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Abstract 
Critical advances in isotope mass spectrometry technologies, laboratory methodologies, 
and spatial modeling have allowed for increased application of oxygen (18O/16O) and 
strontium (87Sr/86Sr) isotope analysis of human hair to determine an individual’s travel 
histories and probable region-of-origin. We have established that the 18O/16O and 
87Sr/86Sr ratios of human hair relate to geography, where human hair isotope values are 
primarily influenced by isotope ratios of municipal waters in which an individual imbibes 
(18O/16O) and bathes (87Sr/86Sr). Both the 18O/16O and 87Sr/86Sr ratios of municipal waters 
are governed by geography and by the water distribution system in a specific locality. 

Many major metropolitan areas within the Western United States acquire their municipal 
waters from a mix of local groundwater and surface waters as well as waters from distant 
regions (i.e., transported water). Here, we expanded on our initial work relating tap water 
and hair isotope values by targeting six major metropolitan test areas of the Western 
United States with diverse water management practices: Los Angeles-Long Beach-Santa 
Ana (CA), San Francisco-Oakland-Fremont (CA), Riverside-San Bernardino-Ontario 
(CA), Phoenix-Mesa-Glendale (AZ), San Diego-Carlsbad-San Marcos (CA), and San 
Jose-Sunnyvale-Santa Clara (CA). In these regions, we collected tap water and hair 
samples and analyzed the hydrogen, oxygen, and strontium isotope ratios of these 
materials. The paired water-hair isotope patterns were related to established water 
management practices. We found that the isotope ratios of tap water corresponded to the 
stated water sources and management practices for discrete areas in a given metropolitan 
area. As expected, the spatial isotopic heterogeneities observed in the isotope values of 
tap water across a specific metropolitan area were apparent in the isotope values of 
human hair, but not as sharply defined as seen in the isotope values of the water. 
Nonetheless, the isotope values of hair corresponded to the isotope values of water in the 
overall metropolitan areas. 

We then expanded on the spatial dynamics of the strontium and oxygen isotope values of 
water and hair in urban systems by integrating a temporal component. Hair and water 
were collected and analyzed at a high spatial and temporal resolution within one 
metropolitan area with diverse, but constrained, water management practices and 
seasonal water sourcing dynamics: Salt Lake City, UT. Here, we again found that the 
isotope ratios of tap water corresponded to the stated water sources and management 
practices for water districts within the Salt Lake City metropolitan area. In addition, we 
observed seasonal variation in the isotope ratios of tap waters, indicative of changes in 
water source throughout the sampling interval. Similar to the California and Arizona 
collections, the spatial isotopic heterogeneities observed in the isotope values of tap water 
in Salt Lake City were apparent; these heterogeneities were not as visibly defined in the 
isotope values of human hair of individuals sampled in the same area as compared to 
those of the water samples. Our findings permit the development of coupled O-Sr isotope 
ratios of modern human hair as a novel forensic tool in urban settings for determining 
human region-of-origin. 
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Executive Summary 

PROBLEM: Isotope analysis has proven valuable to law enforcement for establishing the 
timeline of geographic movements of unidentified decedents and suspects; yet, in urban 
environments the isotopic relationships between people and places are multifaceted due 
to modern infrastructure and population dynamics, confounding the interpretation of 
isotope analysis in these urban environments. 

Reconstructing the geographic-movement of individuals has become important to many 
forensic investigations. Analysis of stable isotopes recorded in human scalp hair at 
natural abundance levels has shown to be a useful tool to law enforcement to reconstruct 
the recent geographic-movement histories of individuals. 

Our research firm pioneered the use of oxygen (O) and strontium (Sr) isotope ratios as a 
forensic tool for determining human region-of-origin. While the use of a single stable 
isotope provides a valuable law enforcement tool for describing geographical spaces 
where an individual may have originated, the estimated geographical regions can be 
broad. With previous NIJ support, we demonstrated that a combined O-Sr isotopic 
approach using human hair refines region-of-origin predictions. However, in many urban 
environments the factors controlling the spatial patterns of both O and Sr isotope ratios 
may be disrupted due to human infrastructure. Thus, both a theoretical understanding of 
isotopic variation across landscapes and an appreciation for the built environment and 
the specific management practices impacting that environment are required to apply the 
O-Sr isotopic approach in densely populated settings. 

PURPOSE: The combination of O isotope values (δ18O) and Sr isotope ratios (87Sr/86Sr) 
of human hair has been shown to further constrain the estimated regions from which an 
individual originated. There are two major questions this technology can answer for law 
enforcement and forensic communities: 

1) Is the individual a resident of the region in which the person was found? 
2) If not, from what regions could the individual have originated? 

The applications of coupled O and Sr isotope analysis of hair are far-reaching considering 
the ubiquitous occurrence of human hair at many crime scenes. Specifically, the uses of 
this technology include, but are not limited to, reconstructing travel histories of 
unidentified murder victims, reconstructing movements of trans-nationals associated with 
organized crime syndicates and having uncertain origins and travel histories, and 
investigating the region-of-origin of exploited women and children transported across 
state and international boundaries. 

The objective of the proposed research is to confirm the hypothesis that δ18O and 
87Sr/86Sr ratios can be used together to more precisely describe the region-of-origin of 
humans through chemical analyses of scalp hair. The goals of this proposed research are 
to (a) test this overarching hypothesis in complex urban environments with understood 
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spatial and temporal incongruities (b) build a data product and a model product that 

would further refine and constrain the region-of-origin predictions. We will accomplish 

these objectives through data collection and analyses to test three specific hypotheses:
 

Hypothesis 1.
 
The strontium and oxygen isotope ratios of municipal waters reflect well-described water 

management practices, reflecting transported and/or local groundwater sources.
 

Hypothesis 2.
 
The strontium and oxygen isotope ratios of human hairs record the water management 

practices of the municipality in which an individual resides.
 

Hypothesis 3.
 
