 71 ft, with a median of 29 ft (appendix 2, table 2.1), and
open intervals were generally 2—10 ft (appendix 2, table 2.2).
Wells from the linjluscrl network were previously sampled
in 1996 and 2005 (USGS, 2020a). Samples for the cur-
rent phase of monitoring were collected during August and
November 2017.

Mississippi Embayment Urban Land-Use Study
Network (miselusrc1)

The Mississippi Embayment urban LUS network
(miselusrcl; fig. 12) was designed to characterize the quality
of shallow groundwater in the areas developed since about
the 1980s in Memphis, Tenn. The study area includes about
47 mi2. Most of the wells were completed in the terrace depos-
its aquifer, a water-table aquifer that is separated by a lower
confining unit from the Memphis aquifer, the primary source
of drinking water. The terrace deposits consist of unconsoli-
dated Pliocene- to Pleistocene-age sand and gravel and gener-
ally are about 100 ft thick (Parks, 1990). In the eastern part of
the study area, the terrace deposits are dry where the confining
unit is thin or absent, and wells were completed in the upper
part of the Memphis aquifer.

The miselusrc] consists of 30 shallow monitoring wells
with depths that range from 33 to 124 ft, with a median of
66 ft (appendix 2, table 2.1). Open intervals for most of the
wells were 10 ft (appendix 2, table 2.2). Wells from the mise-
lusrcl network were previously sampled in 1997 and 2006
(USGS, 2020a). Samples for the current phase of monitoring
were collected April through June 2017, and these data are
presented in Kingsbury and others (2020).

Ozark Plateaus Agricultural Land-Use Study
Network (ozrklusag2a)

The Ozark Plateaus agricultural LUS network
(ozrklusag2a; fig. 13) was designed to characterize the effects
of agricultural activities on groundwater in a karst aquifer sys-
tem in southwestern Missouri and northwestern Arkansas. The
study area covers about 3,300 mi2. The Ozark Plateaus aquifer
system consists of three regional aquifers that are separated by
confining units (Miller and Appel, 1997; Renken, 1998). The
primary lithologies of the geologic formations making up the
aquifers are limestone and dolomite. Wells in this network are
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primarily in the uppermost Springfield aquifer and the inter-
mediate Ozark aquifer, which are the primary water-bearing
units in this aquifer system.

The ozrklusag2a consists of 21 (primarily) domestic
wells with depths ranging from 45 to 585 ft, with a median of
200 ft (appendix 2, table 2.1). Open intervals generally were
not available for wells in this network (appendix 2, table 2.2).
Wells from the ozrklusag2a network were previously sampled
in 1995 and 2007 (USGS, 2020a).Samples for the current
phase of monitoring were collected during June and July 2017.

Puget Sound Drainages Agricultural Land-Use
Study Network (pugtluscr1)

The Puget Sound drainages agricultural LUS network
(pugtluscrl; fig. 14) was designed to characterize the effects
of agriculture on shallow groundwater quality in a part of
the glacial aquifer system. The study area of 12 mi? is part of
the Puget Sound lowlands in northern Whatcom County in
northern Washington (United States) and southwestern British
Columbia (Canada). The unconfined Fraser aquifer, composed
of coarse-grained glacial sediments, underlies the study area
and is overlain by intensive row crops, particularly raspberry
fields (Inkpen and others, 2000).

The pugtluscrl network includes 20 wells (predominantly
monitoring wells) that were sampled in July and August 2018.
The wells range in depth from 18 to 96 ft (median of 29 ft)
with small open intervals from 3 to 10 ft (median of 5 ft).
Wells in the pugtluscrl network were previously sampled in
1998 and 2006 (USGS, 2020a).

Sacramento River Basin Agricultural Land-Use
Study Network (sacrluscr1)

The Sacramento River Basin agricultural LUS network
(sacrluscrl; fig. 15) was designed to characterize shallow
groundwater quality underlying agricultural land use in the
rice growing regions of the central part of the Sacramento
Valley, which is in the northern part of the Central Valley
aquifer system of California. The study area includes about
860 mi2. The Sacramento Valley groundwater basin is domi-
nated by agricultural land use with rice as the largest crop
acreage, which is primarily irrigated using surface water; rice
pesticides have been previously detected in surface water and
groundwater (Dawson, 2001; Bennett and others, 2011). The
Sacramento River Basin is a structural trough surrounded by
the Sierra Nevada, Cascade, and Coast Ranges mountains and
is composed of their eroded sediments (Dawson, 2001).

The sacrluscrl network includes 23 monitoring wells that
were sampled in July 2017. The wells range in depth from 29
to 50 ft (appendix 2, table 2.1) with a small open interval of
5 ft (appendix 2, table 2.2). Wells in the sacrluscrl network
were previously sampled in 1997 and 2006 (USGS, 2020a).

Sacramento River Basin Urban Land-Use Study
Network (sacrlusrc1)

The Sacramento River Basin urban LUS network
(sacrlusrel; fig. 16) was designed to characterize shallow
groundwater quality in the northern part of the Central Valley
aquifer system of California, specifically in the southeastern
Sacramento Valley. The study area is about 38 mi2 and is over-
lain by primarily residential areas developed between 1975
and 1993 in the Sacramento metropolitan area (Shelton, 2005).
The hydrogeologic framework consists of heterogeneous
alluvial deposits eroded from the Sierra Nevada mountain
ranges to the east and the Coast Ranges to the west (Bennett
and others, 2011). Shallow groundwater in this area is thought
to be hydraulically connected to surface water used for public
supply (Domagalski and others, 1998).

The sacrlusrcl network includes 21 monitoring wells
that range in depth from 37 to 166 ft (median of 71 ft). The
wells have small open intervals ranging from 5 to 15 ft, with
a median of 10 ft. The network was sampled in August 2017.
Wells in the sacrlusrcl network were previously sampled in
1998 and 2005 (USGS, 2020a).

Santee River Basin and Coastal Drainages
Agricultural Land-Use Study Network
(santluscr1)

The Santee River Basin and coastal drainages agricultural
LUS network (santluscrl; fig. 17), with a study area of about
970 mi2, was designed to characterize groundwater quality
underlying agricultural land use in the surficial aquifer system
in the South Carolina coastal plain. The aquifer is relatively
thin, generally 50 ft or less in thickness, and is composed of
sandy marine terrace deposits of Pleistocene and Holocene age
(Miller, 1990).

The santluscrl network includes 22 monitoring wells
that range in depth from 13 to 30 ft, with a median of 18 ft
(appendix 2, table 2.1). Open intervals for these wells are
between 5 and 15 ft, with most of them having 5-ft open inter-
vals (appendix 2, table 2.2). Samples for the current phase of
monitoring were collected during July and November 2018.

South-Central Texas Urban Land-Use Study
Network (sctxlusrc1)

The South-Central Texas urban LUS network (sctxlusrcl;
fig. 18), with a study area of about 60 mi2, was designed to
characterize groundwater quality in parts of the unconfined
Edwards aquifer with residential and commercial land use
near San Antonio, Tex. The Edwards aquifer—locally referred
to as the Edwards (Balcones Fault Zone) aquifer—consists
of partially dissolved and highly permeable limestone of the
Georgetown Formation and the Edwards Group.



The sctxlusrcl network includes 30 monitoring wells
that range in depth from 180 to 320 ft (median of 261 ft)
(appendix 2, table 2.1). Open intervals range from about 60 to
120 ft, with a median of 80 ft (appendix 2, table 2.2). Samples
for the current phase of monitoring were collected from
October to December 2017. Wells from the sctxlusrcl network
were previously sampled in 1998 and 2006 (USGS, 2020a).

Upper Mississippi River Basin Agricultural
Land-Use Study Network (umisluscr1)

The Upper Mississippi River Basin agricultural LUS net-
work (umisluscrl; fig. 19) was used to characterize the quality
of groundwater in the Anoka Sand Plain aquifer within an
agricultural area of the Upper Mississippi study unit. The part
of the Anoka Sand Plain aquifer that underlies the study area
consists primarily of terrace deposits and, to a lesser extent,
floodplain alluvium (Ruhl and others, 2000). Deposits gener-
ally range in thickness from 15 to 115 ft. Medium to coarse
sand is interbedded with thin layers of clay, silt, silty sand, and
gravel (Helgesen and Lindholm, 1977; Lindholm, 1980). The
depth to the water table is shallow and hydraulic conductivity
is high (50 to as much as 1,000 feet per day; Anderson, 1993),
making the aquifer vulnerable to land-surface sources of con-
tamination. Surficial aquifers, buried sand and gravel aquifers,
and underlying bedrock aquifers in the study area are used for
drinking water and irrigation (Andrews and others, 1998). In
previous decadal sampling events, the land use in the study
area was predominantly row-crop agricultural. Current (2011)
land use (Homer and others, 2015) has changed to only about
50-percent agricultural, and the remainder is urban or residen-
tial. The study area covers about 1,700 miZ2.

The umisluscrl consists of 29 shallow monitoring wells
completed immediately below the water table at depths from
8 to 63 ft, with a median of 25 ft (appendix 2, table 2.1).
Open intervals generally were 5 ft (appendix 2, table 2.2).
Samples for the current phase of monitoring were collected
May through August 2018, and these data are presented
in Kingsbury and others (2020). Wells from the umislu-
scrl network were previously sampled in 1998 and 2006
(USGS, 2020a).

Upper Snake River Basin Agricultural Land-Use
Study Network (usnkluscr3)

The Upper Snake River Basin agricultural LUS network
(usnkluscr3; fig. 20), with a study area of about 270 mi2,
was designed to characterize groundwater quality underlying
agricultural land use in the East Snake River Plain aquifer in
the Upper Snake River Basin in southern Idaho. The aquifer
is composed of a series of Quaternary basalt flows that are
vesicular and broken and able to transmit large volumes of
water (Whitehead, 1992). The study area is characterized by a
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history of elevated nitrate concentrations in groundwater and
is predominantly an area of groundwater-sourced irrigated
agriculture (Rupert, 1997; Skinner and Donato, 2003).

The usnkluscr3 network includes 31 wells, mostly used
for domestic supply. The wells range in depth from 55 to
600 ft (median of 223 ft) (appendix 2, table 2.1) with a large
range of open intervals (from 15 to 450 ft), with a median
of 120 ft (appendix 2, table 2.2). Samples for the current
phase of monitoring were collected during June 2017. Wells
in this network were previously sampled in 1994 and 2005
(USGS, 2020a).

Decadal Trends Networks—Major Aquifer
Study Networks

The MAS networks were designed to characterize the
water quality of the resource used for domestic supply. The
MAS networks generally consist of domestic-supply wells
but also may include public-supply or other types of wells.
Domestic-supply wells typically draw groundwater from
shallower depths of the aquifer than do public-supply wells.
Additionally, domestic-supply wells tend to draw smaller vol-
umes of water from the aquifer than do public-supply wells.
The MAS areas are determined by the areal extent of the
primary aquifer and physiography and are designed to assess
the condition of groundwater quality in the most heavily used
aquifer in the study areas during the first decade of sampling
(Koterba and others, 1995; Lapham and others, 1995). Wells
in MAS networks are sampled once per decade to assess
temporal trends in water quality. Most of the MAS networks
were sampled in the 1990s and again in the 2000s (USGS,
2020a). The samples collected during the period described in
this report represent the third decadal sampling for most of
these networks. Data from the following MAS networks are
included in this report: Central Arizona Basins MAS network
(cazbsusla; fig. 21); Connecticut, Housatonic, and Thames
River Basins MAS network (connsus2; fig. 22); Eastern lowa
Basins MAS network (eiwasus2; fig. 23); Long Island-New
Jersey coastal drainages MAS network (linjsus2; fig. 24);
Lower Illinois River Basin MAS network (lirbsus1; fig. 25);
Santee River Basin and coastal drainages MAS network (sant-
sus2; fig. 26); South-Central Texas MAS network (sctxsusl;
fig. 27), Upper Illinois River Basin MAS network (uirbsus3;
fig. 28), and the Upper Mississippi River Basin MAS network
(umissus3; fig. 29).

Central Arizona Basins Major Aquifer Study
Network (cazbsus1a)

The Central Arizona Basins MAS network (cazbsusla;
fig. 21) was designed to characterize the quality of groundwa-
ter in part of the Basin and Range basin-fill aquifers. The study
area of about 1,000 mi2 encompasses urban and agricultural
land uses on the western side of Phoenix, Arizona, in the West
Salt River Valley in the Basin and Range lowlands. Phoenix
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was the fastest growing city in the United States during the
1990s, and remains so currently, with concentrated popula-
tion growth that relies on surface water and groundwater for
water supply (Cordy and others, 2000; U.S. Census Bureau,
2019). The Basin and Range lowlands consist of deep, broad
alluvial basins separated by mountain ranges. The basins are
filled with thick deposits of gravel, sand, silt, and clay and,
in places, include interbedded evaporites and volcanic rocks
(Anderson and others, 1992). Agriculture and urban develop-
ment have altered sources of recharge and discharge to the
basin-fill aquifer in the West Salt River Valley, with result-
ing groundwater-level declines in some areas (Edmonds and
Gellenbeck, 2002).

The cazbsusla network includes 29 wells, mostly
used for domestic supply. The wells range in depth from
100 to 1,200 ft (median of 520 ft) with a large range of open
intervals from 4 to 763 ft (median of 69 ft). Wells in the
cazbsusla network were previously sampled in 1997 and 2008
(USGS, 2020a).

Connecticut, Housatonic, and Thames River
Basins Major Aquifer Study Network (connsus2)

The Connecticut, Housatonic, and Thames River Basins
MAS network (connsus2; fig. 22) was used to character-
ize the quality of groundwater in glacial aquifers used for
domestic supply. The Pleistocene- to Holocene-age surficial
aquifers sampled are composed of unconsolidated glacial and
fluvial deposits, which are thickest in buried bedrock valleys.
Precambrian to early Mesozoic bedrock underly the glacial
aquifer. Typical yields of wells in glacial aquifers are 10 to
400 gallons per minute (Olcott, 1995), and the glacial aquifer
supplies groundwater for drinking water and other uses. Land
use is primarily undeveloped forest in the northern part of
the study area and becomes increasingly urban (residential,
commercial, and other developed land uses) to the south. The
study area covers about 2,640 miZ.

The connsus?2 consists of 22 domestic-supply wells com-
pleted in glacial aquifers at depths ranging from 16 to 273 ft,
with a median of 110 ft (appendix 2, table 2.1). Open intervals
typically are 3 to 7 ft (appendix 2, table 2.2). Samples for
the current phase of monitoring were collected April through
July 2017, and these data are presented in Kingsbury and oth-
ers (2020). Wells from the connsus2 network were previously
sampled in 2002 (USGS, 2020a).

Eastern lowa Basins Major Aquifer Study
Network (eiwasus2)

The Eastern lowa Basins MAS network (eiwasus2;
fig. 23) was used to characterize the quality of groundwater in
alluvial stream-valley aquifers used for domestic water supply
primarily in lTowa. The study area includes the Wapsipinicon,
Cedar, Iowa, and Skunk River Basins, tributaries to the
Mississippi River. Surficial alluvial deposits are present in
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Holocene-age river valleys and commonly consist of 30 to
100 ft of unconsolidated sands and gravels interbedded with
silts and clays (Steinhilber and Horick, 1970; Wahl and oth-
ers, 1978; Olcott, 1992). The surficial permeable sands and
gravels, the shallow depth to the water table, and the absence
of confining units make these alluvial aquifers susceptible to
contamination from land-use activities. Surficial alluvial aqui-
fers and Quaternary-age buried-channel and glacial-outwash
deposits supply a substantial part of groundwater used in the
study area, including drinking-water supply. Row-crop agri-
culture is the dominant land use in the study unit (Savoca and
others, 2000). The study area covers about 4,300 mi2.

The eiwasus2 consists of 24 domestic-supply wells with
depths from 14 to 196 ft, with a median of 72 ft (appendix 2,
table 2.1). Open intervals ranged from 4 to 20 ft (appendix 2,
table 2.2). Samples for the current phase of monitoring were
collected May through October 2017, and these data are
presented in Kingsbury and others (2020). Wells from the
eiwasus2 network were previously sampled in 1998 and 2007
(USGS, 2020a).

Long Island-New Jersey Coastal Drainages
Major Aquifer Study Network (linjsus2)

The Long Island—New Jersey coastal drainages MAS
network (linjsus2; fig. 24) was designed to assess the water
quality in the unconfined surficial Kirkwood-Cohansey aquifer
system. The linjsus2 study area covers about 2,600 mi2 in New
Jersey and includes the linjlusrcl LUS network described pre-
viously. The Kirkwood-Cohansey aquifer consists of uncon-
solidated gravel, sand, silt, and clay of Miocene age. These
sediments thicken toward the coast to as much as 300 ft thick
(Pope and others, 2012).

