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[1] Understanding links between water consumers and climatological (precipitation)
sources is essential for developing strategies to ensure the long-term sustainability of water
supplies. In pursing this understanding a need exists for tools to study and monitor
complex human-hydrological systems that involve high levels of spatial connectivity and
supply problems that are regional, rather than local, in nature. Here we report the first
national-level survey of stable isotope ratios in tap water, including spatially and
temporally explicit samples from a large number of cities and towns across the
contiguous United States. We show that intra-annual ranges of tap water isotope ratios are
relatively small (e.g., <10% for d2H) at most sites. In contrast, spatial variation in tap
water isotope ratios is very large, spanning ranges of 163% for d2H and 23.6% for d18O.
The spatial distribution of tap water isotope ratios at the national level is similar to that
of stable isotope ratios of precipitation. At the regional level, however, pervasive
differences between tap water and precipitation isotope ratios can be attributed to
hydrological factors in the water source to consumer chain. These patterns highlight the
potential for monitoring of tap water isotope ratios to contribute to the study of regional
water supply stability and provide warning signals for impending water resource
changes. We present the first published maps of predicted tap water isotope ratios for the
contiguous United States, which will be useful in guiding future research on human-
hydrological systems and as a tool for applied forensics and traceability studies.
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1. Introduction

[2] Planning for and maintaining sustainable drinking
water resources is a major challenge for human societies.
As human populations grow and exert more powerful and
widespread influence on their environment, this challenge
will be multiplied through factors such as increased
demand, heightened potential for contamination, and
changes in the characteristics and distribution (both spatial
and temporal) of supplies. Understanding and managing
supplies requires routine monitoring and predictive model-
ing of the forces exerted by these factors on hydrological
systems. Factors such as population growth and infrastruc-
ture for water diversion have increasingly transformed local
shortfalls in supply into regional water management prob-
lems. Thus there is an increasing need for research programs
that use spatial data to identify and characterize regional
water resource issues that have the potential to severely
impact large sectors of society in the coming decades.
[3] The light stable isotope ratios of water (d2H, d18O) are

parameters that can be easily and routinely measured for

almost any water sample and which can preserve informa-
tion on the climatological source (i.e., the location, time,
and phase of precipitation) and postprecipitation history of
water. Environmental water resources, including river,
ground, and lake water, derive their H and O isotopic
composition primarily from the meteoric precipitation that
supplies them [Gat, 1981; Kendall and Coplen, 2001; Smith
et al., 2002; Dutton et al., 2005]. Natural or artificial mixing
of waters from different sources and of different ages and
overland or subsurface flow will mix and propagate the
isotopic ‘‘signatures’’ of source water, preserving an inte-
grated signal of the precipitation sources contributing to
water supplies. Other postprecipitation processes such as
evaporation and chemical interaction with minerals in soils
and rock have the potential to modify stable isotope ratios of
water, and can commonly be distinguished through consid-
eration of coupled d2H/d18O data. Given the potential
wealth of information available and the relative ease of
d2H and d18O measurements of water, these parameters
have already featured prominently in climatological and
hydrological monitoring networks [Rozanski et al., 1993;
Kendall and Coplen, 2001] and could contribute greatly to
future networks focused on the human/hydrological system.
[4] Here we present results from the first national-scale

spatiotemporal survey of stable isotopes in tap water. The
new data show that tap water samples exhibit high levels of
spatially coherent isotope ratio variation that can be related
to commonality in patterns of water source and postpreci-
pitation history for water resources in different parts of the

1Earth and Atmospheric Sciences Department, Purdue University,
West Lafayette, Indiana, USA.

2Biology Department, University of Utah, Salt Lake City, Utah, USA.
3IsoForensics, Inc., Salt Lake City, Utah, USA.
4Now at Department of Biological Sciences, Dartmouth College,

Hanover, New Hampshire, USA.