Any seasonal variations in water management practices associated with changes in water 

source will be reflected in the strontium and oxygen isotope ratios of both municipal 

waters and human hairs.
 

RESEARCH DESIGN AND FINDINGS: A series of experiments were designed to meet 

the research objectives and hypothesis of this program of study. 


Experiment 1. To test the hypothesis that geographic variation in the δ18O values and 

87Sr/86Sr ratios of water reflect the known variations in water management practices 

within distinct and important major metropolitan areas in the Western United States:
 

•	 San Francisco and surrounding cities in the San Francisco Bay Area 
•	 Los Angeles and surrounding cities in Los Angeles, Riverside, and San 


Bernardino Counties
 
•	 San Diego and surrounding cities in San Diego County 
•	 Phoenix and surrounding cities in Maricopa and Pinal Counties. 

We found that the sampled areas had water with distinct 87Sr/86Sr ratios and δ18O values 
within specific regions. In addition, we found that the isotope ratios of tap water 
corresponded to the stated water sources and management practices for particular regions 
in a given metropolitan area. This study laid the foundation to move to Experiments 2 and 
3. Further, these findings support the concept that isoscape development in urban settings 
should consider the water management practices employed by local communities. 

Experiment 2. To test the hypothesis that spatial variation in the δ18O values and 87Sr/86Sr 
ratios of water driven by water management practices are transferred to individuals living 
in these areas. Given the known differences in water management practices in the 
metropolitan areas sampled for Experiment 1, we focused our efforts on the Los Angeles-
Long Beach-Santa Ana, San Francisco-Oakland-Fremont, Riverside-San Bernardino-
Ontario, Phoenix-Mesa-Glendale, San Diego-Carlsbad-San Marcos, and San Jose-
Sunnyvale-Santa Clara areas. 

We found that the spatial heterogeneities observed in the isotope values of tap water 
across a specific metropolitan area were also apparent in the isotope values of human 
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hair. We found that the isotope values of human hair were less sharply defined by water 
management practice as seen in the isotope values of the water. The lower geographic 
definition observed in the isotope values of the hair, particularly with the δ18O values, are 
possibly due to the combination of the daily movements of the individuals between 
regions with isotopically distinct tap waters, consumption of beverages produced outside 
their region of residence, or visitation to hair salons/barbershops outside their region of 
residence. These factors may contribute to reducing the spatial fidelity of the isotope 
ratios of human hair. Nonetheless, we found that the isotope values of hair corresponded 
to the isotope values of water in the overall metropolitan areas and specific regions within 
the larger metropolitan areas. These findings suggest that additional population and 
socioeconomic considerations could inform isotope landscape (isoscape) development. 
By weighting modeled isotope values to known demographic patterns, error envelopes 
and distribution functions of predicted isotope values could be further refined. 

Experiment 3. To test the hypothesis that both spatial and temporal variation in the δ18O 
values and 87Sr/86Sr ratios of water are transferred to individuals by sampling both tap 
water and hair from a single metropolitan area with known water management practices 
through a seasonal cycle. Here, we focused on the Salt Lake City metropolitan area. 

We found that the Salt Lake City metropolitan area had water with distinct δ18O values 
and 87Sr/86Sr ratios within specific regions. Also, we found that the isotope ratios of tap 
water corresponded to the stated water sources and management practices for particular 
water management districts within the Salt Lake City metropolitan area. Finally, we 
noted temporal patterns in the δ18O values and 87Sr/86Sr ratios of water corresponding to 
seasonal water switching. We found that the isotope values of human hair were less 
clearly defined by water management practice than those patterns seen in the isotope 
values of the water. Further, we noted that the isotope values of the hair lagged the 
temporal dynamics observed in the isotope values of tap water. This could possibly be 
due to sampling bias or additionally due to the expected lag between environmental 
exposure and a subsequent signal in hair cut months to years later. 

CONCLUSIONS: We collected over 2500 authentic water and hair specimens and 
carried out over 3000 isotope analyses on these materials (Table 1). This program of 
study confirmed the hypotheses set forth and showed the δ18O values and 87Sr/86Sr ratios 
of water were related to the water management practices. Further, this program 
demonstrated the isotope values of hair from individuals living in regions with diverse 
water management practices reflected the isotope patterns of the water to which they are 
exposed. Our findings demonstrate the application of coupled O-Sr isotope ratios of 
modern human hair as a novel forensic tool in urban settings. The prediction of O and Sr 
isotope ratios of human hair in urban settings has many potential implications with 
respect to investigations into human movements and forensic cases. 
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Introduction 
The ability to reconstruct the travel pattern and movement of individuals is an essential 
tool to criminal investigations. Analysis of light stable isotopes (i.e., oxygen, hydrogen) 
recorded in human hair has assisted in reconstruction of the geographic-movement 
histories of individuals. While this state-of-the-art tool has proven valuable to law 
enforcement, the geographical regions predicted from measured isotope values can be 
spatially large and undefined. A novel and complementary analysis and prediction 
approach using human hair would help refine these region-of-origin estimates. 

Strontium (Sr) isotope, specifically 87Sr/86Sr, ratios within organic materials reflect the 
87Sr/86Sr ratios of the environment in which an organism lives and/or migrates through. 
Thus, 87Sr/86Sr ratios are an additional estimator of an organism’s geographic region. 
Environmental 87Sr/86Sr ratios vary geographically as a function of age and the Rb/Sr 
ratio of the rock or soil type, creating a definable and predictable geographic landscape 
tool for sourcing a specimen (Beard and Johnson 2000). 86Sr (9.87% abundance) is a 
stable isotope, while 87Sr (7.04%) is radiogenic produced by the beta decay of 87Rb 
(Faure 1977). 