The linjsus2 consists of 28 domestic-supply wells that
range in depth from 38 to 175 ft, with a median of 100 ft
(appendix 2, table 2.1), and open intervals were generally
5-10 ft (appendix 2, table 2.2). Samples for the current phase
of monitoring were collected during June and October 2018,
and these data are presented in Kingsbury and others (2020).
Wells from the linjsus2 network were previously sampled in
1998 and 2006 (USGS, 2020a).

Lower lllinois River Basin Major Aquifer Study
Network (lirbsus1)

The Lower Illinois River Basin MAS network (lirbsusl;
fig. 25) was designed to characterize the water quality
within the deep glacial deposits in buried bedrock valleys
in the Mahomet Buried Bedrock Valley aquifer system in
the Bloomington Ridged Till Plain. The valley deposits are
composed primarily of pre-Illinoian-age glacial sediments and
are overlain by Wisconsinan glacial deposits at the surface.
Confining clays and silts in the Wisconsinan-age, Illinoian,
and pre-Illinoian till overlying the deep glacial sediment aqui-
fer are commonly greater than 100 ft thick (Morrow, 2001).
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This aquifer system is the largest source of groundwater for
irrigation, industrial, and municipal water supplies in east-
central Illinois. At least 40 municipalities and water districts
withdraw water from these aquifers (Kempton and others,
1991). Most of the area is overlain by agricultural land use,
with small areas of forest, urban, and miscellaneous land use.
The study area covers about 1,000 mi2.

The lirbsus1 consists of 26 domestic-supply wells
completed in glacial aquifers at depths from 200 to 365 ft,
with a median of 249 ft (appendix 2, table 2.1). Open
intervals were generally 4—11 ft (appendix 2, table 2.2).
Samples for the current phase of monitoring were col-
lected during May through August 2018, and these data are
presented in Kingsbury and others (2020). Wells from the
lirbsus1 network were previously sampled in 1996 and 2007
(USGS, 2020a).

Santee River Basin and Coastal Drainages Major
Aquifer Study Network (santsus2)

The Santee River Basin and coastal drainages aqui-
fer system has a spatial extent of 24,000 mi2, where about
3.5 million people live in North and South Carolina (Hughes
and others, 2000). Most of the groundwater in the Santee
River Basin and coastal drainages aquifer system is withdrawn
from three aquifers: (1) the Piedmont aquifer, (2) the Sand
Hills aquifer, and (3) the Floridan aquifer. Groundwater in the
Piedmont aquifer occurs in fractures in the crystalline rocks,
and the Sand Hills aquifer is an unconfined surficial aquifer.
The Floridan aquifer system consists of Tertiary-aged carbon-
ate rock sequences, which thicken and become more confined
toward the coast like the Northern Atlantic Coastal Plain aqui-
fers (Miller, 1986). Depending on location, the Floridan aqui-
fer system can be under confined, semiconfined, or unconfined
conditions. Recharge to the Upper Floridan aquifer primarily
is in outcrop areas, and the general direction of groundwater
flow is in all directions from the inland outcrop areas toward
the coasts (Miller, 1986). Land use in the study consists
primarily of agriculture, undeveloped forests, and urban areas
(Arnold and others, 2018a).

The Santee River Basin and coastal drainages MAS
network (santsus2; fig. 26) includes an area of about 7,300 mi2
and consists of 27 domestic-supply wells in the Floridan
aquifer at the downgradient (southeast) end of the Santee
River Basin near Charleston, S.C. This network was designed
to sample water supplies that are intermediate in depth and
used for domestic supply or monitoring. Wells were completed
at depths from 93 to 1,125 ft, with a median of 170 ft
(appendix 2, table 2.1), and had open intervals between 5 and
421 ft (appendix 2, table 2.2). Samples for the current phase of
monitoring were collected during June and November 2018,
and these data are presented in Kingsbury and others (2020).
Wells from the santsus2 network were previously sampled in
1998 and 2006 (USGS, 2020a).

South-Central Texas Major Aquifer Study
Network (sctxsus1)

The South-Central Texas MAS network (sctxsusl;
fig. 27) was established to assess the water quality primar-
ily in the unconfined part of the San Antonio segment of
the Edwards aquifer. The sctxsus] study area covers about
1,090 mi2 and includes the area associated with the sctxlusrcl
network (described previously). The Edwards aquifer, a karst
aquifer, is one of the most productive aquifers in the Nation
(Sharp and Banner, 1997) and is the primary water supply for
the city of San Antonio.

The sctxsus! consists of 26 primarily domestic and
public-supply wells. The wells range from 80 to 600 ft deep
(appendix 2, table 2.1), with a median depth of about 360 ft.
Open intervals range from 1 to about 460 ft (appendix 2,
table 2.2). Samples for the current phase of monitoring were
collected from March through June 2018, and these data are
reported here. Wells from the sctxsusl network were previ-
ously sampled in 1996 and 2006 (USGS, 2020a).

Upper lllinois River Basin Major Aquifer Study
Network (uirbsus3)

The Upper Illinois River Basin MAS network (uirbsus3;
fig. 28) was designed to characterize water quality in the
Cambrian-Ordovician aquifer, which is an important source
of water for domestic and public supply in Illinois. The
Cambrian-Ordovician aquifer is overlain by Quaternary-age
unconsolidated aquifers and Silurian-Devonian-age bed-
rock aquifers (Friedel, 1998). Regional groundwater flow is
generally from west to east; intermediate and local flow is
spatially variable throughout the study area (Friedel, 1998).
The Cambrian-Ordovician aquifer consists of numerous
alternating layers of sandstone, limestone, and dolomite. On
a regional scale, the layers of Cambrian and Ordovician strata
are hydraulically interconnected and act as a single aquifer
(Visocky and others, 1985). Land use in the study area consists
primarily of agriculture, undeveloped forests, and urban areas.
The study area covers about 31,000 miZ2.

The uirbsus3 consists of 29 public-supply wells com-
pleted in the bedrock aquifer at depths from about 570 to
2,500 ft, with a median of 1,500 ft (appendix 2, table 2.1).
Open intervals were 206—1,494 ft (appendix 2, table 2.2).
Samples for the current phase of monitoring were collected
during May through August 2017, and these data are presented
in Kingsbury and others (2020). Wells from the uirbsus3 net-
work were previously sampled in 2007 (USGS, 2020a).

Upper Mississippi River Basin Major Aquifer
Study Network (umissus3)
The Upper Mississippi River Basin MAS network (umis-

sus3; fig. 29) was designed to characterize water quality in the
Prairie du Chien-Jordan aquifer, which is the primary source



of groundwater for domestic wells and public water sup-
plies in the Minneapolis/St. Paul Twin Cities metropolitan
area (Fong and others, 1998). The study unit area has 50 to
450 ft of glacial and alluvial deposits overlying as much as
1,000 ft of Precambrian- to Devonian-age sedimentary strata
(Bloomgren and others, 1989; Meyer and Hobbs, 1989).
Under the Twin Cities metropolitan area, these sedimentary
bedrock units fill a concave depression known as the Twin
Cities Basin. The Prairie du Chien-Jordan aquifer consists
of as much as 335 ft of fractured sandy dolomite of the
Ordovician-age Prairie du Chien Group and the underlying
quartz sandstone of the Cambrian-age Jordan Sandstone.
The aquifer in the Prairie du Chien Group and the Jordan
Sandstone are hydraulically connected and have tradition-
ally been considered a single aquifer (Delin and Woodward,
1984; Young, 1992a, b). The Prairie du Chien-Jordan aquifer
is the principal source of water for public-supply wells in
suburban areas of the Twin Cities metropolitan area and also
is the primary source of water for domestic wells inside and
outside of the Twin Cities metropolitan area in the study
area. Land use in the study consists primarily of agriculture,
undeveloped forests, and urban areas. The study area covers
about 4,100 miZ2.

The umissus3 consists of 27 domestic-supply wells com-
pleted in the Prairie du Chien-Jordan aquifer at depths from
66 to 380 ft, with a median of 180 ft (appendix 2, table 2.1).
Open intervals ranged from 1 to 190 ft (appendix 2,
table 2.2). Samples for the current phase of monitoring were
collected during July and August 2018, and these data are
presented in Kingsbury and others (2020). Wells from the
umissus3 network were previously sampled in 1996 and 2007
(USGS, 2020a).

Enhanced Trends Networks

An ETN consists of a small number of wells (typically
two to four) that are sampled to evaluate the time scales
during which groundwater quality changes. Such changes
might result from seasonal or annual variability in recharge,
discharge, or contaminant loading (Rowe and others, 2013).
These networks are within decadal trend networks and are
designed to collect high-frequency data that can be used
to better understand the factors that cause variability in
groundwater quality and to aid in interpreting long-term
trends for the decadal networks. Data from eight ETNs are
included in this report (figs. 30 and 31): Central Valley ETN
(cvaletnl), Columbia Plateau ETN (clptetnl), Edwards-
Trinity aquifer system ETN (edtretnl), glacial aquifer system
ETN (glacetnl), Mississippi Embayment aquifer system
ETN (metxetnl), Northern Atlantic Coastal Plain ETN
(nacpetnl), New England crystalline-rock and glacial aquifer
system ETN (negxetnl), and the Rio Grande aquifer system
ETN (rgagetnl).

Groundwater Study Design Ly

Wells in an ETN are instrumented for high-frequency
measurement of selected parameters, and they periodi-
cally have discrete measurements of additional parameters
(USGS, 2020c). The parameters measured at a high frequency
differ among wells and networks but generally include
parameters like temperature, dissolved oxygen, pH, and
specific conductance. Data collected at a high frequency for
wells in the ETNs are available online; links to the data are
provided in appendix 4, table 4.1.

For periodic discrete sampling, the ETNs are divided
into two groups of four networks that are sampled on a 4-year
alternating cycle. Four networks are sampled about once every
2 months for 4 years, whereas the other four networks are
sampled annually. After the first 4-year period, the sampling
frequency switches; the networks that were sampled every
2 months during the first period are sampled annually,
and the other four networks are sampled every 2 months.
Water-quality data from the discrete sampling during 201719
are included in Kingsbury and others (2020).

Columbia Plateau Enhanced Trends Network
(clptetn1)

The Columbia Plateau ETN (clptetnl; fig. 304, B) in the
Columbia Plateau aquifer system was designed to investigate
questions about how groundwater quality differs between
the shallow basin-fill (unconsolidated deposits) aquifers and
the deeper, underlying basaltic-rock aquifers and how water
quality varies along the flow paths. The environmental setting
of clptetnl previously was described in Arnold and others
(2017a, b) and is not repeated in this report.

The clptetnl is made up of wells that represent different
positions within the regional groundwater-flow system at dif-
ferent depths. Well CLPTETN1-01 is a shallow (80 ft), domes-
tic well in the sand and gravel aquifer. Well CLPTETN1-04
is a deep (1,116 ft), long-screened (926—1,100 ft) supply well
that is open to the basaltic-rock aquifers; this well is about
20 mi south of the Columbia River and is the most proximal of
the three wells. Well CLPTETN1-05 is a shallow to moderate
depth (170 ft) industrial well, cased to 144 ft also in the sand
and gravel aquifer.

Wells CLPTETN1-02 and CLPTETN1-03 were sampled
as part of the clptetnl in 2014 (Arnold and others, 2017a, b);
however, because of issues with sample quality and sampling
access, these wells are no longer included in the clptetnl.
Well CLPTETN1-01 also was sampled in 2014 (Arnold and
others, 2017a, b). Wells CLPTETN1-01, CLPTETN1-04,
and CLPTETN1-06 were sampled in 2015, and the data were
reported in Arnold and others (2018a, b). Well CLPTETN1-06
was not resampled in 2016 because access to the well was
denied; well CLPTETN1-05 was sampled instead. Wells
CLPTETN1-01, CLPTETN1-04, and CLPTETN1-05 were
sampled in 2017 through 2019, and the data are in Kingsbury
and others (2020).
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Central Valley Enhanced Trends Network
(cvaletn1)

The Central Valley ETN (cvaletnl; fig. 304, C) in the
Central Valley aquifer system is intended to aid in the under-
standing of the subsurface movement of groundwater constitu-
ents (in some cases, contaminants from land-use practices)
between the shallow and deep parts of the aquifer system. The
environmental setting of cvaletnl previously was described in
Arnold and others (2017a, b) and is not repeated in this report.

The cvaletnl is made up of three wells that represent dif-
ferent depths in the regional aquifer. Two wells are relatively
shallow (CVALETN1-02, 320 ft deep; CVALETN1-03, 234 ft
deep), and one well is relatively deep (CVALETN1-01, 620 ft
deep). All three wells in the cvaletnl were sampled previ-
ously in 2013 (Arnold and others, 20164, b), 2014 (Arnold
and others, 2017a, b), 2015 (Arnold and others, 2018a, b),
and 2016 (Arnold and others, 2020a, b). Data from samples
collected from 2017 to 2019 are included in Kingsbury and
others (2020).

Rio Grande Aquifer System Enhanced Trends
Network (rgagetn1)

The Rio Grande aquifer system ETN (rgaqetnl;
fig. 304, D) provides the opportunity to study temporal vari-
ability in the water quality of shallow groundwater affected
by irrigation, river water infiltration, and variable hydrologic
conditions in an arid climate. The environmental setting
of rgaqetn] previously was described in Arnold and others
(2017a, b) and is not repeated in this report.

The rgaqgetn! consists of three wells completed in the
valley fill at different depths: two shallow wells that are
screened across the water table (RGAQETN1-01, 23 ft
deep; RGAQETN1-03, 22 ft deep) and one deeper well
(RGAQETN1-02, 60 ft deep). The wells were sampled as
part of the rgaqetnl in 2014 (Arnold and others, 2017a, b),
2015 (Arnold and others, 2018a, b), and again in 2016 (Arnold
and others, 2020 a, b). Two samples were collected at these
wells in 2017 (May and November), and the wells were
sampled about every other month between January 2018 and
May 2019. Results for 2017 to 2019 are included in Kingsbury
and others (2020).

Edwards-Trinity Aquifer System Enhanced
Trends Network (edtretn1)

The Edwards-Trinity aquifer system ETN (edtretnl;
fig. 304, E) was designed to evaluate temporal variability in
groundwater quality in a dynamic karst aquifer. The environ-
mental setting of edtretnl previously was described in Arnold
and others (2017a, b) and is not repeated in this report.

There are three wells in the edtretn] that are along an
approximately north-to-south aquifer transect within the
San Antonio metropolitan area (fig. 30E). One well is in

the upgradient, unconfined recharge zone, and two wells
are downgradient in the confined zone. The upgradient well
(EDTRETNI1-02) is 300 ft deep and open to the aquifer
along the bottom 80 ft of its depth. The downgradient wells
are 550 ft (EDTRETN1-01) and 1,550 ft (EDTRETN1-03)
deep and are open to the aquifer throughout their length
below the confined zone. The farthest downgradient well
(EDTRETN1-03) is close to the southern boundary of the
aquifer. Wells in the edtretnl were first sampled as part of
the edtretnl in 2013 (Arnold and others, 2016a, b) and were
sampled again in 2014 (Arnold and others, 2017a, b), 2015
(Arnold and others, 2018a, b), and 2016 (Arnold and others
2020a, b). During 2017, the wells were sampled approxi-
mately bimonthly from January through October 2017. These
wells were sampled one time in 2018 and 2019, and these
data are included in Kingsbury and others (2020). In 2017,
these wells were sampled as part of the edtrpas] network
(EDTRETN1-01, EDTRETN1-03) and the sctxlusrcl
(EDTRETN1-02).

Glacial Aquifer System Enhanced Trends
Network (glacetn1)

The glacial aquifer system ETN (glacetnl; fig. 314, B)
was designed to identify the temporal variability and magni-
tude of observed changes in groundwater quality in agricul-
tural areas of the glacial aquifer system. The environmental
setting of glacetnl previously was described in Arnold and
others (2017a, b) and is not repeated in this report.

The glacetn! consists of five wells distributed in two
locations. A location in central Wisconsin has two monitor-
ing wells: GLACETNI1-01 (83 ft deep) and GLACETN1-02
(34.5 ft deep). A location in southwestern Wisconsin has
three wells: monitoring wells GLACETN1-03 (50 ft deep)
and GLACETN1-04 (89 ft deep) and public-supply well
GLACETNI1-05 (125 ft deep). All wells in the glacetnl
were sampled in 2016, and these data are included in
Kingsbury and others (2020). Wells GLACETN1-01 and
GLACETNI1-02 have been sampled every year since 2014
and GLACETN1-03, GLACETN1-04, and GLACETN1-05
every year since 2015 (Arnold and others, 2017a, b, 2018a, b,
2020b). Between August 2017 and May 2019, bimonthly sam-
ples were collected at these wells, except for GLACETN1-04.
Results for the four wells sampled are included in Kingsbury
and others (2020).