Copyright 2007 by the American Geophysical Union.
0043-1397/07/2006WR005186$09.00

W03419

WATER RESOURCES RESEARCH, VOL. 43, W03419, doi:10.1029/2006WR005186, 2007
Click
Here

for

Full
Article

1 of 12



country. A strong relationship exists between tap water
isotope ratios and those of annually averaged local precip-
itation (as estimated by geostatistical modeling), but robust
differences between tap water and precipitation isotope
ratios also exist in many parts of the United States. These
patterns can be related to regional tendencies in water
resource selection and water history, including patterns
likely related to high-altitude dominated sources, seasonally
biased recharge, and evaporative loss from natural or
artificial surface reservoirs. Our data provide the first
evidence that large, spatially distributed isotope sampling
networks offer the potential to identify and characterize the
magnitude and regional relevance of such processes within
complex human-hydrological systems. Our goal is to dem-
onstrate these capabilities in order to promote and guide
future network-based data gathering and spatial analysis
efforts that will increase the level of scientific understanding
and security of climatically sensitive, regionally important
water resources. We synthesize our data as a set of predic-
tive tap water isotope ratio maps that, when interpreted with
respect for the limitations of the underlying data, should
benefit future water resources research efforts as well as
fields such as ecology and forensic sciences where under-
standing of large-scale patterns of hydrological isotope ratio
variation is increasingly important.

2. Methods

2.1. Sample Acquisition

[5] Tap water samples for spatial characterization of U.S.
tap water isotope ratios were collected between December
2002 and August 2003 through a volunteer network con-
sisting of professors at academic institutions and water
managers. Sample sites were selected to obtain a relatively
complete geographic coverage, particularly with respect to
known variability in precipitation isotope ratios within the
United States, and to represent inhabited areas ranging from
large cities to small rural communities. Participants who
conducted sampling were instructed to obtain cold tap water
from a local source by running the tap for �10 s before
filling, capping, and sealing (with parafilm) a clean 2-dram
vial (poly-lined cap [e.g., Clark and Fritz, 1997]). Sample
vials were returned to the Stable Isotope Ratios for Envi-
ronmental Research (SIRFER) lab at the University of Utah,
where they were prepared for analysis within a few weeks to
a few months of receipt. Samples were stored in a cool, dark
environment between the time of receipt and analysis, and
before analysis vials were visually inspected for signs of
leakage or evaporation, including water seepage from
around the cap or the presence of large air bubbles in the
sample.
[6] An additional set of samples was collected for char-

acterization of seasonal variations in tap water isotope ratios
through a volunteer network. Individuals in 43 cities and
towns in the United States and southern Canada were
chosen to provide samples from one or more location within
their city/town. Sample sites were again chosen to cover
known gradients in natural water isotope ratios in the United
States and to include a range of small towns to large cities in
a range of physiological and climatological settings. Volun-
teers collected samples from one or more taps (e.g., home
tap, office or laboratory tap) once per month from January

2005 to January 2006. These samples were received, stored,
and checked for quality assurance using the same protocols
as for the spatial characterization samples. The overall
sampling return rate was 91%, and data from the 47 taps
in 38 cities with returns for more than 8 months during the
13 month period are considered here.

2.2. Analysis

[7] Samples were analyzed for their d2H and d18O values
using either ‘‘traditional’’ (spatial survey) or ‘‘online’’
(seasonal survey) preparation methods, with all sample
values reported using d notation (where d = (Rsample/Rstandard