The 87Sr/86Sr ratios of biological materials have been successfully applied to many 
region-of-origin questions in the fields of archaeology (English et al. 2001, Bentley et al. 
2002, Reynolds et al. 2005, Price et al. 2007, von Carnap-Bornheim et al. 2007, Perry et 
al. 2008, Richards et al. 2008, Knudson et al. 2009, Nehlich et al. 2009, Chenery et al. 
2010), ecology (Britton et al. 2009, Sellick et al. 2009, Radloff et al. 2010), food science 
(Franke et al. 2007, Rodrigues et al. 2010, Rosner 2010, Voerkelius et al. 2010), and 
forensic science (Lewis and Rutty 2003, Montgomery et al. 2006, Rauch et al. 2007, 
Juarez 2008, West et al. 2009). These studies indicate that the 87Sr/86Sr ratios of internal 
organism tissues reflect the 87Sr/86Sr ratios of water and diet during the time period(s) 
when the biological materials formed. In contrast, exposed tissues (i.e., hair, horns, nails, 
etc.) record the 87Sr/86Sr ratios of contamination from the external environment (i.e., dust 
and aerosols). 

Sr contained within newly formed hair initially reflects water and food sources of the 
individual; once the hair segment protrudes from the follicle, the hair 87Sr/86Sr ratios 
changes (Gellein et al. 2008). As hair is exposed to the external environment and 
detached from the animal’s metabolism, the Sr concentration within hair increases with 
exposure time, reflecting continuous inputs of dust and aerosol particles into the external 
hair matrix (Gellein et al. 2008). This externally-sourced Sr is embedded within the 
keratin sheets of hair and not easily removed by bathing or washing (Chittleborough 
1980). 

While the initial results of 87Sr/86Sr ratios in human hair as geographic recorders are 
promising, the use of 87Sr/86Sr ratios in hair to reconstruct an individual’s travel history 
presents a unique set of analytical and theoretical challenges as humans significantly 
modify their “ecosystem” through the use of transported waters. Thus, individuals that 
drink/bathe with waters transported from distant regions will have isotope values 
inconsistent with local hydroclimatic and geologic isotopic signals. These geospatial 
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disconnections imparted on an individual’s “ecosystem” are transferred to the 

individual’s hair and invalidate straightforward isotopic relationships and models.
 

Previous support from NIJ allowed us to establish fundamental linkages between the δ18O 

and 87Sr/86Sr of tap water and hair ratios for many US cities. However, municipal water 

management practices strongly affect the δ18O and 87Sr/86Sr of residential water in cities 

with transported water, which appear to be recorded in human hair. In this study, we 

sought to understand the impacts of management of municipal waters for the 

development of strontium isoscapes and refinements to the δ18O and 87Sr/86Sr isoscape
 
projection for the US.
 

The objective of the proposed research is to test the overarching hypothesis that δ18O and
 
87Sr/86Sr ratios can be used together as a diagnostic tool to more precisely describe the 

recent region-of-origin of humans through chemical analyses of scalp hair. The goals of 

this proposed research are to (a) confirm this hypothesis and (b) build a data product and 

a model product that would further refine and constrain the region-of-origin predictions 

based on δ18O and 87Sr/86Sr. We will accomplish these objectives through data collection 

and analyses to test three specific hypotheses:
 

Hypothesis 1.
 
The strontium and oxygen isotope ratios of municipal waters reflect well-described water 

management practices, reflecting transported and/or local groundwater sources.
 

Hypothesis 2.
 
The strontium and oxygen isotope ratios of human hairs record the water management 

practices of the municipality in which an individual resides.
 

Hypothesis 3.
 
Any seasonal variations in water management practices associated with changes in water 

source will be reflected in the strontium and oxygen isotope ratios of both municipal 

waters and human hairs.
 

Methods 
Experiments 

Experiment 1. Investigating the impacts of water distribution networks on the isotope 
ratio of tap water 

To test the isotopic impacts of transported water supplies within managed water 
distribution systems, tap water samples were collected from six major metropolitan 
regions with known diverse water supplies. Oxygen, hydrogen, and strontium isotope 
ratios of tap waters were measured and related to known water management practices. 
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Experiment 2. Examining the relationship between water and human hair isotopes values 
in complex urban systems 

To assess the linkages between water and hair isotope ratios, hair samples were collected 
and paired with water samples from six major metropolitan regions with known diverse 
water supplies. Oxygen and strontium isotope ratios of hair samples were measured and 
related to the isotope ratios of the measured waters. 

Experiment 3. Exploring the temporal dynamics of managed water supplies and the 
effects on the population 
To evaluate the temporal dynamics of transported water supplies on urban populations, 
tap water and hair samples were collected from a single metropolitan region with known 
water management practices through a seasonal cycle. The relationships between water 
and hair isotope signatures through time were evaluated with oxygen and strontium 
isotope ratios. 