Mississippi Embayment Aquifer System
Enhanced Trends Network (metxetn1)

The Mississippi Embayment aquifer system ETN
(metxetnl; fig. 314, E) was designed to study how water qual-
ity in shallow and deep parts of the regional aquifer changes in
response to changing hydrologic conditions and pumping. The
environmental setting of metxetnl previously was described in
Arnold and others (2017a, b) and is not repeated in this report.



The metxetn] consists of one well in the shallow aquifer
(METXETN1-02, 90 ft deep) and one well in the Memphis
aquifer  METXETNI1-01, 624 ft deep). The wells were first
sampled as part of the metxetnl in 2013 (Arnold and others,
2016a, b) and again in 2014 (Arnold and others, 2017a, b)
and 2015 (Arnold and others, 2018a, b). Sampling in 2016
was approximately bimonthly, and these data are included in
(Arnold and others, 2020a, b). Four samples were collected at
these wells during 2017, and annual samples were collected in
2018 and 2019. The data for these six samples are included in
Kingsbury and others (2020).

Northern Atlantic Coastal Plain Enhanced Trends
Network (nacpetn1)

The Northern Atlantic Coastal Plain ETN (nacpetnl;
fig. 314, D) in the Northern Atlantic Coastal Plain aquifer
system provides an opportunity to study the movement of
contaminants from the land surface downward into aquifers
and the effects of recharge and pumping on the temporal vari-
ability of water quality. The environmental setting of nacpetn1
previously was described in Arnold and others (2017a, b) and
is not repeated in this report.

The nacpetnl network has three wells that are across
southern Delaware in different parts of the flow system at dif-
ferent depths. Well NACPETN1-03 (119 ft deep) is a public-
supply well in southwestern Delaware near the center of the
Delmarva Peninsula. Well NACPETN1-02 (139 ft deep)
also is a public-supply well, one of several supply wells for a
coastal town. Well NACPETN1-01 is a shallow monitoring
well (22 ft) that is surrounded locally by agricultural land use.
All three wells in the nacpetnl were sampled once in 2014
(Arnold and others, 2017a, b), once in August 2015 (Arnold
and others, 2017a, b), and approximately bimonthly during
2016 (Arnold and others, 2020a, b). Bimonthly samples were
collected between August 2017 and May 2019, and those
results are included in Kingsbury and others (2020).

New England Crystalline-Rock and Glacial
Aquifer System Enhanced Trends Network
(negxetn1)

The New England crystalline-rock and glacial aquifer
system ETN (negxetnl; fig. 314, C) provides the opportunity
to study the temporal variability of contaminants in groundwa-
ter from geologic sources as well as contaminants from man-
made sources with changing inputs. The environmental setting
of negxetnl previously was described in Arnold and others
(2017a, b) and is not repeated in this report.

The negxetnl consists of three wells at different
depths. Two of the wells are public-supply wells, one com-
pleted in glacial sediments (NEGXETN1-01, 83 ft deep)
and the other one completed in the crystalline-rock aquifer
(NEGXETN1-02, 492 ft deep), and are in the southern part of
the network area. The third well is a domestic-supply well in
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the northern part (NEGXETN1-03, 176 ft deep). Wells in the
negxetnl were sampled in 2014 (Arnold and others, 2017a,
b) and again in 2015 (Arnold and others, 2018a, b). The wells
were sampled bimonthly January through November 2016
(Arnold, and others 2020a, b). During 2017, five samples
were collected at these wells between January and September,
and annual samples were collected in May of 2018 and 2019.
Results for these samples are presented in Kingsbury and
others (2020).

Vertical Flow-Path Study Networks

VFPS networks are designed to evaluate changes in
groundwater quality over longer periods of time than the ETN
and decadal trends networks (LUS and MAS networks) by
sampling wells that are along inferred flow paths. The wells
in a VFPS network are selected from public, domestic, or
monitoring wells and are located so that there is a representa-
tion of wells at different depths within a study area. Evaluating
vertical gradients of groundwater age and contaminant con-
centrations facilitates the understanding of changes in ground-
water quality over periods of time greater than 10 years. VFPS
networks generally are sampled once. Data from the Edwards-
Trinity aquifer system VFPS (edtrvipsl, fig. 32), Floridan and
surficial aquifer system VFPS (flsfvipsl, fig. 33), glacial aqui-
fer system VFPS (glacvips2, fig. 34), and Northern Atlantic
Coastal Plain aquifer system VFPS (nacpvfpsl, fig. 35) are
included in Kingsbury and others (2020).

Edwards-Trinity Aquifer System Vertical
Flow-Path Study Network (edtrvfps1)

The Edwards-Trinity aquifer system VFPS network
(edtrvipsl; fig. 32) was designed to add a groundwater age
framework to results from networks in the San Antonio
segment of the Edwards aquifer described previously in
this report in the sections about the sctxsusl and sctxlusrcl
networks. The edtrvfps] network consists of 25 wells near the
city of San Antonio. Of the wells, 20 are part of the sctxsus]
network (described earlier in this report) and range in depth
from 80 to 600 ft (median of 425 ft); the additional 5 wells are
public-supply wells completed in the deeper confined part of
the aquifer (depths range from 660 to 2,700 ft, with a median
of 870 ft). Samples for the VFPS were collected from March
to May 2018, and the data are available in Kingsbury and
others (2020).

Floridan and Surficial Aquifer System Vertical
Flow-Path Study Network (flsfvfps1)

The Floridan and surficial aquifer system VFPS network
(fisfvipsl; fig. 33) was designed to add an age framework
to results from decadal networks in these aquifer systems
to help address questions of changes in water quality over
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Figure 33. Study area and wells sampled as part of the Floridan and surficial aquifer system vertical flow-path study network
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Figure 35. Study area and wells sampled as part of the Northern Atlantic Coastal Plain aquifer system vertical flow-path study network

(nacpvfps1) for the U.S. Geological Survey National Water-Quality Assessment Project.
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time. The flsfvfps] network is a group of 34 wells that is

a combination of wells from the santluscrl and santsus2
networks described earlier in this report. The wells in this
network are completed at various depths ranging from about
13 to 1,125 ft (appendix 2, table 2.1). The wells were open to
these aquifers across intervals of 5 to about 370 ft, but most
(75 percent) were open across intervals of less than 40 ft
(appendix 2, table 2.2). Samples for the VFPS were col-
lected June—November 2018, and these data are available in
Kingsbury and others (2020).

Glacial Aquifer System Vertical Flow-Path Study
Network (glacvfps2)

The glacial aquifer system VFPS network (glacv{ps2;
fig. 34) was designed to add an age framework to results from
decadal networks in the glacial aquifer system to help describe
changes in water quality over time. The glacvfps2 network is
a group of 32 wells that is a combination of 14 wells from the
eiwaluscrl network and 18 wells from the eiwasus2 network
described earlier in this report. Wells range in depth from
about 12 to 196 ft (appendix 2, table 2.1). The wells were
open to the aquifer across intervals of 4 to 20 ft, but most were
open across intervals of less than 10 ft (appendix 2, table 2.2).
Samples for the VFPS were collected May—October 2017, and
the data are available in Kingsbury and others (2020).

Northern Atlantic Coastal Plain Aquifer System
Vertical Flow-Path Study Network (nacpvfps1)

The Northern Atlantic Coastal Plain aquifer system VFPS
(nacpvipsl; fig. 35) is in the unconfined surficial Kirkwood-
Cohansey aquifer system and was designed to add an age
framework to results from decadal networks in the Northern
Atlantic Coastal Plain aquifer system to help address ques-
tions of changes in water quality over time in the Glassboro,
N.J., area. The nacpvfpsl network consists of 28 monitoring
wells that are part of the linjlusrc1 urban land-use network
previously described in this report (ranging in depth from
about 15 to 70 ft). An additional 28 public-supply wells also
are part of this network and are deeper, ranging from about
70 to 180 ft in depth (appendix 2, table 2.1). The monitoring
wells are typically open to the aquifer across 2-ft intervals, and
the public-supply wells have open intervals from 15 to 60 ft
(appendix 2, table 2.2). Samples were collected from June to
November 2017, and the data are available in Kingsbury and
others (2020).

Modeling Support Study Networks

MSS networks are used to support modeling efforts
where more data are needed to calibrate a model. They are
designed based on a specific need so that each is some-
what unique in its design. Typically, these networks are

sampled one time to provide data for the model. Data from
the Mississippi Embayment aquifer system MSS network
(misemss1; fig. 36) and the Mississippi River Valley allu-
vial aquifer MSS network (mrvamss1; fig. 37) are included
Kingsbury and others (2020).

Mississippi Embayment Aquifer System
Modeling Support Study Network (misemss1)

The Mississippi Embayment aquifer system MSS
network (misemss1; fig. 36) in the Mississippi River Valley
in parts of Arkansas, Mississippi, Tennessee, Louisiana,
and Kentucky was designed to collect additional reduction-
oxidation (redox) sensitive and trace-element constituent
data in support of the predictive modeling studies in the
Mississippi Embayment aquifer system. The Mississippi
Embayment aquifer system consists of thick beds of primarily
unconsolidated sand with interbedded layers of silt and clay.
A regional upper confining layer, present throughout much
of the study area, separates Mississippi Embayment aquifers
from the overlying Mississippi River Valley alluvial aquifer.
In the study area, the aquifers are part of a thick sequence of
sediments that were deposited in a broad structural trough;
the aquifers generally dip toward the Mississippi River
and thicken in the downdip direction (Renken, 1998). The
network consists primarily of public-supply wells that range
in depth from 42 to 1,500 ft below land surface (appendix 2,
table 2.1). Samples for the model support study were col-
lected August—November 2018, and the data are available in
Kingsbury and others (2020).

Mississippi River Valley Alluvial Aquifer
Modeling Support Study Networks (mrvamss1)

The Mississippi River Valley alluvial aquifer MSS
(mrvamssl, fig. 37) was designed to collect water-quality
data in support of machine-learning model predictions
of selected water-quality constituents in this aquifer.
Specifically, this network was sampled to broaden the spa-
tial distribution of data for inorganic constituents such as
manganese and arsenic and field parameters such as specific
conductance, pH, and dissolved oxygen. The Mississippi
River Valley alluvial aquifer underlies the Mississippi River
Valley, which is a broad, flat floodplain. The aquifer is made
up of sand and gravel deposits of Quaternary age that typi-
cally are between 25 and 150 ft thick and is a major source of
water for irrigation in the region. The upper part of the allu-
vial plain is made up of fine-grained deposits that represent
an upper confining unit that is commonly 20 to 30 ft thick
(Renken, 1998). The network consists primarily of 39 wells
that range in depth from 30 to 236 ft (appendix 2, table 2.1).
Samples for the model support study were collected between
July and December 2018, and the data are available in
Kingsbury and others (2020).
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(mrvamss1) for the U.S. Geological Survey National Water-Quality Assessment Project.



Sample Collection and Analysis

Water-quality data from samples collected at 983 wells
(fig. 1) are available in Kingsbury and others (2020).
Groundwater samples were collected and processed using
methods designed to yield samples that were representative
of environmental conditions, minimally affected by con-
tamination, and consistent nationwide (Koterba and others,
1995; Lapham and others, 1995; USGS, variously dated). All
samples were collected at the wellhead (the point at which the
groundwater exits the well near land surface) or as close to the
wellhead as possible. This location was selected so that sam-
ples were collected before any treatment or blending poten-
tially could alter constituent concentrations. Samples were
collected and processed using prescribed protocols described
in Koterba and others (1995), Lapham and others (1995), and
the USGS National Field Manual (USGS, variously dated).
Samples were analyzed at the USGS National Water Quality
Laboratory (NWQL) in Denver, Colorado, for water-quality
indicators, nutrients and dissolved organic carbon (DOC),
major and minor ions, trace elements, VOCs, pesticides,
radon radiochemistry, and one item of special interest, arsenic
speciation. Three radionuclide constituent concentrations
(radium-224, radium-226, and radium-228) were analyzed by
ALS Environmental in Fort Collins, Colo. Microbiological
indicators (total coliforms, Escherichia coli [E. coli] and
Enterococci, and somatic and F-specific coliphage) were
analyzed at the USGS Ohio Water Microbiology Laboratory in
Columbus, Ohio. Perchlorate concentrations were analyzed by
Weck Laboratories, Inc., in Industry, California. Hexavalent
chromium concentrations were analyzed by the USGS Trace
Metal Laboratory in Boulder, Colo. Strontium isotopes
were analyzed by the Metal and Metalloid Isotope Research
Laboratory in Menlo Park, Calif.

The constituents for which samples were collected
are listed in table 2 of Kingsbury and others (2020) and are
organized by constituent class, constituent primary uses and
sources, analytical schedules and sampling period, analyti-
cal method references, USGS parameter codes, comparison
thresholds, reporting levels for the sampling period, number
of analyses, and the table in which the data for the constitu-
ent class are provided. The reporting levels provided are for
the samples collected during 2017 to 2019. Reporting levels
for earlier data are documented in Arnold and others (2016b,
2017a, 2018a, 2020b). Analytical schedules are groups of
constituents for which laboratory analysis is requested. The
USGS parameter code identifies the constituents, and the
method reference indicates the laboratory method used to
analyze the samples. The reported concentration of a constitu-
ent can be evaluated using the comparison threshold value. Of
the comparison thresholds listed in table 2 of Kingsbury and
others (2020), only the secondary maximum contaminant level
is not health based.

In addition to discrete water-quality samples that are
collected periodically, the ETN wells also are instrumented to
measure basic water-quality parameters at a high frequency
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during specific periods throughout each day. Each well

is instrumented with a water-quality sonde that contains
temperature, specific conductance, pH, and dissolved oxygen
probes. Some wells also are instrumented to measure nitrate.
The sonde sits in a flow-through chamber that receives
groundwater flow from near the wellhead. Measurements of
the basic water-quality parameters are made when the well
is pumping and groundwater is flowing through the system,
which may range from 1 to 24 hours per day. Water-quality
data are recorded by the sonde at different intervals, from

2 minutes to 12 hours, depending on the network. The
water-quality data are transmitted to a data-collection
platform where the data are stored and transmitted to the
USGS National Water Information System (USGS, 2020d)
database by the Geostationary Operational Environmental
Satellite network. The high-frequency data are reviewed,
corrected, and approved according to recommendations for
publishing continuous water-quality records (Wagner and
others, 2000).

Data Reporting

Laboratories use specified values, referred to as reporting
levels, in reporting results determined during analysis of water
samples. Different reporting levels are used depending on the
constituent and the laboratory method used to analyze the
sample. Concentrations not measured above a certain thresh-
old concentration for that constituent are reported as less than
the reporting level; these are censored data.

Reporting levels are defined differently by the NWQL
for inorganic and organic constituents. Inorganic constitu-
ents (major ions, nutrients, and trace elements) for samples
analyzed between 2017 and 2019 are each reported using a
reporting level that is equivalent to the detection limit (DL).
The DL is the smallest concentration that can be measured
and reported with 99-percent confidence that the concentra-
tion is greater than zero, which means a less than or equal
to 1-percent chance of a false positive (Williams and others,
2015). The DLs used for inorganic and organic constituents
generally were determined using the DQCALC method
described in Williams and others (2015); this is indicated as
DLDQC in table 2 of Kingsbury and others (2020). However,
for a few constituents that have commonly been detected in
laboratory blank samples, the DLs were determined using
an approach that calculates a DL directly from blank data
(Williams and others, 2015); this is indicated as DLBLNK
in table 2 of Kingsbury and others (2020). Organic constitu-
ents (VOCs and pesticides) are each reported using a report-
ing level that typically is about twice, but may be more than
twice, the DL (Williams and others, 2015); this is indicated
by RLDQC in table 2 of Kingsbury and others (2020) when
calculated from a DL determined using the DQCALC method.
This approach to setting the reporting level is estimated to
limit the chance of incorrectly reporting the constituent as
absent to less than or equal to 1 percent (Williams and others,
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2015). In other words, there is at least a 99-percent confidence
that the constituent really is absent from the sample when it is
reported relative to the reporting level. The reporting levels are
used for reporting analytical results for VOCs and pesticides
to allow for the robust analysis and interpretation of detec-
tion frequencies. The NWQL uses information-rich analytical
methods such as gas chromatography or high-performance
liquid chromatography for these constituents and often pro-
vides results that indicate the presence of these constituents
at concentrations less than their reporting levels, and even at
concentrations less than their DLs.

A few constituents are reported using minimum report-
ing levels (MRLs). The MRLs are calculated according to
the EPA definition of an MRL, described previously as the
minimum concentration of a substance that can be measured
and reported with 99-percent confidence that the value is
greater than zero (Oblinger Childress and others, 1999). A
minimum reporting level is a reporting level that is chosen by
the laboratory.