� 1)*1000, R = 2H/1H or 18O/16O) and normalized on the
VSMOW – VSLAP standard scale. For ‘‘traditional’’
analyses, hydrogen and oxygen isotope ratios were deter-
mined from separate aliquots of the sample. Hydrogen
isotope ratios were determined by analysis of H2 gas
produced via the reduction of 2 mL of water on 100 mg
of Zn reagent at 500�C [modified from Coleman et al.,
1982]. Oxygen isotope ratio determination was made by
analysis of CO2 equilibrated with sample water using the
method of Fessenden et al. [2002]. For analysis via the
‘‘online’’ method, a single small (1 mL) aliquot of water was
injected onto a column of glassy carbon held at 1400� C to
produce H2 and CO gases. These were separated chromato-
graphically in a helium carrier gas stream and introduced
sequentially into the ion source of an IRMS (Delta +XL,
ThermoFinnigan) for isotope ratio determination. Samples
were analyzed in duplicate, with average precision of 1.5%
for d2H and 0.2% for d18O (1s) for replicate analyses. All
data obtained by either method were normalized to the
VSMOW-SLAP scale through repeated analysis of 2 cali-
brated laboratory working standards [Coplen, 1996]. Anal-
yses previously reported by Bowen et al. [2005] demonstrate
that isotope ratio data generated using the 2 different
preparation techniques in the SIRFER lab are comparable
across a wide range of values.

2.3. Spatial Analysis

[8] We analyze the tap water data in the context of maps
of mean annual precipitation isotope ratios created using the
method of Bowen and Revenaugh [2003]. The method
involves fitting parameters of a nonlinear model including
latitude, altitude, and spatial weighting effects to a database
of isotope ratio measurements. The model is then applied to
a georeferenced grid, using the isotope data and ancillary
elevation data, to produce a prediction surface of precipita-
tion isotope ratios. Data for North America were compiled
from the Global Network for Isotopes in Precipitation
(GNIP) database (International Atomic Energy Agency,
http://isohis.iaea.org/GNIP.asp) and literature sources
[Friedman et al., 1992, 2002; Welker, 2000; Kendall
and Coplen, 2001, and references therein], giving a total
of 78 d2H data and 84 d18O data for the contiguous United
States and adjacent areas of Canada and Mexico (see
auxiliary material).1 The precipitation data were reduced
to precipitation amount-weighted, annually averaged values
as described previously [Kendall and Coplen, 2001; Bowen
and Wilkinson, 2002] (see auxiliary material). The North
American data were added to a global database of precip-

1Auxiliary materials are available at ftp://ftp.agu.org/apend/wr/
2006wr005186.
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itation isotope ratios (GNIP database) and used to create a
global mean annual map using elevation data from the
ETOPO5 digital elevation model [National Geophysical
Data Center, 1998]. All precipitation isotope ratio values
referenced in this manuscript are estimated values derived
from these maps.
[9] The predictions used here provide imperfect but

relatively accurate estimates of the regional patterns of
precipitation isotope ratio variation across most of the
contiguous United States. For example, based on previous
statistical analyses of equivalent maps the average 2 stan-
dard deviation uncertainty for these predictions is approx-
imately 8 and 1.0% (d2H and d18O, respectively) for sites
within the United States [Bowen and Revenaugh, 2003].
One significant exception occurs along the Pacific coast in
northern California and Oregon, where our database does
not include sufficient spatial sampling to document the
strong isotopic gradients known to exist between coastal
and inland regions [e.g., Ingraham and Taylor, 1991]. As a
result, we do present tap water isotope ratio data and
predictions for this part of the United States, but do not
focus on interpretation of the tap water data in the context of
mapped precipitation isotope ratio estimates in this region.
[10] Additional analysis of spatial patterns in the tap

water isotope data were conducted in ArcGIS 9.1 (ESRI;
Redlands, CA; all calculations conducted using grids in
U.S. contiguous states Albers equal area conic projection).
Identification of robust spatial patterns in the data was
accomplished using Morans I (Spatial Statistics Toolbox,
ArcGIS 9.1) to quantify spatial autocorrelation. These
calculations were conducted using unstandardized weights
derived from squared inverse Euclidean distances between
data points. Additional quantification of spatial coherence
and the quality of tap water isotope ratio predictions made
by spatial interpolation was accomplished through ordinary
Kriging of the raw, spatial survey tap water data using the
Geostatistical Analyst extension in ArcGIS 9.1 and cross
validation (i.e., prediction at each sampling site based on a
kriging of a resampled data set excluding data from that
site). For further data analysis and to create prediction maps
of average tap water isotope ratios, differences were calcu-
lated between measured isotope ratios and mapped precip-
itation isotope ratios at each tap water collection site. Tap
minus precipitation difference surfaces for d2H, d18O, and d
were generated by ordinary kriging. All kriging of raw data
and tap-precipitation data used a spherical semivariogram
with nugget. No strong spatial anisotropy was observed in
any of the data sets or incorporated in any of the interpo-
lations. The d2H and d18O prediction maps were created by
summing the interpolated U.S. precipitation isotope layer
for each element and the corresponding Kriged tap minus
precipitation difference layer. The d map was calculated
from the tap water H and O isotope prediction maps by the
equation d = d2H � 8 � d18O. Cross-validation of the
Kriged difference layers using Geostatistical Analyst was
used to estimate prediction errors (root mean square error)
for the tap water d2H and d18O maps.