Samples 

Experiment 1 
Water samples were collected from public building taps throughout the Los Angeles-
Long Beach-Santa Ana (CA), San Francisco-Oakland-Fremont (CA), Riverside-San 
Bernardino-Ontario (CA), Phoenix-Mesa-Glendale (AZ), San Diego-Carlsbad-San 
Marcos (CA), and San Jose-Sunnyvale-Santa Clara (CA) metropolitan areas. A total of 
one thousand four hundred forty-nine water samples were collected from these six 
metropolitan areas. Of these, one thousand three hundred seventy-nine and two hundred 
seventy-three specimens were analyzed for oxygen and hydrogen isotope value and 
strontium isotope ratio, respectively. Three hundred twenty water samples were measured 
for oxygen and hydrogen isotopes from the Phoenix-Mesa-Glendale metropolitan area on 
two trips (Spring 2014 and Fall 2014). Of these Phoenix-Mesa-Glendale samples, forty-
seven were analyzed for strontium isotope ratios. Seven hundred twenty-four waters were 
measured from the San Francisco-Oakland-Fremont and San Jose-Sunnyvale-Santa Clara 
metropolitan areas on seven trips (Winter 2013/2014, Spring 2014, Summer 2014, Fall 
2014, Winter 2014/2015, Spring 2015, and Summer 2015). From the San Francisco-
Oakland-Fremont and San Jose-Sunnyvale-Santa Clara metropolitan areas, one hundred 
fifty-one water samples were analyzed for strontium isotope ratios. One hundred sixty-
two water samples were measured for oxygen and hydrogen isotopes from the Los 
Angeles-Long Beach-Santa Ana and Riverside-San Bernardino-Ontario metropolitan 
areas on three trips (Winter 2013/2014, Spring 2014 and Fall 2014). Of these Los 
Angeles-Long Beach-Santa Ana and Riverside-San Bernardino-Ontario samples, forty 
were analyzed for strontium isotope ratios. Ninety-three waters were measured from the 
San Diego-Carlsbad-San Marcos metropolitan area on two trips (Winter 2013/2014 and 
Spring 2014). From the San Diego-Carlsbad-San Marcos metropolitan area, thirty-five 
samples were analyzed for strontium isotope ratios. During subsequent visits to a 
metropolitan area, the initial sampling location was revisited and the water sample was 
collected from the same tap. If an initial sampling location was closed or inaccessible 
during a subsequent visit, a new nearby location was selected and substituted for the 
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This document is a research report submitted to the U.S. Department of Justice. This report has not 
been published by the Department. Opinions or points of view expressed are those of the author(s) 

and do not necessarily reflect the official position or policies of the U.S. Department of Justice.

9 



    

 
 

 
  

 

  
 

 

  
  

 
   

 
 

  

    
    

 
 

  
    

 

  
 

  
   

 
 

 

 

 
  

 

initial sampling location. On any subsequent sampling trip, waters were sampled from 
both the initial and any substituted sampling location. 

Experiment 2. 

We randomly collected discarded hair from the floors of barbershops throughout each 
metropolitan area. A total of three hundred eighty-two hair samples were collected. Of 
these, one hundred sixty and one hundred thirty-six hair specimens were analyzed for 
oxygen isotope value and strontium isotope ratio, respectively. Thirty-five hair samples 
were measured for oxygen and strontium isotopes from the Phoenix-Mesa-Glendale 
metropolitan area on two trips (Spring 2014 and Fall 2014). Sixty-nine hair samples were 
measured for oxygen and strontium isotope values from the San Francisco-Oakland-
Fremont and San Jose-Sunnyvale-Santa Clara metropolitan areas on two trips (Winter 
2013/2014, Spring 2014). Twenty-six hair samples were measured for oxygen isotopes 
from the Los Angeles-Long Beach-Santa Ana and Riverside-San Bernardino-Ontario 
metropolitan areas on two trips (Spring 2014 and Fall 2014). Of these Los Angeles-Long 
Beach-Santa Ana and Riverside-San Bernardino-Ontario samples, two were analyzed for 
strontium isotope ratios given lack of spatial coverage. The oxygen and strontium isotope 
ratios of thirty hair samples were measured from the San Diego-Carlsbad-San Marcos 
metropolitan area on a single trip (Spring 2014). During subsequent visits to a 
metropolitan area, the initial sampling location was revisited. If an initial sampling 
location was closed or inaccessible during a subsequent visit, a new nearby location was 
selected and substituted for the initial sampling location. 

Experiment 3. 

Water samples were collected from public building taps throughout the Salt Lake Valley, 
Utah. Approximately forty water samples were collected from fourteen water districts 
nine times over 1¾ seasonal cycles to capture temporal variations. Waters from the Salt 
Lake City metropolitan area were sampled in the Fall 2013, Winter 2013/2014, Spring 
2014, Summer 2014, Summer 2014, Fall 2014, Winter 2014/2015, and Spring 2015. A 
total of four hundred ninety-three water samples were collected. Of these, four hundred 
seventy-seven water samples were analyzed for oxygen and hydrogen isotopes and three 
hundred ninety-two were analyzed for strontium isotope ratio, respectively. During 
subsequent visits to collection location, the initial sampling site was revisited and the 
water sample was collected from the same tap. If an initial sampling site was closed or 
inaccessible during a subsequent visit, a new nearby site was selected and substituted for 
the initial sampling site. On any subsequent sampling trip, waters were sampled from 
both the initial and any substituted sampling location. 

We randomly collected discarded hair from the floors of predominately national chain 
barbershops throughout the Salt Lake Valley, Utah. Hair samples from the Salt Lake City 
metropolitan area were sampled in the Winter 2013/2014, Spring 2014, Summer 2014, 
and Winter 2014/2015. A total of two hundred twenty-seven hair samples were collected. 
Of these, one hundred thirty hair samples were analyzed for oxygen and hydrogen 
isotopes and eighty-two were analyzed for strontium isotope ratio, respectively. 
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Water collections 
Experiments 1 and 3. 

Water samples were collected in acid-leached low-density polyethylene (LDPE) bottles. 
Prior to collection, the cold water tap was opened and allowed to run for 10 sec. Samples 
were sealed and stored in the dark at 10° C prior to analysis. 

Hair collections 
Experiments 2 and 3. 

Hair samples were collected in paper coin envelopes. No information was collected 
regarding the identification and/or origins of the individuals from which discarded hair 
samples were obtained. We assumed that these individuals were residents of the city in 
which the hair sample was collected and that they had no significant dietary differences. 
Since original collection date, envelopes had been stored at room temperature and in the 
dark. 

Hair cleaning 

Experiments 2 and 3. 
Hair samples were cleaned in a variety of polar and acidic reagents to remove any 
external contamination. To remove lipids, residues, and surface contaminates, 
subsamples (~100 mg) of each hair sample were cleaned using a modified International 
Atomic Energy Agency (IAEA)-recommended (Druyan et al. 1998) cleaning procedure. 
Specifically, we followed the modified IAEA hair-washing methodology with an 
additional wash of 0.1 M HCl. Hair was rinsed successively in acetone, water, again in 
acetone, and finally 0.1 M HCl for 10 min each. Following each step, the solute was 
decanted into a centrifuge tube to combine all solutes from each cleaning step. Cleaned 
hair samples were allowed to dry at room temperature within a laminar flow hood. 
Subsamples of each hair sample were also collected and left untreated as a control for 
cleaning methods. 