Radionuclides are reported using units of radioac-
tive activity (picocuries per liter) rather than concentra-
tion. Reporting levels for these constituents are based on
the sample-specific critical level (ssL.) or sample-specific
minimum detectable concentrations (ssMDCs) (McCurdy and
others, 2008). The ssL, and ssMDC are calculated for each
sample from parameter values used during the actual analy-
sis of the sample. The ssLc and ssMDC are analogous to the
DL and reporting level, respectively. The ssL. is defined as
the smallest measured activity that indicates detection of the
radionuclide, with no more than a 5-percent chance of a false
positive detection (EPA, 2004). The specified probability asso-
ciated with a critical level can vary, but it is typically 5 percent
for radionuclides. Like the DL, the ssL. is a reporting level
that is based on a specified probability of false positive errors;
that is, incorrectly reporting that the radionuclide is present.
The ssMDC, like the reporting level, is a reporting level that
is based on a specified probability of false negative errors;
that is, failing to report that the radionuclide is present. The
ssMDC is defined as the activity at which there is a 5-percent
chance of a false negative error and typically is about two
times greater than the ssL, (McCurdy and others, 2008).

Concentrations less than DLs, and concentrations
between DLs and reporting levels, are reported without any
qualifiers. Concentrations less than DLs or between DLs and
reporting levels can be identified by comparing the reported
concentrations with the DLs and reporting levels listed by
compound in table 2 of Kingsbury and others (2020). It is
important to note that there is greater uncertainty associated
with values less than DLs (regarding risk of false positive
errors or inaccurate detections) and with values less than
reporting levels (regarding risk of false negative values or
inaccurate nondetections) than with values that are greater
than DLs, reporting levels, or both.

The data presented in the associated data release
(Kingsbury and others, 2020) are current as of the date of
retrieval (April 2, 2020) from the National Water Information

System (USGS, 2020d). Results included in this data release
had the status of either “reviewed and accepted” or “presumed
satisfactory” in the National Water Information System. The
well information and water-quality data presented in this
report and the associated data release were reviewed by USGS
personnel and subsequently verified by coauthors who are
responsible for tracking the data.

Quality-Assurance and Quality-Control
Methods

The quality-assurance plan for NAWQA Project
groundwater samples was derived from previous NAWQA
Project cycles of study (Koterba and others, 1995) and the
USGS National Field Manual (USGS, variously dated).
About 14 percent of samples collected during any period
are for data quality assurance and quality control (QC).
Types of QC samples include equipment blanks, source
solution blanks, field blanks, replicates, field spikes,
and laboratory spikes. Data and results from statistical
analysis of blank QC samples are presented in appendix 5
(tables 5.1 and 5.2).

Blanks are used to test for bias from an unintentional
introduction of contamination to environmental samples.
Equipment blanks are used to test if equipment is clean
and free of contamination. Source solution blanks are used
to test if the water used for the blank sample is free of
contamination. Field blanks are used to test for contami-
nation that may be introduced during sample collection,
processing, handling, and analysis. Field blanks also are
used to test for contamination from the environment around
where the sample was collected. Replicates are samples that
are collected at the same time and using the same method as
the environmental sample. Replicates measure the variabil-
ity of determining a concentration in samples that should
be almost identical. Spiked samples are used to measure
the performance of analytical methods on an environmen-
tal water sample. A sample can be spiked in the field or
the laboratory.

The number and type of QC samples planned for each
network study depend on the number of wells sampled, the
number of sampling teams that are involved in the sampling,
and the constituents for which samples will be analyzed, as
described in the following criteria:

» Equipment blanks are collected for nutrients, trace ele-
ments, and VOC:s at the quantity of one blank for each
team sampling the network.

* Source solution blanks are collected for nutrients,
trace elements, and VOCs at the quantity of one blank
for each team sampling the network. The VOCs have
additional source solution blanks that are collected
with each field blank.



* Field blanks are collected for major ions, nutrients,
DOC, trace elements, and pesticides at the quantity
of 1 blank for every 15 wells sampled or 1 blank for
each team sampling the network (whichever results
in a greater number of blanks). Field blanks are col-
lected for VOCs at the quantity of 1 blank for every
10 wells sampled or 1 blank for each team sampling
the network (whichever results in a greater number
of blanks).

* Replicate samples are collected for major ions, nutri-
ents, DOC, trace elements, VOCs, and radionuclides at
the quantity of 1 replicate for every 30 wells sampled.
Replicate samples are collected for pesticides at the
quantity of 1 replicate for every 15 wells.

+ Field spikes are collected for pesticides at the quantity
of 1 spike sample for every 30 wells sampled.

 Laboratory spikes are collected for VOCs and trace
elements at the quantity of 1 spike sample for every
30 wells sampled.

Statistical analysis of QC sample data can be used to
evaluate the variability or bias of the data, sampling and
sample handling procedures, and laboratory and (or) field
methods and to ensure the environmental assessment samples
represent true groundwater chemistry. The QC sample data
provided in Kingsbury and others (2020) include water qual-
ity for blank QC samples collected between January 2017 and
December 2019 in association with the environmental sample
data and a few results from earlier sampling periods that were
not previously published. Data from the 2012—13 sampling
period are presented in Arnold and others (2016a, b), data
from the 2014 sampling period are presented in Arnold
and others (2017a, b), data from the 2015 sampling period
are presented in Arnold and others (2018a, b), and data
from the 2016 sampling period are presented in Arnold and
others (2020a, b).

Groundwater-Quality Data

Groundwater-quality data from 983 wells are included
in the accompanying data release (table 1 of Kingsbury and
others, 2020). Samples were analyzed for 383 constituents
(table 2 of Kingsbury and others, 2020); however, not all wells
were sampled for all constituents. Results of analyses are pre-
sented in tables 3—14 of Kingsbury and others (2020), which
are organized by constituent class: water-quality indicators
(table 3); nutrients and DOC (table 4); major and minor ions
(table 5); trace elements (table 6); VOCs (table 7); pesticides
(table 8); radiochemistry (table 9); microbiological indica-
tors (table 10); and special-interest constituents, including
arsenic speciation (table 11), hexavalent chromium (table 12),
perchlorate (table 13), and strontium isotopes (table 14). The
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constituents for which samples were analyzed and the table in
which the data are presented are listed in table 2 of Kingsbury
and others (2020). Comparative benchmarks (thresholds)
listed in that table provide context for evaluating the constitu-
ent concentration data in terms of human health and other
characteristics relevant for drinking-water use. Several types
of thresholds are listed. The EPA maximum contaminant levels
are legally enforceable drinking-water standards that specify
the maximum permissible level of a constituent that can be
delivered to a user of a public water system. The EPA human-
health benchmarks for pesticides (HHBPs) are nonenforceable
screening levels for evaluating if a pesticide concentration

in drinking-water sources may indicate a potential human-
health risk (EPA, 2012). The HHBPs include benchmarks for
cancer and noncancer health effects (EPA, 2013). The USGS
health-based screening levels are nonenforceable benchmarks
for constituents that do not have maximum contaminant
levels or HHBPs that can be used to evaluate if constituent
concentrations may indicate a potential human-health con-
cern (Toccalino, 2007; Norman and others, 2018). Like EPA
HHBPs, USGS health-based screening levels are categorized
in terms of cancer and noncancer health effects.

The groundwater-quality data from January 2017 to
December 2019 are presented in the format of tab-delimited
American Standard Code for Information Interchange text
files and are available for download from Kingsbury and oth-
ers (2020), including complete metadata files that describe
the contents of each text file. The data may be imported into
spreadsheet, database, or statistical software for manipu-
lation and analysis. The data available in Kingsbury and
others (2020) are referenced as tables 1-14 and appendix
tables 5.11-5.20.

Water-Quality Indicators

Water-quality indicators include water temperature, dis-
solved oxygen, specific conductance, pH, alkalinity, carbonate
and bicarbonate (calculated from alkalinity), and turbidity
(table 3 of Kingsbury and others, 2020). Water-quality indica-
tors are measured in the field when the other water samples
are collected (USGS, variously dated), and pH and specific
conductance sometimes also are measured in the laboratory.

Water-quality indicators provide basic information
about the general quality and geochemical conditions of the
water. Dissolved oxygen is the concentration of oxygen dis-
solved in the water and is an indicator of reduction-oxidation
(redox) conditions in the aquifer. Measurements of pH indi-
cate the acidity or basicity of water. Dissolved oxygen and
pH are important controls on the chemical reactions that can
happen in water. Specific conductance is a measure of how
well the water conducts electricity and indicates the relative
amount of dissolved solids in the water. Alkalinity, carbon-
ate, and bicarbonate indicate the hardness of water and are
related to pH. Turbidity is a measure of the suspended solids
in the water.
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Inorganic Constituents

Inorganic constituents are most commonly naturally
present in groundwater. Groundwater samples were analyzed
for the following inorganic constituent classes: major and
minor ions, nutrients and DOC, and trace elements (including
metals; tables 4—6 of Kingsbury and others, 2020).

Nutrients include nitrogen and phosphorus compounds
and DOC. Data for ammonia, nitrate plus nitrite, nitrite, total
nitrogen, and phosphorus measured as orthophosphate are pre-
sented in table 4 of Kingsbury and others (2020). Nutrients are
present naturally, but nutrient concentrations also are affected
by human activities such as farming and wastewater disposal
(Hem, 1985). Nitrogen was measured as total nitrogen and as
the individual nitrogen species of nitrite, nitrate, and ammonia.
Nutrient concentrations can affect the quality of groundwater
for use as drinking water.

Major and minor ions are cations and anions that can be
dissolved in water from geologic materials. Concentrations of
major and minor ions can be used to classify water into dif-
ferent types (Hem, 1985; Hiscock, 2005). Waters with similar
ion concentrations commonly have similar history, recharge
areas, climate, mineralogy, and residence time (Giiler and oth-
ers, 2002). Some major ions can affect the quality of water for
drinking and other uses. Groundwater samples were analyzed
for 10 major and minor ions and total dissolved solids (table 5
of Kingsbury and others, 2020).

Trace elements consist of metals that are usually present
in the environment in small quantities (Hem, 1985). Trace ele-
ments commonly are dissolved in water from geologic materi-
als, but concentrations of these elements also can be affected
by human activities such as mining. Many trace elements can
affect the quality of groundwater for use as drinking water.
Groundwater samples were analyzed for 22 trace elements
(table 6 of Kingsbury and others, 2020).

Organic Compounds

Organic compounds are man-made chemicals and include
VOCs and pesticides. VOCs are chemicals that tend to evapo-
rate into the air and are in a variety of substances including
disinfectants, solvents, paint, fumigants, asphalt, and fuel
additives (Zogorski and others, 2006). Pesticides are chemical
compounds used to control plant or insect pests and include
fungicides, herbicides, and insecticides (Gilliom and others,
2006). Many VOCs and pesticides, if present, can affect the
quality of groundwater used for drinking water. Groundwater
samples were analyzed for 85 VOCs and 225 pesticides
(tables 7 and 8 of Kingsbury and others, 2020).

Radiochemistry

Radiochemical constituents include radionuclides and
measurements of radioactivity. Radionuclides are chemi-
cal constituents that are produced naturally by the decay of

radioactive parent elements such as uranium and thorium.
Sources of radionuclides in groundwater are geologic mate-
rial such as rocks and soils (Hem, 1985). Radionuclides and
measurements of radioactivity are o radioactivity,  radio-
activity, radon (a dissolved gas), and several isotopes of
radium (radium-224, radium-226, and radium-228) (table 9 of
Kingsbury and others, 2020). Uranium, which also is a radio-
nuclide, is included with trace elements (table 6 of Kingsbury
and others, 2020) because uranium is measured in units of
mass concentration rather than as units of radioactivity. In
total, groundwater samples were analyzed for six radionu-
clides and measures of radioactivity.

Microbiological Indicators

Microbiological indicators include bacteria and viruses
that may be indicative of fecal contamination or susceptibility
to contamination in water resources (Myers and others, 2014).
Indicators analyzed in groundwater samples included three
types of bacteria: total coliforms, E. coli, and Enterococci
(table 10 of Kingsbury and others, 2020). Total coliforms are
common in the environment and their presence is not neces-
sarily associated with fecal contamination, but it can be an
indication of groundwater susceptibility to fecal contami-
nation. In contrast, the presence of E. coli and commonly
Enterococci indicate contamination (Myers and others, 2014).
Somatic and F-specific coliphages are viruses that infect and
replicate coliform bacteria, and their presence in groundwater
can indicate the presence of bacteria and may indicate the
presence of pathogenic viruses (Bushon, 2003).

Constituents of Special Interest

Several constituents of special interest were included
for selected networks. Constituents of special interest were
arsenic species (arsenate, arsenite, monomethylarsonate, and
dimethylarsinate), which are derived from arsenic, hexavalent
chromium, perchlorate, and strontium isotopes (87Sr/86Sr)
(tables 11-14 of Kingsbury and others, 2020). Arsenic and
chromium are predominantly natural in origin but may have
localized anthropogenic sources. Anthropogenic arsenic uses
include metal and ore processing, glass production, fossil fuel
combustion, wood preservatives, pesticides, semiconductor
production, and pharmaceuticals (Garelick and others, 2008).
Hexavalent chromium is chromium in the +6 oxidation state
(six electrons lost from the atom) and is used in textile dyes,
wood preservation, anticorrosive agents, and other surface
coatings (Nriagu and Niebor, 1988). Geochemical condi-
tions such as redox and pH affect the speciation of chromium
and arsenic in groundwater (Hem, 1985). Most arsenic and
chromium in groundwater is from geologic sources in rocks
and soils. Perchlorate is an inorganic constituent used in rocket
fuels, fireworks, safety flares, and other products; it is pres-
ent in some fertilizers and may be present naturally at low
concentrations in groundwater (Srinivasan and Sorial, 2009;



Jackson and others, 2015). Strontium isotope variations in
groundwater provide insight into the sources of dissolved
constituents to groundwater and have been used to trace flow
paths and mineral-solution reactions in soils and aquifer rocks
(Banner, 2004).

Summary

As part of the third decadal cycle of the U.S. Geological
Survey National Water-Quality Assessment Project,
groundwater-quality data are being collected from well net-
works to assess water-quality conditions in the Nation’s prin-
cipal aquifers and investigate changes in groundwater-quality
conditions in selected land use and hydrogeologic settings.
Groundwater-quality data are published in annual data series
reports, of which this report is the fifth in the series.

Groundwater-quality data from 983 wells were collected
from 6 types of well networks: principal aquifer study net-
works, land-use study networks, major aquifer study networks,
enhanced trends networks, vertical flow-path study networks,
and modeling support studies. Within principal aquifer,
land-use, and major aquifer study networks, study areas were
divided into equal-area grids and wells were selected for sam-
pling using a stratified random sampling design. The number
of wells in principal aquifer networks ranged from about 40
to 60 wells per network for the studies included in this report.
About 30 wells typically made up each land-use or major
aquifer study network. Enhanced trends networks that were
sampled in 2017 through 2019 consisted of two to five wells
that were selected at locations within aquifers where tempo-
ral changes in groundwater quality might be expected. Four
vertical flow-path study networks and two modeling support
studies are described in this report.

Groundwater samples were analyzed for water-quality
indicators and constituents, including nutrients, major and
minor ions, trace elements, volatile organic compounds,
pesticides, radiochemistry, microbiological indicators, and
select special-interest constituents such as arsenic specia-
tion, hexavalent chromium (chromium [VI]), and perchlorate.
These groundwater-quality data are tabulated in an associated
U.S. Geological Survey data release. Quality-control samples
were collected during the collection of selected environmental
samples, and data from blank quality-control samples also are
included in this report. The data release includes data collected
during 2017 through 2019 and includes samples from one
network that were collected in 2016.
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Table 2.2. Length of open interval by study network.