3. Results

[11] Five hundred and ten tap water samples for spatial
characterization were obtained from 496 towns and cities

within the contiguous United States (Figure 1). Samples
were obtained from each of the 48 contiguous States, with
few sampling gaps greater than �100 km in radius. Notable
exceptions include sparse sampling in eastern Oregon,
central Nevada, central Texas, and eastern Montana.
[12] The raw data values measured in this study are

embargoed by the federal government, but are presented
here graphically. Readers are encouraged to contact the
authors for guidance in the use and application of the data.
The stable isotope ratios of these samples (Figures 1 and 2)
span a large range of values from �152 to +11% (d2H) and
�19.4 to +4.2% (d18O). Average values for the sample set
are �66% for d2H and �8.9% for d18O. For each element
the data distribution is somewhat bimodal, with a dominant
mode similar to the lumped average and a minor mode near
�118% (d2H) and �16% (d18O). The tap water data cluster
near the Global Meteoric Water Line (d2H = d18O � 8 + 10
[Craig, 1961]) characterizing average global precipitation,
but most samples lie below this line. Deuterium excess
(d, d = d2H � d18O � 8) values for the sample set range
from �22.2 to 22.4%, with an average value of 5.5%.
[13] The spatial distribution of tap water stable isotope

ratios is nonrandom (Figure 1; Moran’s I for raw tap water
isotope ratio data = 0.68 and 0.59, Z = 7.9 and 6.8, p < 0.01
and 0.01 for d2H and d18O, respectively). The lowest d2H
and d18O values (< �110% and < �14%, respectively)
occur throughout the northern Rocky Mountain states
(primarily Idaho, Montana, Utah, and Wyoming), and
samples from this region comprise the lower, minor mode
of the hydrogen and oxygen isotope ratio distributions
shown in Figure 2. The highest d2H and d18O values for
U.S. tap water samples (> 0% for each element) represent
samples from a relatively restricted region of north central
Texas and south central Oklahoma. Other samples with
relatively high values were obtained throughout the Gulf
Coast states. The general pattern of spatial variation for
isotope ratios of each element is one of decreasing values
from low-latitude, low-elevation coastal regions toward
inland, high-latitude, and mountainous areas. In contrast
to the H and O isotope ratio values, d values for the U.S. tap
water samples show no clear, overarching spatial pattern in
their distribution, and values of d between 5 and 10% occur
throughout the contiguous United States. Extreme values
of d, however, appear to be limited to certain regions, with
the highest d values (> 16%) found in the northeastern
United States (e.g., New England) and the lowest (< �10%)
concentrated in southern California and along the lower
Colorado River, along the Missouri River, and in north
central Texas and south central Oklahoma.
[14] Five hundred and sixty-eight water samples were

collected and analyzed as a part of the monthly water survey
effort. The spatial density of the monthly water survey
sampling sites is much lower than that of the spatial
characterization sampling sites, but the distribution of these
sites still encompasses much of the physiographic and
climatological variation present in the lower 48 States
(Table 1). These samples represent cities and towns in 22
of the contiguous United States and the province of Alberta.
Sampling density was lowest through the Great Plains and
the south central states. Although no explicit accounting of
specific water sources is attempted here, we note that the
monthly tap water samples represent water sources ranging
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