All acetone and hydrochloric acid used in hair cleaning were HPLC grade. The ultrapure 
water used for sample cleaning and acid dilutions was from a Milli-Q Academic A10® 

system (EMD Millipore; Billerica, Massachusetts, USA) with a resistivity >18 MΩ. 

Sample preparation for hydrogen and oxygen isotope analysis of water 

A 500-µl aliquot of water was transferred from the parent container into a clean 2-ml 
glass autosampler vial. The vial was sealed with an autosampler lid with a Teflon®-lined 
septum. Water samples were analyzed immediately following placement in autosampler 
vials. 
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Hydrogen and oxygen isotope analysis of water 

The stable isotope abundances of water samples were analyzed on a Picarro model 
L1102-i water analyzer. Each sample was analyzed four times (four consecutive replicate 
injections) alongside a set of three laboratory reference materials, which had previously 
been calibrated to the VSMOW-SLAP international isotope scale. Sets included two 
primary laboratory reference materials for slope/intercept normalization and a secondary 
laboratory reference material for quality assurance and quality control (QA/QC). Using 
delta notation, stable isotope ratios for oxygen and hydrogen are calculated as: δ = 
[(Rsamp/Rstd)-1], where R represents the 2H/1H or 18O/16O abundance ratio, and Rsamp and 
Rstd are the ratios in the sample and standard, respectively. δ2H and δ18O values are 
expressed relative to the standard Vienna Standard Mean Ocean Water (VSMOW) and 
expressed in parts per thousand (‰). 

Sample preparation for hydrogen and oxygen isotope analysis of hair 
The hair sample was ground into a homogeneous, fine powder, using a RETSCH MM301 
mixer mill. Because there is partial isotopic exchange of H atoms in keratin with water 
(either in liquid or vapor form), all samples were analyzed together with hair reference 
materials for which the δ2H value of nonexchangeable H atoms had been determined. 
Both reference materials and unknown hairs were allowed to equilibrate with water vapor 
in the laboratory atmosphere for a minimum of 48 hours before being weighed (150 µg) 
in silver capsules; weighed samples were stored under vacuum for 5 days before being 
analyzed. Measured values for the reference materials were then used to determine the 
nonexchangeable H isotope ratios of the samples from the measured values and isotope 
mass balance. 

Oxygen isotope analysis of hair 

The stable oxygen isotope abundances of hair samples were analyzed on a Thermo 
Finnigan MAT 253 isotope ratio mass spectrometer. Samples were introduced to the 
instrument via a zero-blank autosampler attached to a high temperature conversion 
elemental analyzer (TC/EA). Samples were analyzed alongside sets of reference 
materials for data normalization. Sets included two primary laboratory reference 
materials for slope/intercept normalization and a secondary laboratory reference material 
for QA/QC. δ18O values are expressed relative to the standard VSMOW and expressed in 
parts per thousand (‰). 

Sample preparation for strontium isotope analysis 

Hair samples were digested using an Ethos EZ® SK-10 High Pressure Rotor microwave 
digestion system (Milestone, Inc.; Shelton, Connecticut, USA). Approximately 50-70 mg 
of hair was weighed into a Teflon® digestion microvessel. Two milliliters of concentrated 
ultrapure HNO3 (Aristar® ULTRA; BDH Chemical, Darmstadt, Germany) were added to 
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the microvessel containing the hair. The microvessel was then sealed and submerged 
inside a 100-ml Teflon® digestion vessel containing 10 ml of milli-Q water and 50 µl 
H2O2 (30% v/v). The digestion vessel was then placed in the digester rotor segment and 
tightened to specified torque. Following the principle of identical treatment, two certified 
reference materials (TORT-2 Lobster Hepatopancreas Reference Material for Trace 
Metals from the National Research Council Canada and Human Hair No. 13 from the 
National Institute for Environmental Studies) and a method blank were digested along 
with the hair samples. The microwave program used for hair digestion was 13.3°C/min 
ramp to 200°C, followed by an isothermal at 200°C for 15 min with a 60 min cool down 
to room temperature. The microwave was operated at full power (1500 W) for all heating 
cycles. Once cooled to room temperature, the hair digests were transferred to acid-
leached 2-ml snap-cap centrifuge tubes for strontium isotope analysis. A 100-µl aliquot 
of the primary hair digest was transferred to a 15-ml tube and the volume was brought to 
10 ml with 2.4% ultrapure HNO3 for strontium abundance analysis. 

Strontium abundance and isotope analysis 

The strontium elemental abundances were measured via inductively coupled plasma 
quadrupole-mass spectrometry (ICP-MS) on an Agilent 7500ce instrument (Agilent 
Technologies; Santa Clara, California, USA) at the ICP-MS Metals Lab in the 
Department of Geology & Geophysics at the University of Utah, Salt Lake City, Utah, 
USA. A double-pass spray chamber with perfluoroalcoxy fluorocarbon (PFA) nebulizer 
(0.1 mL/min), a quartz torch, and nickel cones were used. A calibration solution 
containing Sr was prepared gravimetrically using a single-element standard (Inorganic 
Ventures, Inc.; Christiansburg, Virginia, USA). Standard reference solution T-205 
(USGS; Reston, Virginia, USA) was measured as an external calibration standard at least 
five times within each analytical sequence. The long-term reproducibility for T-205 and 
differences relative to the accepted values indicated that the Sr concentrations were 
accurate within 10%. 