[ETN, enhanced trends network; nc, not calculated; LUS, land-use study; MSS, modeling support study; PAS, principal aquifer study; MAS, major aquifer
study; VFPS, vertical flow-path study]

Number of Number_of Length of open interval, in feet
Network Network wells in wells_wnh N 10th o5l _ T5th 95th .
type name network  °PEMInter-  Minimum . . Median . .. Maximum
val data percentile percentile percentile percentile

ETN clptetnl 3 3 1 nc nc 26 nc nc 174
ETN cvaletnl 3 3 10 nc nc 150 nc nc 200
ETN edtretnl 3 3 80 nc nc 230 nc nc 233
ETN glacetnl 4 4 3 nc nc 5 nc nc 10
ETN metxetnl 2 2 10 nc nc 57 nc nc 104
ETN nacpetnl 3 3 3 nc nc 19 nc nc 50
ETN negxetnl 3 2 10 nc nc 207 nc nc 404
ETN rgagetnl 3 3 10 nc nc 10 nc nc 20
LUS connlusrcl 30 30 2 2 2 5 5 5 5
LUS eiwaluscrl 29 29 5 5 5 5 5 5 5
LUS linjlusrcl 29 29 2 2 2 2 2 2 10
LUS miselusrcl 30 30 10 10 10 10 10 10 20
LUS ozrklusag2a 21 4 20 24 31 85 165 233 250
LUS pugtluscrl 20 19 3 3 3 5 7 10 10
LUS sacrluscrl 23 23 5 5 5 5 5 5 10
LUS sacrlusrcl 21 21 5 5 5 10 10 15 15
LUS santluscrl 22 20 5 5 5 5 10 15 15
LUS sctxlusrcl 30 30 60 65 70 80 80 101 120
LUS umisluscrl 29 29 4 5 5 5 5 10 20
LUS usnkluscr3 31 25 15 23 61 120 201 384 450
MSS misemss] 28 21 10 20 25 40 50 70 140
MSS mrvamss| 39 26 3 9 19 20 30 40 40
PAS cacbpasl 90 76 20 54 83 237 416 616 1,320
PAS coplpasl 60 40 10 40 79 210 359 875 1,787
PAS cvalpas] 79 57 20 60 105 240 320 478 656
PAS edtrpas] 74 28 15 60 93 169 280 420 490
PAS strvpasl 59 25 3 10 15 20 30 42 60
PAS strvpas2 55 25 5 10 14 25 30 50 50
PAS surfpasl 58 55 3 11 29 40 55 72 80
MAS cazbsusla 29 25 4 11 40 69 190 640 763
MAS connsus2 22 17 1 1 3 4 6 10 13
MAS eiwasus2 24 12 4 4 5 12 20 20
MAS linjsus2 28 28 5 10 10 10 10 10 10
MAS lirbsus1 26 25 4 4 4 6 8 10 11
MAS santsus2 27 25 5 12 34 77 199 370 421
MAS sctxsus| 26 15 1 23 55 135 220 329 460
MAS uirbsus3 29 29 206 310 440 578 867 1,430 1,494
MAS umissus3 27 27 1 8 18 25 35 130 190
VFPS edtrvips] 25 16 1 26 65 189 320 491 537

VFPS flsfvipsl 34 30 5 5 5 13 40 279 368
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Table 2.2. Length of open interval by study network.—Continued

[ETN, enhanced trends network; nc, not calculated; LUS, land-use study; MSS, modeling support study; PAS, principal aquifer study; MAS, major aquifer
study; VFPS, vertical flow-path study]

Number of Number of Length of open interval, in feet
Network Network wells in wells with 10th 25th T5th 95th
type name | open inter-  Minimum . " Median th " Maximum
networ val data percentile percentile percentile percentile
VFPS glacvfps2 32 25 4 5 5 5 8 19 20

VFPS nacpvipsl 56 55 2 2 2 10 30 40 60
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Appendix 3. Well Identification Numbers and Reports Containing Sample
Results for Wells in the California Coastal Basin Aquifers and Central Valley
Aquifer System Principal Aquifer Study Networks

Table 3.1. Well identification numbers, Groundwater Ambient Monitoring and Assessment study unit, and report with water-quality
data for wells in the California Coastal Basin aquifers and Central Valley aquifer system principal aquifer study networks [available for
download at https://doi.org/10.3133/ds1136].


https://doi.org/10.3133/ds1136
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Appendix 4. High-Frequency Data from Enhanced Trends Networks

High-frequency data collected at enhanced trends
network sites are available from the U.S. Geological Survey
National Water Information System (U.S. Geological Survey,
2020) online database (table 4.1). The links in table 4.1
provide access to the high-frequency data on the web. To
access the data for the period covered by this report, the user
should open the National Water Information System web page

at https://doi.org/10.5066/F7P55KJN. The user should then
change the begin and end dates to retrieve the data for the
period January 1, 2017, to December 31, 2019.

Some of the enhanced trends network sites may have dif-
ferent equipment installed and may collect different param-
eters than other sites. Additionally, some sites have missing
records for various parameters because of equipment failures
at various times during the data-collection period.

Table 4.1. Web links to selected data collected at a high frequency from enhanced trends networks.

[See figures 30-31 of this report for locations of enhanced trends networks. NAWQA, National Water-Quality Assessment]

NAWOQA Project well

Network name identification number

Link to data collected at a high frequency

clptetn]1 CLPTETNI1-01 https://waterdata.usgs.gov/nwis/uv?site n0=455415119314601
clptetnl CLPTETNI1-05 https://waterdata.usgs.gov/nwis/uv?site no=454827119173401
cvaletnl CVALETN1-03 https://waterdata.usgs.gov/nwis/uv?site_no=364200119420003
edtretnl EDTRETN1-02 https://waterdata.usgs.gov/nwis/uv?site 10=293516098325501
glacetnl GLACETNI1-01 https://waterdata.usgs.gov/nwis/uv?site n0=443320089212303
glacetnl GLACETNI1-02 https://waterdata.usgs.gov/nwis/uv?site_no=443320089212304
glacetnl GLACETNI1-03 https://waterdata.usgs.gov/nwis/uv?site n0=431053090042702
glacetnl GLACETNI1-04 https://waterdata.usgs.gov/nwis/uv?site n0=431053090042701
metxetnl METXETN1-02 https://waterdata.usgs.gov/nwis/uv?site_no=351111089512501
nacpetnl NACPETN1-01 https://waterdata.usgs.gov/nwis/uv?site no=384637075153201
negxetnl NEGXETNI1-03 https://waterdata.usgs.gov/nwis/uv?site n0=425651070573701
rgaqetnl RGAQETNI1-01 https://waterdata.usgs.gov/nwis/uv?site_no=323733107011002
rgaqetnl RGAQETNI1-02 https://waterdata.usgs.gov/nwis/uv?site n0=324007107095501
rgaqgetnl RGAQETN1-03 https://waterdata.usgs.gov/nwis/uv?site n0=324955107180902

Reference Cited

U.S. Geological Survey, 2020, USGS water data for the
Nation: U.S. Geological Survey National Water Information
System database, accessed April 2, 2020, at https://doi.org/
10.5066/F7P55KJN.
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Appendix 5. Quality-Control Data and Analysis

Samples

Quality-control (QC) samples are routinely collected
along with the environmental groundwater samples. The third
cycle of the National Water-Quality Assessment (NAWQA)
groundwater studies began in 2013, but there was a small pilot
study in 2012. The third cycle sampling period currently is
May 2012—December 2018; this period is hereafter referred
to as “the cycle 3 sampling period.” Data from the environ-
mental and QC blank and replicate samples from the 2012—13
sampling period were presented in Arnold and others (2016a,
b), and data from the 2014 sampling period were presented in
Arnold and others (2017a, b); the Arnold and others (2017a,
b) publications also presented data for selected spike samples
collected in 2012—14. Data from the environmental and QC
blank samples from the 2015 sampling period were presented
in Arnold and others (2018a, b). Data from the environmental
and QC blank, replicate, and spike samples from the 2016
sampling period, along with data from the QC replicate and
spike samples from the 2015 sampling period, were presented
in Arnold and others (2020a, b). This section of the current
report presents a summary of QC samples from the cycle 3
sampling period (May 2012—December 2018). Data for QC
samples collected in 2019 for the enhanced trends networks
are published in Kingsbury and others (2020) but are not
included in the discussion or tables presented in this section. In
addition, no QC data and no QC evaluation for pesticide com-
pounds are published in this report because a detailed evalu-
ation of QC samples collected in May 2013—September 2018
for pesticide compounds is presented in Bexfield and others
(2020). Finally, data for QC samples collected for micro-
biological constituents in January 2016—December 2018 are
published and discussed in this report.

For all constituents included in the QC evaluation
presented in this section of the report, a summary of results
from blank samples collected during the sampling period
January 2017-December 2018 is provided in table 5.1, and
a summary for the cycle 3 sampling period is provided in
table 5.2. A summary of replicate samples, an analysis of the
variability in detections and concentrations of selected ana-
lytes from replicate samples, and a summary of spike samples
for the sampling period May 2012—December 2018 are
provided in tables 5.3 through 5.10. Data from the QC samples
from the January 2017—December 2018 sampling period are
presented in tables 5.11-5.19 of Kingsbury and others (2020).

Data users should be aware that method and (or) instru-
ment changes have been implemented during cycle 3 for
dissolved organic carbon (DOC) and trace elements. A
method validation study for the new DOC method imple-
mented on October 1, 2017, is discussed in National Water
Quality Laboratory Technical Memorandum 2018.02

(http://wwwnwql.cr.usgs.gov/tech_memos/nwql.2018-02.pdf,
accessed April 20, 2020). An instrument validation study for
the new trace-clement instruments deployed on October 1,
2016, is discussed in National Water Quality Laboratory
Technical Memorandum 2018.01 (http://wwwnwql.cr
.usgs.gov/tech memos/nwql.2018-01.pdf, accessed April 20,
2020). The comparability of results across methods and
instrumentation is not examined as part of the QC evaluation
presented here because it is addressed by these memoranda.

Blank-Sample Approach

Blank samples are QC samples that are used to deter-
mine if water samples might become contaminated during
sample collection, field processing, transport, or laboratory
analysis. Blank samples are collected using water that has
been prepared to be free of detectable concentrations of the
constituents of interest. An equipment blank generally is
collected in a controlled environment (such as a laboratory)
before field sampling begins and is intended to evaluate the
suitability of the equipment and equipment cleaning protocols
for the established data-quality requirements. A field blank is
subjected to all the same aspects of sample collection, field
processing, preservation, transportation, and laboratory han-
dling as an environmental sample and is intended to evaluate
the potential for these procedures to be sources of contamina-
tion. A source solution blank is a sample of the water used to
collect the equipment and field blanks and is intended to verify
that the blank water itself has no detectable concentrations of
the constituents of interest. Because field blanks are collected
under conditions most comparable to conditions affecting
environmental samples, these blanks are most directly rep-
resentative of potential sources of contamination to environ-
mental samples and were the focus of this initial evaluation of
blank-sample results.

Results of the initial evaluation of data from field blanks
for major and trace elements, nutrients, and volatile organic
compounds (VOCs) collected during sampling period of
January 2017-December 2018 and the cycle 3 sampling
period are presented in this report. About 70 to 75 percent
of the field blanks collected for each of these constituents
during the cycle 3 sampling period have been associated
with groundwater sites that are sampled using a dedicated
pump (primarily public-supply and domestic wells), and the
rest have been associated with groundwater sites that are
sampled using a portable sampling pump (monitoring wells).
The objective of this initial evaluation of field blanks was to
determine if environmental concentrations of these constitu-
ents as reported by the relevant laboratories are suitable for
comparison to their corresponding human-health benchmarks


http://wwwnwql.cr.usgs.gov/tech_memos/nwql.2018-02.pdf
http://wwwnwql.cr.usgs.gov/tech_memos/nwql.2018-01.pdf
http://wwwnwql.cr.usgs.gov/tech_memos/nwql.2018-01.pdf

(HHBs) or to U.S. Environmental Protection Agency second-
ary maximum contaminant levels (SMCLs) if HHBs have not
been established. The HHBs are a set of health-based com-
parison thresholds that include U.S. Environmental Protection
Agency maximum contaminant levels, health-based screening
levels (HBSLs), and human-health benchmarks for pesti-
cides. Further evaluation of results for blank samples, such

as through methods used by Olsen and others (2010), Bender
and others (2011), Fram and others (2012), Davis and others
(2014), or Bexfield and others (2020), would be needed to
determine if inadvertent contamination of samples with certain
constituents would affect the interpretation of environmental
concentrations of those constituents for objectives other than
those presented in this report.

Blank-Sample Counts

The total number of blank samples and the number of
field blanks collected for groundwater sites differ by analyte
group and for constituents within the analyte groups dur-
ing the 2017-18 sampling period and the cycle 3 sampling
period (tables 5.1 and 5.2, respectively). Data for all blank

Table 5.1.
December 2018.
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samples from the 2017-18 sampling period are presented in
tables 5.11-5.18 of Kingsbury and others (2020). All blank
samples collected during the cycle 3 sampling period were
analyzed using the corresponding laboratory methods listed in
table 2 of Arnold and others (2016a, 2017a, 2018a, 2020b) and
Kingsbury and others (2020). Of the 732 VOC blank samples
of all types collected during the cycle 3 sampling period

(table 5.2), 26 were collected in 2012 or early 2013 and ana-
lyzed for an older analytical schedule using purge and trap gas
chromatography/mass spectrometry (Gilliom and others, 2006;
Zogorski and others, 2006); 706 were collected in 2013—18
and analyzed using the most recent analytical schedule and
laboratory methods (purge and trap gas chromatography/mass
spectrometry and heated purge and trap gas chromatography/
mass spectrometry). Not included in table 5.1 are sample
counts for radiological analytes, for which blank samples
were collected starting only in 2018, resulting in only nine
field blanks for each analyte. Also not included in table 5.1 are
special analytes collected only in selected well networks dur-
ing the cycle 3 sampling period: arsenic species, perchlorate,
and hexavalent chromium (chromium [VI]). In January 2017—
December 2018, no field blanks were collected for hexavalent
chromium, only one was collected for arsenic species, and
only two were collected for perchlorate.

Summary of results for field blanks collected by the National Water-Quality Assessment Project from January 2017 to

[DOC, dissolved organic carbon; VOC, volatile organic compound; HHB, human-health benchmark; SMCL, secondary maximum contaminant level]

Major and

Type of summary minor Trace Nutrients and DOC VOCs Mlcrob_lologlcal
elements constituents!
elements
Total number of blank samples 76 142 66 to 132 160 44
Number of field blanks 73 72 54 to 69 61 36
Number of constituents analyzed 10 22 6 85 5
Number of constituents detected in field 6 16 5 22 1
blanks
Number of constituents detected in field 2 14 1 12 0
blanks that have an HHB
Number of constituents detected in field 2 4 0 0 0
blanks that have an SMCL
Largest ratio of the maximum concentra- 0.35 23 1.1 1.4 Not applicable
tion in a field blank to the corresponding
HHB, in percent
Largest ratio of the maximum concentra- 0.7 11 Not applicable Not applicable Not applicable

tion in a field blank to the corresponding
SMCL, in percent

IResults for microbiological constituents are for January 2016 to December 2018.
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Constituent Concentrations in
Blank Samples

Of the 10 major or minor elements included in laboratory
analysis (not including analysis for dissolved-solids concen-
tration), 6 were detected in at least 1 field blank collected in
2017-18 (table 5.1); all 10 elements were detected in at least
1 field blank collected during the cycle 3 sampling period
(table 5.2). Two of the major or minor elements detected dur-
ing the cycle 3 sampling period (fluoride and iron) have HHBs
(table 2 of Kingsbury and others, 2020); four (chloride, fluo-
ride, sulfate, and iron) have SMCLs. The maximum concentra-
tions for fluoride and iron in any field blank from the cycle 3
sampling period were each 2.0 percent of their corresponding
HHBs. For chloride and sulfate, the maximum concentration
in any field blank from the cycle 3 sampling period was less
than 1 percent of the corresponding SMCL. For fluoride, the
maximum concentration was 3.9 percent of the correspond-
ing SMCL. For iron, the maximum concentration in any field
blank from the cycle 3 sampling period was 26 percent of
its corresponding SMCL of 300 micrograms per liter (ug/L),
reported for an August 2016 sample. Results for blind blanks
submitted to the National Water Quality Laboratory (NWQL)
to evaluate laboratory data quality indicate a slight high bias
for iron during 2016 but no evidence of a laboratory contami-
nation issue (Tedmund Struzeski, U.S. Geological Survey
[USGS] Inorganic Blind Sample Project, written commun.,
2017 and 2018). Of 280 NAWQA cycle 3 field blanks for iron,
the 2 results that exceed 10 percent of the SMCL (42.0 pg/L
and 78.6 pg/L for samples collected in September 2014 and
August 2016, respectively) likely reflect isolated events.

Of the 22 trace elements included in laboratory analysis,
16 were detected in at least 1 field blank collected in 2017-18
(table 5.1); all 22 were detected in at least 1 field blank from
the cycle 3 sampling period (table 5.2). Of the 22 trace ele-
ments detected in field blanks from the cycle 3 sampling
period, 20 (aluminum, antimony, arsenic, barium, beryllium,
boron, cadmium, chromium, cobalt, copper, lead, manganese,
molybdenum, nickel, selenium, silver, strontium, thallium,
uranium, and zinc) have HHBs (table 2 of Kingsbury and oth-
ers, 2020); 5 (aluminum, copper, manganese, silver, and zinc)
have SMCLs. For 7 of the 20 detected trace elements with
HHBSs, the maximum concentration measured in a field blank
from the cycle 3 sampling period was less than 1 percent of
the corresponding HHB. For nine trace elements (aluminum,
antimony, arsenic, beryllium, cadmium, manganese, nickel,
thallium, and zinc), the maximum concentration was less than
5 percent of the HHB, and for copper, the maximum concen-
tration was 8.5 percent of the HHB. The maximum concen-
trations for lead and molybdenum were 15 and 23 percent of
their HHBs, respectively, but these likely represent isolated
events (with concentrations of 2.3 pg/L in August 2017
for lead and 7.0 pug/L in September 2018 for molybdenum)
because all other concentrations were less than 5 percent of
the HHB. For cobalt, which was assigned an HHB of 2 ug/L in
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2018, concentrations from 10 to 33 percent of the HHB have
occurred sporadically for field blanks collected throughout
cycle 3, and a single high concentration of 5.4 pg/L occurred
in September 2014. The USGS Office of Water Quality has
documented random low-level contamination of water samples
with cobalt and manganese from certain capsule filters used
by the NAWQA Project and across the USGS from about
October 1, 2008, to about September 30, 2014 (USGS Office
of Water Quality, written commun., July 1, 2016). Blank
samples for cobalt and manganese that were collected for
NAWQA during this period were evaluated to determine the
possible effects of this contamination on environmental sam-
ples, and evaluation results were described in appendix 3 of
Arnold and others (2017b). However, one-half of the NAWQA
field blanks with cobalt concentrations exceeding 10 percent
of the HHB were collected after September 2014 and had no
identified source of contamination as of April 2020.

For silver and zinc, the maximum concentration mea-
sured in a field blank from the cycle 3 sampling period was
less than 1 percent of the corresponding SMCL; for man-
ganese, the maximum concentration was less than 9 per-
cent of the SMCL. For copper, the maximum concentration
was 11 percent of the corresponding SMCL of 1,000 pg/L,
reported for an August 2017 sample; this result likely rep-
resents an isolated event because concentrations for all but
one other field blank are no more than 5.1 percent of the
SMCL. For aluminum, the maximum concentration was
nearly 200 percent of the corresponding SMCL of 50 pg/L.
Results for blind blanks submitted to the NWQL to evalu-
ate laboratory data quality indicate false positive detections
of aluminum in blank samples submitted to the laboratory
during July and August 2014, August—December 2015, and
June 2016 (U.S. Geological Survey, 2020). Investigation of
this issue by the NWQL indicated the occurrence of sporadic
contamination at concentrations of as much as 63 pg/L from
at least July 2014 through December 2015, although the
source of contamination and, therefore, the exact magnitude of
contamination and the period(s) affected were not established
(Tedmund Struzeski, USGS Inorganic Blind Sample Project,
written commun., 2015). For NAWQA field blanks collected
through the end of December 2018, reported detections of
aluminum greater than the laboratory reporting limit occurred
in blank samples collected primarily between May 29, 2014,
and July 16, 2014; between March 25, 2015, and September 8,
2015; and between April 7, 2016, and August 10, 2016.

Of the five nutrients or groups of nutrients that the
laboratory analyzes directly (as opposed to the nutrients with
calculated results), four were detected in at least one field
blank collected in 2017-18, as was DOC (table 5.1). All five
nutrients and DOC were detected in at least one field blank
from the cycle 3 sampling period (table 5.2). Two of the
nutrients detected in field blanks from the cycle 3 sampling
period (nitrite and nitrate) have HHBs (table 2 of Kingsbury
and others, 2020); none have SMCLs. For each of the two
nutrients with HHBs, the maximum concentration measured
in a field blank from the cycle 3 sampling period was no more



76 Groundwater-Quality and Select Quality-Control Data from the National Water-Quality Assessment Project, 2017 through 2019

than 1.1 percent of the corresponding threshold. DOC does
not have an HHB but was detected in 23 of 54 field blanks
collected during 2017—18 and in 85 of 254 field blanks col-
lected during cycle 3. Concentrations during cycle 3 ranged
from 0.23 to 633 milligrams per liter (mg/L) and included
multiple values greater than 1 mg/L; however, concentra-
tions of this magnitude probably reflect inadequate rinsing
of sampling equipment with blank water between use of
methanol during the cleaning process and subsequent collec-
tion of the blank sample. Therefore, these results likely are
not representative of the actual potential for contamination
of environmental samples, which are collected only after
flushing of sampling equipment with copious quantities of
native groundwater.

Blank samples collected in 2012 were analyzed for
85 VOCs, and blank samples collected in 2013 through
2018 were analyzed for a different (but partially overlap-
ping) list of 85 VOCs; the change in laboratory methods
and constituent lists resulted in a total of 129 VOCs being
included in the overall dataset of blank results. In total,

22 VOCs were detected in at least 1 field blank collected in
2017-18 (table 5.1), and 30 VOCs were detected in at least

1 field blank from the cycle 3 sampling period (table 5.2).

A total of 17 compounds detected in field blanks from the
cycle 3 sampling period (1,1-dichloroethene, 1,2-dibromo-
3-chloropropane, 1,2,4-trimethylbenzene, 1,4-dichloroben-
zene, benzene, carbon disulfide, cyclohexanone, dichlorometh-
ane, cthyl acetate, ethylbenzene, isopropyl alcohol, m-xylene
plus p-xylene, o-xylene, styrene, toluene, trichloroethene,
and trichloromethane) have HHBs (table 2 of Kingsbury and
others, 2020) and none have SMCLs. For 12 of the 17 VOCs
with HHBs, the maximum concentration measured in a blank
was less than 1 percent of the corresponding HHB threshold;
for the remaining 5 VOCs (1,1-dichloroethene, 1,2-dibromo-
3-chloropropane, dichloromethane, isopropyl alcohol, and
trichloroethene), the maximum concentration was less than

5 percent of the corresponding HHB threshold. Some detec-
tions of toluene in field blanks might be the consequence of
the presence of toluene in vials used for sample collection;
testing of vials has indicated concentrations of as much as
about 0.16 ng/L (Jeff McCoy, USGS NWQL, written com-
mun., August 15, 2018), which is several orders of magnitude
less than the maximum contaminant level.

A few radiological analytes were detected in one or more
of the nine field blanks from the cycle 3 sampling period. In
two field blanks, alpha radioactivity (30-day count), alpha
radioactivity (72-hour count), and polonium-210 each had
detections; in one field blank, beta radioactivity (30-day count)
and beta radioactivity (72-hour count) each had detections.
There were no detections for lead-210 or radium isotopes.
Maximum values for the alpha and beta radioactivity ana-
lytes were 7 percent or less of their corresponding HHBsS;
polonium-210 does not have an HHB.

A few of the special analytes collected in only selected
well networks were detected in one or more field blanks from
the cycle 3 sampling period. The one field blank collected

in 201718 for arsenic speciation had no detections. Seven
field blanks were collected for arsenic speciation during the
cycle 3 sampling period. In these 7 field blanks, there were
no detections of 3 arsenic species (arsenite, dimethylarsinate,
and monomethylarsonate), but arsenate was detected in

1 field blank at a concentration of 1.51 pg/L, which is about
15 percent of the HHB of 10 pg/L for total arsenic. Because
it is possible that contamination could limit the suitability
of arsenate results for comparison to the arsenic HHB, total
arsenic results by NWQL laboratory schedule 2710, which
are available for all samples that have arsenate results,
should be used for comparison to the HHB. Perchlorate was
not detected in either of the 2 field blanks collected during
2017-18 or in any of the 19 total field blanks collected dur-
ing the cycle 3 sampling period. No hexavalent chromium
field blanks were collected during 2017-18, but hexavalent
chromium was detected in 2 of the 20 field blanks from

the cycle 3 sampling period at 0.2 pg/L (in June 2015) and
0.3 pg/L (in July 2014), the latter of which is 750 percent
of the upper cancer HBSL of 0.04 ng/L (which is less than
the laboratory reporting level), but only 7.5 percent of the
lower cancer HBSL of 4 ug/L and 1.5 percent of the non-
cancer HBSL of 20 ug/L. Corresponding total chromium
values typically are reported by the same USGS Trace Metal
Laboratory in Boulder, Colorado, that analyzes for hexava-
lent chromium. Of the 19 samples from the cycle 3 sampling
period that had total chromium results reported by this labo-
ratory, 2 field blanks had a detection of total chromium at
concentrations of as much as 0.6 pug/L, which is 0.6 percent
of the HHB of 100 pg/L. Therefore, it seems that there is
minimal potential for contamination of total chromium from
the USGS Trace Metal Laboratory to affect comparison of
these values to HHBs.

Blank samples were collected in 201618 for five
microbiological constituents, which include the concentra-
tions of three fecal-indicator bacteria and the presence of
two coliphage viruses. None of the 36 field blanks collected
during this period had detections of fecal-indicator bacteria.
Of 36 field blanks, 1 indicated the presence of F-specific
coliphage, and none indicated the presence of somatic coli-
phage. Currently, there are no HHBs related to the occurrence
of coliphage.

The maximum concentrations of nutrients and VOCs in
field blanks from the cycle 3 sampling period are all substan-
tially less than the thresholds used by the NAWQA Project
to distinguish between low and moderate concentrations
(50 percent of the HHB or SMCL for inorganic constituents
and 10 percent of the HHB for organic constituents); there-
fore, results of the field-blank samples for these constituent
groups indicate minimal potential for effects of contamination
on the number of groundwater samples that would be clas-
sified as having moderate or high concentrations relative to
current HHBs or SMCLs. This same conclusion was reached
for pesticide compounds by Bexfield and others (2020).

For most major, minor, and trace elements, the maximum
concentrations in field blanks from the cycle 3 sampling
period also are substantially less than the relevant thresholds.
Concentrations exceeded 20 percent of the HHB for one field



blank for molybdenum and exceeded 20 percent of the SMCL
for two field blanks for iron, but there do not seem to be any
systematic contamination issues that would substantially affect
classification of results for these constituents relative to the
thresholds (for iron, comparisons to its HHB are largely unaf-
fected because the maximum field-blank concentration is only
2 percent of the HHB). Because data from blind blanks and
field blanks indicate that laboratory contamination might have
affected aluminum results considerably for some environmen-
tal samples from late May 2014 through at least August 2016,
aluminum results from this period cannot positively be clas-
sified as moderate or high relative to the SMCL of 50 ug/L;
classifications relative to its much higher HHB of 6,000 pug/L
are not affected. For cobalt, based on the sporadic occurrence
of concentrations from 10 to 33 percent of the HHB through-
out cycle 3, and a single high concentration of 5.4 pg/L,
classifications relative to the HHB of 2 pg/L in 2018 cannot be
made with high confidence. Finally, hexavalent chromium also
cannot positively be classified as moderate or high relative

to its lower cancer HBSL because of a laboratory reporting
level and field-blank concentrations greater than this thresh-
old, but comparisons to its higher HHBs are not affected.
Detections of radiological analytes in the relatively small
number of available field blanks are substantially less than the
relevant thresholds.

Replicate Sample Approach

Replicate samples are QC samples that are used to esti-
mate variability of analytical results caused by random mea-
surement error (Mueller and others, 2015). Replicate samples
are two or more water samples that are collected, processed,
and analyzed in a manner that allows them to be considered
identical in composition and analysis (Mueller and others,
2015). Replicate groundwater samples for NAWQA consist of
two samples collected one after the other in the field (sequen-
tial field replicates).

Replicate samples typically are used to evaluate variabil-
ity in analyte concentration by estimating standard deviation
(SD) as a function of concentration (Mueller and others,
2015). The presence of censored values affects the calculation
of these estimates and generally necessitates estimation of the
variability in analyte detection as well. One measure of the
variability in analyte detection is the mean detection rate for
all replicate pairs having at least one detection (Martin, 2002;
Mueller and others, 2015). Another measure is the percentage
of replicate sets with inconsistent detections, which is calcu-
lated as the number of replicate sets with inconsistent detec-
tions divided by the total number of replicate sets minus the
number of sets with consistent nondetections (Martin, 2002;
Mueller and others, 2015). A one-sided upper confidence
limit for the percentage of inconsistent replicate sets can be
calculated as described by Mueller and others (2015). Multiple
approaches are available to estimate the variability of analyte
concentrations as a function of concentration. Three of these
approaches and the requirements to apply them are described
by Mueller and others (2015).

Appendix 5. Quality-Control Data and Analysis 77

Data and results of the initial evaluation of data from
replicate samples for a variety of analytes collected dur-
ing the cycle 3 sampling period of May 2012 through
December 2018 are presented in this appendix. Pesticide
compounds are not included here because Bexfield and
others (2020) present an evaluation of pesticide replicate
samples collected for the NAWQA Project in May 2013 to
September 2018. The objective of this initial evaluation of
replicate samples was to broadly characterize variability
in analyte detection and concentration to explore implica-
tions for comparisons of environmental concentrations of
analytes as reported by the relevant laboratories with their
corresponding HHBs or SMCLs. For example, large vari-
ability in analyte detection and (or) concentration near an
HHB could reduce confidence in whether or not the reported
concentration represents a true exceedance of an HHB in
the environment. As part of this evaluation, for analytes that
include censored values and have at least 10 replicate pairs
not composed of consistent nondetections, the mean detec-
tion rate (for all replicate pairs having at least one detec-
tion) and the percentage of replicate sets with inconsistent
detections were calculated. A piecewise-linear model used by
Mueller and Titus (2005) and described by Mueller and oth-
ers (2015) was used to estimate variability in concentrations
for analytes having at least 10 replicate pairs with consistent
detections. This two-range model divides concentrations into
(1) a low range for which the SD of replicates generally is
uniform and the mean SD is used to estimate variability and
(2) a high range for which the relative standard deviation
(RSD:; the ratio, in percent, of SD to mean concentration)
generally is uniform and the mean RSD is used to estimate
variability. Graphs of SD and RSD against mean concentra-
tion are used to select an appropriate boundary concentration
between the low and high ranges (Mueller and others, 2015).
In some cases, either SD or RSD is uniform throughout the
range of available concentrations and, therefore, no boundary
is needed.

Replicate Sample Counts

The total number of replicate samples collected for
groundwater sites during cycle 3 varies by analyte group
and for constituents within the analyte groups (table 5.3).
Data for all replicate samples for the January 2017
through December 2018 sampling period are presented in
tables 5.11-5.20 of Kingsbury and others (2020). All cycle 3
replicate samples were analyzed using the corresponding
laboratory methods listed in table 2 of Kingsbury and others
(2020). Of the 142 cycle 3 VOC replicate samples, 5 were
collected in 2012 and analyzed for an older analytical schedule
using purge and trap gas chromatography/mass spectrom-
etry (Gilliom and others, 2006; Zogorski and others, 2006).
The remaining 137 were collected in 2013—18 and analyzed
using the most recent analytical schedule and laboratory
methods (purge and trap gas chromatography/mass spectrom-
etry and heated purge and trap gas chromatography/mass
spectrometry).
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Replicate Sample Results

Analysis of variability in analyte detection and (or)
analyte concentration was attempted for only the subset of
analytes that met certain requirements. Analysis of replicate
results was not attempted for analyte/method combinations for
which fewer than 10 replicate pairs had been analyzed; there-
fore, VOCs determined with older laboratory methods used for
analysis of replicates collected in 2012 were not evaluated for
variability. In addition, analysis of variability in analyte detec-
tion was completed only for analytes that included censored
values and had at least 10 replicate pairs without consistent
nondetections (table 5.4). Analysis of analyte concentrations
was completed only for analytes that had at least 10 replicate
pairs with consistent detections (table 5.5).

Among all constituents for which variability in detec-
tion was estimated, the mean detection rate ranged from 84.4
to 100 percent, and the percentage of pairs with inconsistent
detections ranged from 0 to 31.2 percent (table 5.4). In his
assessment of pesticides, Martin (2002) used a mean detec-
tion rate of 75 percent or less or a percentage of inconsistent
replicate sets of 50 percent or more to indicate high variability
of detection. Using those same criteria, none of the constitu-
ents analyzed for this study would be considered to have high
variability of detection. Martin (2002) also used a mean detec-
tion rate of 90 percent or more or a percentage of inconsistent
replicate sets of 25 percent or less to indicate low variability
of detection. Under these criteria, the nutrient nitrite and
the radiological analytes alpha radioactivity (30-day count),
radium-226, and radium-228 do not have low variability of
detection but would be considered to have moderate variability.
The initial analysis of variability of detection presented here
did not include calculation of an upper confidence bound on
percentages of inconsistent replicate sets to quantify uncer-
tainty and did not account for changes in variability across con-
centration ranges. In general, variability of detection is higher
at low concentrations and decreases with increasing concentra-
tions (Martin, 2002). More detailed analysis of this type might
be needed for the interpretation of environmental concentra-
tions for objectives other than those presented in this report.

For all constituents for which variability in concentra-
tion was estimated, the mean SD and (or) RSD determined
for specified concentration ranges by means of the two-range
model are presented in table 5.5. For major and minor ele-
ments and physical parameters, the mean SD at lower or all
available concentrations was 0.2 mg/L or less, except for alka-
linity and residue on evaporation (dissolved solids), and the
mean RSD at higher concentrations was less than 3.0 percent,
except for bromide and iron. For trace elements, the mean SD
at lower or all available concentrations was less than 0.3 pg/L,
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except for aluminum and zinc, and the mean RSD at higher
concentrations was 6.5 percent or less, except for copper and
lead. For nutrients and dissolved organic carbon, the mean SD
at lower concentrations was less than 0.04 mg/L, and the mean
RSD at higher concentrations was less than 3 percent, except
for dissolved organic carbon. For VOCs, only 5 compounds
had at least 10 replicate pairs with consistent detections. Mean
SDs were calculated for lower concentration ranges for four
compounds, and all were 0.022 pg/L or less; only two com-
pounds had enough data to calculate a mean RSD for the upper
concentration range, and both values were less than 5 percent.
For radiological analytes, the mean SD at lower concentrations
was 0.77 picocurie per liter or less, except for radon, and the
mean RSD at higher concentrations was 10 percent or less,
with the exception of alpha radioactivity (72-hour count).