Strontium in hair digests and water samples was isolated with a prepFAST auto-dilution 
system (Elemental Scientific; Omaha, Nebraska, USA) using an in-line separation 
column packed with crown ether Sr resin (Eichrom Technologies; Lisle, Illinois, USA). 
Following isolation, all strontium isotope measurements were made using a Neptune Plus 
multi-collector ICP-MS (ThermoFisher Scientific; Bremen, Germany) housed in the 
Department of Geology & Geophysics at the University of Utah, Salt Lake City, Utah, 
USA. The instrument was operated at an RF power of 1200 W with nickel sampling and 
skimmer cones (1.1 mm and 0.8 mm apertures, respectively). The cool, auxiliary, and 
sample gas flow rates were optimized daily for signal intensity and stability with a 
solution containing 20 ppb Sr. For 87Sr/86Sr analysis, a static multi-collector routine was 
used that consisted of 1 block of 170 cycles with an integration time of 1.032 sec per 
cycle for an individual analysis. Each analysis was followed by a blank to monitor the 
efficiency of the crown ether Sr resin column. Sr isotope ratios of samples and references 
were blank- and interference-corrected and then normalized for instrumental mass 
discrimination using a defined 87Sr/86Sr of 0.1194. 
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Solutions of the international Sr standard reference material SRM 987 (National Institute 
of Standards and Technology; Gaithersburg, Maryland, USA) were analyzed with 
samples. The ratio of samples to standards within a single analytical sequence was 5:1. 
Within-run reproducibility of SRM 987 was 0.71030 ± 0.00004 (2σ, n = 92). The long-
term mean 87Sr/86Sr of SRM 987 analyzed using the automated purification method and 
MC-ICP-MS at concentrations of hair and leachate measurements was 0.71027 ± 0.00004 
(2σ, n = 292). 

Results 

Experiment 1. 

We observed ranges in δ2H, δ18O, and 87Sr/86Sr ratios of tap water from all sampling 
location of between -107 to -9‰, -14.4 to -1.2‰, and 0.70538 to 0.71325, respectively 
(Figures 1 and 2). 

Table 2 provides the summary statistics for water analyzed from the Phoenix-Mesa-
Glendale metropolitan area (hereafter, PHX metro area). In the PHX metro area, 320 
water samples were measured for δ2H and δ18O values with an average value of -79‰ 
and -10.0‰, respectively. δ2H and δ18O values of PHX tap waters ranged between -104 
to -33‰ and -13.0 to -3.7‰, respectively (Figure 3). Of these PHX tap waters, 47 were 
analyzed for 87Sr/86Sr with an average value of 0.71074 and range of 0.70802 to 0.71325 
(Figure 4). Figures 5 and 6 display the spatial coverage and variation of the δ18O values 
and 87Sr/86Sr ratios, respectively, of tap waters measured from the PHX metro area. We 
observed the most negative δ18O values in the northern and eastern PHX regions, while 
the most positive δ18O values are observed in central PHX (Figure 5). In addition, we 
found the lowest 87Sr/86Sr ratios of tap water in the southwestern and western regions and 
the highest 87Sr/86Sr ratios of tap water in the southeastern and southern regions of the 
PHX metro area (Figure 6). Figure 7 is a cross-plot of the δ18O and 87Sr/86Sr of tap 
waters from regions within the PHX area. We find that tap waters from specific regions 
within the PHX have unique combinations of δ18O and 87Sr/86Sr values (Figure 7). Table 
3 provides the water sources for the cities within the PHX metro area. 

Table 4 provides the summary statistics for water analyzed from the San Francisco-
Oakland-Fremont and San Jose-Sunnyvale-Santa Clara metropolitan areas (hereafter, 
SFB metro area). In the SFB metro area, 724 water samples were measured for δ2H and 
δ18O values with an average value of -69‰ and -9.3‰, respectively. δ2H and δ18O values 
of SFB tap waters ranged between -107 to -9‰ and -14.4 to -1.5‰, respectively (Figure 
8). Of these SFB tap waters, 151 were analyzed for 87Sr/86Sr with an average value of 
0.70701 and range of 0.70538 to 0.70882 (Figure 9). Figures 10 and 11 display the 
spatial coverage and variation of the δ18O and 87Sr/86Sr of tap waters measured from the 
SFB metro area. We observed the most negative δ18O values in the City and County of 
San Francisco and in the Peninsula, while the most positive δ18O values are observed in 
Marin County (Figure 10). We found the lowest 87Sr/86Sr ratios of tap water in Marin 
County and the highest 87Sr/86Sr ratios of tap water in the City and County of San 
Francisco and in the Peninsula (Figure 11). Figure 12 is a cross-plot of the δ18O and 
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87Sr/86Sr of tap waters from regions within the SFB area. We find that tap waters from 
specific regions within the SFB have somewhat unique combinations of δ18O and 
87Sr/86Sr values (Figure 12). We find the δ18O of tap water within the SFB area have 
more geographic variation than the 87Sr/86Sr values. Tables 5 and 6 provide the water 
sources for the cities within the SFB metro area. 

Table 7 provides the summary statistics for water analyzed from the Los Angeles-Long 
Beach-Santa Ana and Riverside-San Bernardino-Ontario metropolitan areas (hereafter, 
LA metro area). In the LA metro area, 242 water samples were measured for δ2H and 
δ18O values with an average value of -66‰ and -9.2‰, respectively. δ2H and δ18O values 
of LA tap waters ranged between -102 to -41‰ and -12.4 to -5.3‰, respectively (Figure 
13). Of these LA tap waters, 40 were analyzed for 87Sr/86Sr with an average value of 
0.71071 and range of 0.70758 to 0.71304 (Figure 14). Figures 15 and 16 display the 
spatial coverage and variation of the δ18O and 87Sr/86Sr of tap waters measured from the 
LA metro area. We observed the most negative δ18O values in Los Angeles County, 
while the most positive δ18O values are observed in Riverside County (Figure 15). We 
found the lowest 87Sr/86Sr ratios of tap water in Los Angeles and San Bernardino 
Counties and the highest 87Sr/86Sr ratios of tap water in Riverside County (Figure 16). 
Figure 17 is a cross-plot of the δ18O and 87Sr/86Sr of tap waters from regions within the 
LA area. We find that tap waters from specific regions within the LA have somewhat 
unique combinations of δ18O and 87Sr/86Sr values (Figure 17). Tables 8 and 9 provide 
the water sources for the cities within the LA metro area. 

Table 10 provides the summary statistics for water analyzed from the San Diego-
Carlsbad-San Marcos metropolitan area (hereafter, SD metro area). In the SD metro area, 
93 water samples were measured for δ2H and δ18O values with an average value of -86‰ 
and -10.5‰, respectively. δ2H and δ18O values of SD tap waters ranged from -97 to -
24‰ and from -12.1 to -1.2‰, respectively (Figure 18). Of these SD tap waters, 35 were 
analyzed for 87Sr/86Sr with an average value of 0.70989 and range of 0.70613 to 0.71064 
(Figure 19). Figures 20 and 21 display the spatial coverage and variation of the δ18O and 
87Sr/86Sr of tap waters measured from the SD metro area. We observed the most negative 
δ18O values throughout the central, eastern and northern regions of the SD metro area, 
while the most positive δ18O values are observed in south San Diego (Figure 20). We 
found the lowest 87Sr/86Sr ratios of tap water in the North County of San Diego and the 
highest 87Sr/86Sr ratios of tap water throughout the central, eastern and northern regions 
of the SD metro area (Figure 21). Figure 22 is a cross-plot of the δ18O and 87Sr/86Sr of 
tap waters from regions within the SD metro area. Table 11 provides the water sources 
for the cities within the SD metro area. 

Experiment 2. 
Table 12 provides the summary statistics for hair samples analyzed from the PHX metro 
area. In the PHX metro area, 35 hair samples were measured for δ18O values with an 
average value of 12.0‰ (Figure 23). δ18O values of PHX hair ranged from 9.3 to 13.7‰ 
(Table 12). In the PHX metro area, 35 hair samples were analyzed for 87Sr/86Sr with an 
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average value of 0.71080 and range of 0.70849 to 0.71334 (Figure 24). Figures 25 and 
26 display the spatial coverage and variation of the δ18O values and 87Sr/86Sr ratios of 
hair measured from the PHX metro area. We observed the lowest δ18O values in the 
northern and western PHX regions, while the highest δ18O values are observed in central 
and southeastern PHX (Figure 25). In addition, we found the lowest 87Sr/86Sr ratios of 
hair in the southwestern and western regions and the highest 87Sr/86Sr ratios of hair in the 
southeastern and central regions of the PHX metro area (Figure 26). Figure 27 is a cross-
plot of the δ18O and 87Sr/86Sr of hair from regions within the PHX area. 

Table 13 provides the summary statistics for hair samples analyzed from the SFB metro 
area. In the SFB metro area, 69 hair samples were measured for δ18O values with an 
average value of 11.9‰ (Figure 23). δ18O values of SFB hair samples ranged from 8.3 to 
14.8‰ (Table 13). All 69 hair samples were analyzed for 87Sr/86Sr with an average value 
of 0.70740 and range of 0.70660 to 0.70923 (Figure 28). Figures 29 and 30 display the 
spatial coverage and variation of the δ18O and 87Sr/86Sr of hair samples measured from 
the SFB metro area. We observed the lowest δ18O values in the City and County of San 
Francisco and in the Peninsula, while the highest δ18O values were observed in Marin 
County (Figure 29). We found the lowest 87Sr/86Sr ratios of hair in Marin County and the 
highest 87Sr/86Sr ratios of hair in the City and County of San Francisco and in the 
Peninsula (Figure 30). Figure 31 is a cross-plot of the δ18O and 87Sr/86Sr of hair from 
regions within the SFB area. 

Table 14 provides the summary statistics for hair samples analyzed from the LA metro 
area. In the LA metro area, 26 hair samples were measured for δ18O values with an 
average value of 11.9‰ (Figure 23). δ18O values of LA hair ranged from 9.0 to 16.4‰, 
respectively (Table 14). Of these LA hair samples, two were analyzed for 87Sr/86Sr with 
an average value of 0.70884 (Figure 32). Figure 33 displays the spatial coverage and 
variation of the δ18O of hair samples measured from the LA metro area. We observed the 
lowest δ18O values in the Riverside County, while the highest δ18O values are observed in 
Los Angeles County (Figure 33). 

Table 15 provides the summary statistics for hair samples analyzed from the SD metro 
area. In the SD metro area, 30 hair samples were measured for δ18O values with an 
average value of 11.9‰ (Figure 23). δ18O values of SD hair samples ranged from 8.6 to 
14.0‰, (Table 15). All hair samples were analyzed for 87Sr/86Sr with an average value of 
0.71020 and range of 0.70954 to 0.71039 (Figure 34). Figures 35 and 36 display the 
spatial coverage and variation of the δ18O and 87Sr/86Sr of human hair measured from the 
SD metro area. We observed the lowest δ18O values in central SD, while the highest δ18O 
values are observed in south San Diego (Figure 35). We found the lowest 87Sr/86Sr ratios 
of hair in East County and the highest 87Sr/86Sr ratios of hair throughout the Central San 
Diego and North County regions of the SD metro area (Figure 36). Figure 37 is a cross-
plot of the δ18O and 87Sr/86Sr of hair from regions within the SD metro area. 
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Experiment 3. 
Table 16 provides the summary statistics for water analyzed from the Salt Lake City 
metropolitan area (hereafter, the SLV metro area). We observed ranges in δ2H, δ18O, and
87Sr/86Sr ratios of tap water of between -130 to -95‰, -17.9 to -11.0‰, and 0.70840 to 
0.71573, respectively (Figures 38 and 39). In the SLV metro area, 477 water samples 
were measured for δ2H and δ18O values with an average value of -120‰ and -15.8‰, 
respectively. Of these SLV tap waters, 392 were analyzed for 87Sr/86Sr with an average 
value of 0.71078. Figure 40 is a series of cross-plots of the δ18O and 87Sr/86Sr of tap 
waters from regions within the SLV area throughout the sampling interval. Table 17 
provides the water sources for the water districts within the SLV metro area. We 
observed the most negative δ18O values in the areas supplied by the Salt Lake City 
Corporation, while the most positive δ18O values are observed in areas serviced by 
Magna Water Improvement District (Figure 40). In addition, we found the lowest
87Sr/86Sr ratios of tap water in areas supplied by the Salt Lake City Corporation and the 
highest 87Sr/86Sr ratios of tap water in areas supplied by Murray City and Salt Lake City 
Corporation (Figure 40). We find that tap waters from several water districts within the 
SLV have unique combinations of δ18O and 87Sr/86Sr values (Figure 40) and these 
combinations vary seasonally. 