None of the special-interest analytes collected in only
selected well networks had at least 10 replicate pairs without
consistent nondetections for a rigorous evaluation of variabil-
ity. However, the available replicate pairs without consistent
nondetections for arsenate (nine pairs) and arsenite (eight
pairs) all had detections in both samples of the pair, and the
detected concentrations were similar. Dimethylarsinate and
monomethylarsenate were not detected in either sample of
10 replicate pairs. Out of 11 sample pairs, perchlorate was not
detected in either sample of 3 pairs, was detected in 1 sample
of a single pair (at a concentration nearly equivalent to the
laboratory reporting level), and was detected in both samples
of 7 pairs (at similar concentrations). Out of nine sample pairs,
hexavalent chromium was not detected in either sample of
three pairs, and had inconsistent detections in three of the six
other pairs; concentrations within the three pairs with con-
sistent detections were similar. Out of eight sample pairs for
total chromium from the Boulder, Colo., laboratory, chromium
was not detected in either sample of two pairs, was detected in
one sample of two pairs, and was detected in both samples of
four pairs (two of which had similar concentrations between
samples). Five replicate samples were analyzed for strontium
isotope ratios, for which a nondetection is not a possible
result; the isotope ratios within all five sample pairs were
identical.

Overall, the available results indicate generally low vari-
ability in analyte detection and concentration, meaning that
random measurement error has minimal potential to affect
the number of groundwater samples that would be classified
as having moderate or high concentrations relative to current
HHBs or SMCLs. However, further analysis beyond the scope
of this initial evaluation of replicate results, such as the calcu-
lation of confidence intervals, would be needed to quantify the
likely effects of variability for use of the environmental data
for specific purposes.
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Table 5.4. Estimated variability in detection of selected analytes based on field replicate samples collected by the U.S. Geological
Survey National Water-Quality Assessment Project, May 2012 through December 2018.

[Variability was evaluated only for constituents having censored values and at least 10 replicate pairs without consistent nondetections. N, number of pairs with
at least one detection]

Mean detection rate Pairs with inconsistent detections

Constituent N (percent) (percent)

Major and minor elements

Bromide 142 97.9 42
Fluoride 159 100 0

Dissolved solids 166 99.7 0.6
Iron 104 92.3 15.4
Sulfate 163 100 0

Trace elements

Aluminum 65 88.5 23.1
Antimony 69 94.2 11.6
Arsenic 136 98.9 2.2
Beryllium 40 96.3 7.5
Boron 154 99.4 1.3
Cadmium 39 93.6 12.8
Chromium 85 92.9 14.1
Cobalt 117 93.6 12.8
Copper 83 93.4 13.3
Lead 111 93.7 12.6
Lithium 165 100 0

Manganese 130 97.3 54
Molybdenum 144 100 0

Nickel 126 98.4 32
Selenium 118 96.2 7.6
Thallium 21 97.6 4.8
Uranium 138 98.9 2.2
Vanadium 129 95.7 8.5
Zinc 87 95.4 9.2

Nutrients and dissolved organic carbon
Ammonia 64 91.4 17.2
Nitrite plus nitrate 112 99.1 1.8
Nitrite 37 85.1 29.7
Total nitrogen 149 99.3 1.3
Orthophosphate 143 99.3 1.4
Dissolved organic carbon 103 95.1 9.7
Volatile organic compounds

1,2-Dichloropropane 15 100 0

Carbon disulfide 17 94.1 11.8
Methyl fert-butyl ether 22 100 0

Tetrachloroethene 16 96.9 6.3
Trichloromethane 40 100 0

Radiological analytes
Alpha radioactivity, 30-day count 76 85.5 28.9
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Table 5.4. Estimated variability in detection of selected analytes based on field replicate samples collected by the U.S. Geological
Survey National Water-Quality Assessment Project, May 2012 through December 2018.—Continued

[Variability was evaluated only for constituents having censored values and at least 10 replicate pairs without consistent nondetections. N, number of pairs with

at least one detection]

Mean detection rate Pairs with inconsistent detections

Constituent N (percent) (percent)
Radiological analytes—Continued
Alpha radioactivity, 72-hour count 90 88.3 233
Beta radioactivity, 30-day count 100 93.0 14.0
Beta radioactivity, 72-hour count 102 93.1 13.7
Radium-224 78 91.7 16.7
Radium-226 100 84.5 31.0
Radium-228 77 84.4 31.2

Spike Sample Approach

Spike samples are QC samples that are used to estimate
any positive or negative bias that might result from method
performance, effects of the sample matrix, and (or) analyte
degradation during sample shipment and storage (Mueller and
others, 2015). Spike samples are collected by fortifying (spik-
ing) a water sample with known concentrations of analytes.
For VOC:s, trace elements, and microbiological constituents,
NAWQA collects laboratory matrix spikes, meaning that the
spike solution is added to an environmental sample at the labo-
ratory. For pesticide compounds and arsenic species, NAWQA
collects field matrix spikes, meaning that the spike solution is
added to an environmental sample in the field. Both types of
spikes estimate recovery bias in an environmental water sam-
ple that could be caused by a problem with performance of the
laboratory method and (or) by the chemical, physical, or bio-
logical characteristics of the water (Mueller and others, 2015).
Field matrix spikes also reflect any degradation that might
have occurred in an analyte during the period between sample
collection and laboratory analysis. Evaluations of recover-
ies for laboratory matrix spikes for VOCs and trace elements
and field matrix spikes for arsenic species are included in this
report, but an evaluation of recoveries for field matrix spikes
for pesticides is not included here because Bexfield and oth-
ers (2020) present this type of evaluation for pesticide spike
samples collected for the NAWQA Project in May 2013 to
September 2018. Microbiological constituents are discussed in
terms of whether or not the spiked constituent was determined
to be present in the sample during analysis.

The percentage recovery of an analyte in an individual
spike sample is calculated by subtracting the concentration
of the paired unspiked sample (collected closely in time)
from the concentration of the spiked sample, then dividing
by the expected concentration (and by the dilution factor, if
applicable) and multiplying by 100. The expected concentra-
tion is equal to the concentration of the spike solution times
the volume of spike solution added to the sample, divided by
the volume of the sample that was spiked. When the labora-
tory reported that an analyte was not detected in the paired

unspiked sample, a concentration of zero was assumed for
the purposes of calculating the percentage recovery. For all
analytes except microbiological constituents, spike solu-
tions were obtained through the NWQL, which provides the
concentration of each analyte included in an individual spike
lot. Analytes included in spike solutions were assumed not to
have degraded before use of the spike solution, although it is
possible that future evaluation of spike sample results might
indicate that the assumption is violated for certain spike lots
and (or) compounds. For VOCs, the NWQL was assumed to
have added 20 microliters of spike solution to a 43-milliliter
sample. For trace elements, the NWQL was assumed to have
added 6 microliters of spike solution to a 6-milliliter sample.
For arsenic species, field crews were assumed to have added
100 microliters of spike solution to an 11.5-milliliter sample.
Samples were excluded from analysis of recoveries when there
was evidence that they had been collected after chlorination,
which can affect the analysis of many compounds. Individual
results were excluded from analysis of recoveries when the
concentration present for the compound in the unspiked
sample exceeded the expected spike concentration because
this can result in increased uncertainty in recovery (Shoda
and others, 2018). Individual results also were excluded when
the spiked concentration was less than the maximum labora-
tory reporting level for the constituent or when the result was
affected by dilution of the sample at the laboratory.

Results of an initial evaluation of recovery data from
laboratory matrix spikes for VOCs analyzed under laboratory
schedules 4436 (S4436) and 4437 (S4437), from laboratory
matrix spikes for trace elements analyzed under labora-
tory schedule 2710 (S2710), and from field matrix spikes
for arsenic species analyzed under laboratory code 3142
(LC3142) during the cycle 3 sampling period are presented in
this report (laboratory schedules and codes are listed in table 2
of Kingsbury and others [2020]). An evaluation of pres-
ence/absence results for spikes analyzed for microbiological
constituents in 201618 also is presented. Data for laboratory
matrix spikes collected for VOCs and trace elements and field
matrix spikes collected for arsenic species in January 2017—
December 2018 are published in this report, as are data for
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Table 5.5. Estimated variability in concentrations of selected analytes based on field replicate samples collected by the

U.S. Geological Survey National Water-Quality Assessment Project, May 2012 through December 2018.

[Variability was evaluated only for constituents having at least 10 replicate pairs with consistent detections. N, number of values in that category; mg/L, mil-
ligram per liter; IPT, inflection point titration method; CaCOs, calcium carbonate; SD, standard deviation; uS/cm, microsiemens per centimeter at 25 degrees
Celsius; RSD, relative standard deviation; <, less than; >, greater than; pg/L, microgram per liter; pCi/L, picocurie per liter; >, greater than or equal to]

. i i Variability
Constituent Concentration range (units) N — -
Statistic Value Units
Major and minor elements and physical parameters (units mg/L unless otherwise noted)
Alkalinity by IPT All available values (mg/L as CaCOs) 80 Mean SD 6.2 mg/L as CaCOj3
pH All available values (pH units) 177 Mean SD 0.033 pH units
Specific conductance All available values (uS/cm) 177 Mean RSD 0.22 percent
Calcium <10 30 Mean SD 0.055 mg/L
>10 137 Mean RSD 1.1 percent
Magnesium All available concentrations 167 Mean RSD 1.0 percent
Potassium <1.5 62 Mean SD 0.019 mg/L
>1.5 105 Mean RSD 1.6 percent
Sodium All available concentrations 167 Mean RSD 1.3 percent
Bromide <0.1 85 Mean SD 0.0026 mg/L
>0.1 51 Mean RSD 4.6 percent
Chloride <40 124 Mean SD 0.049 mg/L
>40 43 Mean RSD 1.1 percent
Fluoride <0.2 89 Mean SD 0.0023 mg/L
>0.2 70 Mean RSD 1.9 percent
Silica All available concentrations 167 Mean SD 0.20 mg/L
Sulfate <40 107 Mean SD 0.057 mg/L
>40 56 Mean RSD 0.82 percent
Residue on evaporation <900 151 Mean SD 7.9 mg/L
>900 14 Mean RSD 2.2 percent
Iron <100 47 Mean SD 4.5 ng/L
>100 41 Mean RSD 4.7 percent
Trace elements (units pg/L)
Aluminum All available concentrations 50 Mean SD 1.3 ng/L
Antimony <0.1 45 Mean SD 0.0027 ng/L
>0.1 16 Mean RSD 54 percent
Arsenic <1.0 67 Mean SD 0.010 ng/L
>1.0 66 Mean RSD 1.7 percent
Barium <50 96 Mean SD 0.23 ug/L
>50 71 Mean RSD 1.5 percent
Beryllium All available concentrations 37 Mean SD 0.0032 ng/L
Boron <30 57 Mean SD 0.28 ug/L
>30 95 Mean RSD 2.2 percent
Cadmium All available concentrations 34 Mean SD 0.0043 ng/L
Chromium <2 56 Mean SD 0.049 ug/L
>2 17 Mean RSD 6.5 percent
Cobalt <0.2 73 Mean SD 0.0080 ng/L
>0.2 29 Mean RSD 6.2 percent
Copper <8 62 Mean SD 0.22 ng/L
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Table 5.5. Estimated variability in concentrations of selected analytes based on field replicate samples collected by the
U.S. Geological Survey National Water-Quality Assessment Project, May 2012 through December 2018.—Continued

[Variability was evaluated only for constituents having at least 10 replicate pairs with consistent detections. N, number of values in that category; mg/L, mil-
ligram per liter; IPT, inflection point titration method; CaCOj, calcium carbonate; SD, standard deviation; pS/cm, microsiemens per centimeter at 25 degrees
Celsius; RSD, relative standard deviation; <, less than; >, greater than; pg/L, microgram per liter; pCi/L, picocurie per liter; >, greater than or equal to]

83

. i i Variability
Constituent Concentration range (units) N — -
Statistic Value Units
Trace elements (units pg/L)—Continued

>8 10 Mean RSD 26 percent

Lead <0.4 74 Mean SD 0.020 ug/L
>0.4 23 Mean RSD 9.6 percent
Lithium All available concentrations 165 Mean RSD 2.1 percent

Manganese <10 62 Mean SD 0.097 ug/L
>10 61 Mean RSD 3.6 percent

Molybdenum <1 73 Mean SD 0.014 ng/L
>1 71 Mean RSD 1.6 percent

Nickel <2 100 Mean SD 0.064 ng/L
>2 22 Mean RSD 2.6 percent

Selenium <0.5 78 Mean SD 0.0068 ng/L
>0.5 31 Mean RSD 2.5 percent
Strontium All available concentrations 170 Mean RSD 1.2 percent

Thallium All available concentrations 20 Mean SD 0.0036 ug/L

Uranium <1 73 Mean SD 0.0053 ng/L
>1 62 Mean RSD 1.8 percent

Vanadium <2 62 Mean SD 0.017 ng/L
>2 56 Mean RSD 1.9 percent

Zinc All available concentrations 79 Mean SD 1.5 ng/L

Nutrients (units mg/L)

Ammonia <0.2 27 Mean SD 0.0017 mg/L
>0.2 26 Mean RSD 2.8 percent

Nitrite plus nitrate <3 53 Mean SD 0.013 mg/L
>3 57 Mean RSD 1.7 percent

Nitrite All available concentrations 26 Mean SD 0.0005 mg/L

Total nitrogen <3 92 Mean SD 0.036 mg/L
>3 55 Mean RSD 2.0 percent

Orthophosphate <0.07 117 Mean SD 0.0013 mg/L
>0.07 24 Mean RSD 23 percent

Dissolved organic carbon <1 52 Mean SD 0.035 mg/L
>1 41 Mean RSD 9.5 percent

Volatile organic compounds (units pg/L)

1,2-Dichloropropane All available concentrations 15 Mean RSD 4.9 percent

Carbon disulfide <0.3 12 Mean SD 0.022 ng/L
>0.3 3 Mean RSD Insufficient data percent

Methyl fert-butyl ether <0.3 17 Mean SD 0.0015 ng/L
>0.3 5 Mean RSD Insufficient data  percent

Tetrachloroethene All available concentrations 15 Mean SD 0.0047 ng/L

Trichloromethane <0.2 28 Mean SD 0.0015 ng/L
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Table 5.5.

Estimated variability in concentrations of selected analytes based on field replicate samples collected by the

U.S. Geological Survey National Water-Quality Assessment Project, May 2012 through December 2018.—Continued

[Variability was evaluated only for constituents having at least 10 replicate pairs with consistent detections. N, number of values in that category; mg/L, mil-
ligram per liter; IPT, inflection point titration method; CaCOj, calcium carbonate; SD, standard deviation; pS/cm, microsiemens per centimeter at 25 degrees
Celsius; RSD, relative standard deviation; <, less than; >, greater than; pg/L, microgram per liter; pCi/L, picocurie per liter; >, greater than or equal to]

i i i Variability
Constituent Concentration range (units) N — -
Statistic Value Units
Volatile organic compounds (units pg/L}—Continued
>0.2 12 Mean RSD 23 percent
Radiological analytes (units pCi/L)
Alpha radioactivity, 30-day <5 32 Mean SD 0.50 pCi/L
count
>5 22 Mean RSD 10 percent
Alpha radioactivity, <10 51 Mean SD 0.54 pCi/L
72-hour count
>10 18 Mean RSD 12 percent
Beta radioactivity, 30-day <8 58 Mean SD 0.63 pCi/L
count
>8 28 Mean RSD 7.5 percent
Beta radioactivity, 72-hour <10 69 Mean SD 0.77 pCi/L
count
>10 19 Mean RSD 8.1 percent
Radium-224 All available concentrations 63 Mean SD 0.16 pCi/L
Radium-226 All available concentrations 68 Mean SD 0.12 pCi/L
Radium-228 All available concentrations 53 Mean SD 0.18 pCi/L
Radon <500 34 Mean SD 12 pCi/L
>500 15 Mean RSD 3.5 percent

laboratory matrix spikes collected for microbiological constitu-
ents in January 2016-December 2018. Data and results of ear-
lier evaluations of recovery data from laboratory matrix spikes
collected for VOCs in 2012 under older laboratory schedules
2020 and 4024 and from laboratory matrix spikes collected
for VOCs collected in May 2013 through December 2014 for
S4436 and S4437 are presented in Arnold and others (2017a,
b); data and results of an earlier evaluation of recovery data
for field matrix spikes collected for arsenic speciation in 2014
also are presented there. Data for VOC and arsenic speciation
spikes collected in January 2015 through December 2016, and
an evaluation of VOC and arsenic speciation spike results for
cycle 3 up until December 2016, are presented in Arnold and
others (2020a, b). Data for laboratory matrix spikes for trace
elements only began to be collected in 2017.

The objective of completing an initial evaluation of spike
samples was to determine if substantial positive or negative
recovery bias exists for any analytes. Substantial positive
or negative bias could have implications for comparisons of
environmental concentrations of these analytes as reported by
the laboratory with their corresponding HHBs. For example,
a large negative recovery bias could result in the laboratory
reporting a concentration that is substantially less than the

concentration actually present in the environment, leading to
an incorrect conclusion that the concentration in the environ-
ment does not exceed an HHB when it actually does. For the
purposes of this initial evaluation of spike samples, a median
recovery between 70 and 130 percent is considered accept-
able. Further evaluation of results for spike samples would
be needed to determine if recovery bias for certain analytes
would affect the interpretation of environmental concentra-
tions of those analytes for objectives other than those pre-
sented in this report.

Spike Sample Counts

Between May 2013 and December 2018, a total of 135 lab-
oratory matrix spikes for VOCs by S4436, 138 laboratory
matrix spikes for VOCs by S4437, 29 laboratory matrix spikes
for trace elements by S2710 (including samples with results
that could be adjusted appropriately for dilution when needed),
25 laboratory matrix spikes for microbiological constituents
(coliphage presence/absence only), and 12 field matrix spikes
for arsenic species were collected for the NAWQA Project
(tables 5.6-5.10). Data for VOC, trace element, and arsenic



species samples from January 2017 through December 2018 are
presented in tables 5.13, 5.14, and 5.16 of Kingsbury and others
(2020), and data for microbiological samples from January 2016
through December 2018 are presented in table 5.15.

Spike Sample Results

For VOC laboratory matrix spikes collected during
cycle 3 for analysis by S4436 or S4437, the median recovery
for the 85 individual compounds analyzed (methyl tert-butyl
ether is included on both laboratory schedules) ranged from
72.6 to 110.9 percent, and most values were between about
90 and 110 percent (tables 5.6-5.8; table 5.14 of Kingsbury
and others [2020]; figs. 5.1 and 5.2), indicating that bias from
method performance or effects of the sample matrix generally
is relatively small. Therefore, laboratory matrix spike recovery
results do not indicate any issues with comparing reported
VOC concentrations to their corresponding HHBs.

For the 29 laboratory matrix spikes collected dur-
ing cycle 3 for analysis by S2710, the median recovery for
individual constituents ranged from 82.4 percent for thal-
lium to 111.2 percent for molybdenum (tables 5.6 and 5.9;
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table 5.13 of Kingsbury and others [2020]; fig. 5.3), indicating
that bias from method performance or effects of the sample
matrix generally is small. Therefore, laboratory matrix spike
recovery results do not indicate any substantial issues with
comparing reported trace-element concentrations to their
corresponding HHBs.

The 25 laboratory matrix spikes collected in
January 2016 through December 2018 for microbiological
indicators were analyzed for the presence of F-specific and
somatic coliphage, and detections of these constituents were
confirmed in all 25 samples (table 5.6; table 5.15 of Kingsbury
and others [2020]), indicating no negative bias from method
performance or effects of the sample matrix. No HHBs exist
for these constituents.

For the 12 arsenic speciation field matrix spikes col-
lected during cycle 3 for analysis by LC3142, median recov-
eries ranged from 86.5 percent for monomethylarsonate to
91.3 percent for arsenite (tables 5.6 and 5.10; table 5.16 of
Kingsbury and others [2020]; fig. 5.4), indicating bias from
method performance, effects of the sample matrix, and (or)
analyte degradation generally is small but is more likely to be
slightly negative than positive. No HHBs exist that are specific
to individual arsenic species, although there is an HHB for
total arsenic.

Table 5.6. Summary of results for spike samples collected by the National Water-Quality Assessment Project from May 2013 to

December 2018.

[VOC, volatile organic compound; HHB, human-health benchmark; --, not applicable]

VOCs by VOCs by schedule Trace . . Microbiological
Type of summary schedule Arsenic species .
4437 elements! constituents2
4436
Total number of field spikes 0 0 0 12 0
Total number of laboratory spikes 135 138 29 0 25
Number of constituents analyzed 49 37 21 4 2
Range of median spike recoveries ~ 72.6-110.9 86.5-107.8 82.5-111.5 86.5-91.3 Presence confirmed3
(in percent)
Number of compounds with 0 0 0 0 --
median spike recovery less than
70 percent
Number of compounds with -- -- -- -- --
median spike recovery less than
70 percent with a correspond-
ing HHB
Number of compounds with 0 0 0 0 -

median spike recovery greater
than 130 percent

Number of compounds with - --
median spike recovery greater
than 130 percent with a cor-
responding HHB

IResults for silver were not included in this analysis because the spike concentration was less than the laboratory reporting level of 1 microgram per liter.

2Results for microbiological constituents are for January 2016 to December 2018.

3Coliphage spike results indicate presence or absence rather than a concentration; coliphage presence was confirmed in all 34 samples.
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Table 5.8. Statistical summary of laboratory matrix spike recovery results, in percent, for volatile organic compounds included in
laboratory schedule 4437.

Statistic
Parameter .
d Constituent Number 10th 25th : 75th 90th :
code of Minimum . .. Median . .. Maximum
percentile percentile percentile percentile
samples

34386 Hexachlorocyclopentadiene, water, 34 58.7 79.4 84.8 92.7 114.5 122.7 149.8
unfiltered, recoverable, micro-
grams per liter

34408 Isophorone, water, unfiltered, re- 138 0.0 72.6 83.3 96.1 111.6 128.0 137.8
coverable, micrograms per liter

34447 Nitrobenzene, water, unfiltered, 138 40.9 76.7 85.3 91.9 101.8 117.6 133.6
recoverable, micrograms per liter

34541 1,2-Dichloropropane, water, unfil- 138 68.9 91.8 96.8 100.2 104.0 108.0 120.4
tered, recoverable, micrograms
per liter

45013 Acetate, isopropyl, water, unfil- 138 67.6 92.9 96.7 1024 106.5 112.6 1254
tered, recoverable, micrograms
per liter

45022 Acetate, propyl, water, unfiltered, 138 51.8 84.4 88.3 93.6 99.0 105.6 118.2
recoverable, micrograms per liter

68066 1-Methoxy-4-(2-propenyl) ben- 138 0.0 72.7 80.1 86.5 96.8 110.6 130.0
zene, water, unfiltered, recover-
able, micrograms per liter

68728 2-Ethoxyethyl acetate, water, unfil- 138 63.1 81.9 95.4 106.3 118.8 125.6 138.1
tered, recoverable, micrograms
per liter

68729 2-Propen-1-ol, water, unfiltered, 138 0.0 86.7 95.3 103.2 113.0 118.0 137.2
recoverable, micrograms per liter

68730 alpha-Terpineol, water, unfiltered, 138 0.0 71.5 79.1 89.8 105.3 122.9 145.1
recoverable, micrograms per liter

68732 Butanal, water, unfiltered, recover- 138 69.3 88.1 91.5 98.1 105.2 113.8 126.6
able, micrograms per liter

68733 trans-Crotonaldehyde, water, unfil- 138 0.0 88.1 93.0 97.9 1018 108.5 118.7
tered, recoverable, micrograms
per liter

76997 Acetonitrile, water, unfiltered, re- 138 47.2 90.9 99.6 107.8 118.0 124.8 142.4
coverable, micrograms per liter

77015 Isopropyl alcohol, water, unfiltered, 138 64.9 86.1 90.2 95.3 101.5 110.9 3324
recoverable, micrograms per liter

77032 Methyl acetate, water, unfiltered, 138 58.1 89.8 94.9 101.6 108.2 116.7 132.0
recoverable, micrograms per liter

77034 Butanol, water, unfiltered, recover- 138 62.0 87.3 93.9 98.9 105.2 111.2 120.8
able, micrograms per liter

77035 tert-Butyl alcohol, water, unfil- 138 64.9 94.0 96.1 99.6  104.2 111.5 119.6
tered, recoverable, micrograms
per liter

77061 n-Pentanal, water, unfiltered, recov- 138 63.9 85.3 88.9 93.6 98.5 107.0 120.3
erable, micrograms per liter

77076 2-Nitropropane, water, unfiltered, 138 64.1 89.4 939 97.8 102.1 106.3 117.4
recoverable, micrograms per liter

77097 Cyclohexanone, water, unfiltered, 138 64.8 86.4 91.5 97.1 104.2 111.2 168.3

recoverable, micrograms per liter
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Table 5.8. Statistical summary of laboratory matrix spike recovery results, in percent, for volatile organic compounds included in
laboratory schedule 4437.—Continued

Statistic
Parameter .
code Constituent Number 10th 25th : 75th 90th :
of Minimum . .. Median . ., Maximum
percentile percentile percentile percentile
samples

77113 2-pentanol, 4-methyl-, water, unfil- 138 60.1 88.6 93.1 97.2  101.1 104.3 114.4
tered, recoverable, micrograms
per liter

77179 2-hexanone, 5-methyl-, water, un- 138 60.7 88.6 93.1 99.8 105.8 110.1 128.4
filtered, recoverable, micrograms
per liter

77201 Acetate, isobutyl, water, unfiltered, 138 58.1 80.0 84.3 88.3 93.6 97.8 109.1
recoverable, micrograms per liter

77310 1-Octanol, water, unfiltered, recov- 138 56.5 79.7 84.6 89.7 95.2 104.0 115.7
erable, micrograms per liter

77311 Hexanol, 2-ethyl-, water, unfiltered, 138 51.6 78.1 82.0 88.0 94.8 102.2 116.7
recoverable, micrograms per liter

77419 4-heptanone, 2,6-dimethyl-, water, 138 53.8 81.7 85.3 91.4 99.4 108.3 132.1
unfiltered, recoverable, micro-
grams per liter

77443 1,2,3-Trichloropropane, water, un- 137 64.1 92.2 96.6 99.0 102.7 107.1 117.2
filtered, recoverable, micrograms
per liter

77548 Chloropicrin, water, unfiltered, 138 15.1 82.5 934 103.5 114.7 124.0 198.1
recoverable, micrograms per liter

77651 1,2-Dibromoethane, water, unfil- 138 64.0 92.7 96.3 99.2  103.3 106.9 120.4
tered, recoverable, micrograms
per liter

78032 Methyl tert-butyl ether, water, un- 138 67.4 93.8 98.0 102.1 106.7 111.9 173.4
filtered, recoverable, micrograms
per liter

78200 Diethylamine, N nitroso-, water, 138 65.2 81.1 88.5 101.9 114.2 126.0 143.8

unfiltered, recoverable, micro-
grams per liter

80336 1,1-Dichloro-2-propanone, water, 138 61.5 90.0 96.1 1042 109.3 114.4 138.7
unfiltered, recoverable, micro-
grams per liter

81578 Dimethoxymethane, water, unfil- 138 71.5 95.5 100.2 104.6 110.8 115.7 127.7
tered, recoverable, micrograms
per liter

81582 1,4-Dioxane, water, unfiltered, 138 28.0 87.3 92.7 96.2  100.7 104.5 114.5
recoverable, micrograms per liter

81583 1,3-Dioxolane, water, unfiltered, 138 61.5 86.8 95.3 101.8  107.7 113.3 131.0
recoverable, micrograms per liter

81585 Acetate, ethyl, water, unfiltered, 138 60.7 86.2 924 100.3 106.3 110.6 125.8
recoverable, micrograms per liter

82625 1,2-Dibromo-3-chloropropane, 136 61.3 86.1 91.8 96.3 101.4 108.0 122.4

water, unfiltered, recoverable,
micrograms per liter
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Table 5.9. Statistical summary of laboratory matrix spike recovery results for trace elements included in laboratory schedule 2710.

Statistic
Parameter .
d Constituent Number of - 10th 25th . 75th 90th .
code Minimum . . Median . ., Maximum
samples percentile percentile percentile percentile

01000 Arsenic, water, filtered, 20 11.6 91.4 98.6 104.1 111.3 114.3 121.6
micrograms per liter

01005 Barium, water, filtered, 18 85.8 86.9 93.6 96.3 98.9 103.8 108.7
micrograms per liter

01010 Beryllium, water, filtered, 24 71.8 83.9 86.0 93.8 98.7 102.2 112.9
micrograms per liter

01020 Boron, water, filtered, 23 37.6 72.3 81.3 87.9 94.1 104.4 113.3
micrograms per liter

01025 Cadmium, water, filtered, 29 50.4 91.6 100.1 104.0 108.7 1123 120.1
micrograms per liter

01030 Chromium, water, filtered, 25 50.7 79.0 91.8 106.7 110.1 117.7 120.0
micrograms per liter

01035 Cobalt, water, filtered, 22 87.8 90.0 93.3 96.6 105.2 107.1 116.2
micrograms per liter

01040 Copper, water, filtered, 23 55.9 90.0 922 97.5 101.2 107.8 110.0
micrograms per liter

01049 Lead, water, filtered, mi- 25 49.2 84.6 87.6 93.4 97.0 99.8 105.8
crograms per liter

01056 Manganese, water, filtered, 24 83.4 87.6 91.3 95.1 98.4 106.2 112.5
micrograms per liter

01057 Thallium, water, filtered, 29 0.0 73.2 80.4 82.5 87.2 96.3 107.5
micrograms per liter

01060 Molybdenum, water, 20 68.9 97.5 103.4 111.5 115.5 116.9 120.8
filtered, micrograms per
liter

01065 Nickel, water, filtered, 20 80.1 89.5 94.0 101.2 105.8 111.0 113.9
micrograms per liter

01080 Strontium, water, filtered, 9 93.2 93.2 103.6 106.8 107.9 112.9 112.9
micrograms per liter

01085 Vanadium, water, filtered, 24 90.0 90.9 97.5 103.2 107.5 109.3 116.1
micrograms per liter

01090 Zinc, water, filtered, micro- 20 12.8 93.4 97.4 106.5 118.2 124.0 141.6
grams per liter

01095 Antimony, water, filtered, 29 86.1 91.2 98.4 101.6 106.9 116.6 119.3
micrograms per liter

01106 Aluminum, water, filtered, 25 72.6 78.9 87.6 94.1 99.3 104.0 127.1
micrograms per liter

01130 Lithium, water, filtered, 20 45.6 78.4 82.4 89.3 96.2 108.9 111.9
micrograms per liter

01145 Selenium, water, filtered, 22 86.1 96.6 103.8 110.6 115.0 118.5 122.5
micrograms per liter

22703 Uranium (natural), water, 23 87.9 90.7 94.6 100.0 105.9 107.1 122.0

filtered, micrograms per
liter




94 Groundwater-Quality and Select Quality-Control Data from the National Water-Quality Assessment Project, 2017 through 2019

200
o EXPLANATION =
180 1— Maximum Range of spike recovery considered |
75th percentile by the Nationafl V!Iater-(luality
X Laboratory to indicate acceptable
B Median method performance 7]
25th percentile
160 — —— 100-percent recovery reference line —
Minimum
140 —
= ——
& 120 [— - -
2
by —
= B —
Tl 1B |
=
o 100 — T
>
: L
(&]
E B ?
~
S 80—
60 — —
40 — 1 —
20 — —
0
S & FFTFTFTFEF T ELFTEFTEFTFTESTS &
S £ F Q0 @ §FFTFVF FFEFFgTS S
S & ¥ I NS “g\%g & S ¥ ¢
N

Figure 5.3. Boxplots of laboratory spike recovery results for trace elements included in laboratory schedule 2710.
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Table 5.10. Statistical summary of field matrix spike recovery results for arsenic species analyzed under laboratory code 3142.
Statistic
Parameter .
q Constituent Number 10th 25th : T5th 90th :
code of Minimum . .. Median . .. Maximum
percentile percentile percentile percentile
samples
62453 Arsenate, water, filtered, 9 77.3 84.6 86.7 90.0 101.1 109.4 124.7
micrograms per liter as
arsenic
62452 Arsenite, water, filtered, 11 60.6 83.7 85.6 91.3 107.5 110.9 111.2
micrograms per liter as
arsenic
62455 Dimethylarsinate, water, 12 0.0 64.2 82.9 90.0 93.9 98.7 100.0
filtered, recoverable,
micrograms per liter as
arsenic
62454 Monomethylarsonate, water, 12 70.6 81.7 83.1 86.5 97.5 102.9 107.1
filtered, recoverable,
micrograms per liter as
arsenic
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Figure 5.4. Boxplots of field spike recovery results for arsenic speciation by laboratory code 3142.
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