Table 18 provides the summary statistics for hair samples analyzed from the SLV metro 
area. We observed ranges δ18O, and 87Sr/86Sr ratios of hair of 6.0 to 12.7‰, and 0.70941 
to 0.71399, respectively. In the SLV metro area, 130 hair samples were measured for 
δ18O values with an average value of 9.4‰ (Figure 41). In the SLV metro area, 82 hair 
samples were analyzed for 87Sr/86Sr with an average value of 0.71070 (Figure 42). 
Figure 43 is a series of cross-plots of the δ18O and 87Sr/86Sr of hair samples from regions 
within the SLV area throughout the sampling interval. We observed the lowest δ18O 
values of human hair in the areas with water supplied by the Murray City Water System, 
while the highest δ18O values are observed in areas serviced by the Salt Lake City 
Corporation (Figure 43). In addition, we found the lowest 87Sr/86Sr ratios of hair in areas 
with water supplied by the Salt Lake City Corporation and the highest 87Sr/86Sr ratios of 
hair in areas with water supplied by Murray City (Figure 43). We find that hair samples 
from specific regions within the SLV have unique combinations of δ18O and 87Sr/86Sr 
values (Figure 43). 

Discussion and Conclusions 
Experiment 1. 

In Experiment 1, we sought to examine tap waters from highly urbanized areas that use 
diverse and isotopically distinct water supplies. Here, we sampled tap waters from the 
PHX, SFB, LA, and SD urban regions and measured the δ2H values, δ18O values, and
87Sr/86Sr ratios of these municipal waters. Tables 3, 5, 6, 8, 9, and 11 show the water 
sources from these four urban regions comprising of six metropolitan areas. These six 
metropolitan areas use well-documented combinations of transported waters and local 
surface and/or groundwater. 
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Table 3 provides the water sources for the cities within the PHX metro area. The main 
water sources used in the PHX area include waters from the Colorado River via the 
Central Arizona Project aqueduct, various groundwater aquifers, and several local rivers. 
We found PHX tap waters had a relatively large range in the 87Sr/86Sr ratios. This large 
range in 87Sr/86Sr ratios of tap waters was observed in regions and cities using exclusively 
groundwater sources. These include cities in the South, Southeast, and Southwest (Figure 
7). Further, we observed little variation in δ2H values, δ18O values and 87Sr/86Sr ratios of 
tap waters from regions and cities using exclusively or large proportions of Colorado 
River water. These regions include the Central, Northeast, Northwest, and East (Figure 
7). These δ2H, δ18O, and 87Sr/86Sr values of tap water observed in the PHX area are 
consistent with the water sources stated in the local municipalities’ consumer confidence 
reports. 

Tables 5 and 6 show the water sources for the cities within the SFB metro area. The 
water sources used in the SFB regions include local groundwater, local surface waters, 
and transported surface waters from the Coastal and Sierra Nevada Mountains. The major 
water providers in the SFB area, except those in Marin County, predominately supply 
waters sourced from several watersheds in the western Sierra Nevada Mountains. Marin 
County is unique in the region as water providers there predominately supply waters from 
the Coastal Range and local reservoirs. When compared to the other urban regions in this 
study, the SFB area had a relatively narrow range of 87Sr/86Sr values of tap water (Figure 
12). This is likely due to similar bedrock lithologies underlying the various Sierra Nevada 
and Coastal Range watersheds. Given the large difference in watershed elevation and 
precipitation type, there is a large difference in the δ2H and δ18O values of tap water 
between the regions using predominately Sierra Nevada- vs. Coastal Range-derived 
waters (Figure 12). Regions using predominately Sierra Nevada-derived water include 
San Francisco and the Peninsula, while Marin County uses Coastal Range-derived 
waters. The areas of East Bay and South Valley use more diverse water sources and also 
mix waters from various sources. This is likely the reason for the intermediate δ2H and 
δ18O values of tap waters observed in these areas (Figure 12). Nonetheless, the δ2H, 
δ18O, and 87Sr/86Sr values of tap water observed in the SFB area are consistent with the 
water sources stated in the local municipalities’ consumer confidence reports. 

The water sources for the three regions in the LA metro area are shown in Tables 8 and 
9. The main water sources used in the LA area include waters from the Colorado River 
via the Colorado River Aqueduct, waters from Northern California via the California 
Aqueduct, waters from the Eastern Sierra Nevadan Owen and Mono Lake watersheds via 
the Los Angeles Aqueduct, and various local groundwater aquifers. We found LA tap 
waters had a large range in the 87Sr/86Sr ratios, with a similar range to the PHX area 
(Figure 17). Given the large difference in elevation and distance from the coast to 
watersheds that provide water to the LA area, there is a large difference in the δ2H and 
δ18O values of tap water (Figure 17). Further, we observed δ2H, δ18O and 87Sr/86Sr ratios 
of tap waters from Los Angeles County have similar values as those observed in the PHX 
area (Figure 7). These values are consistent with regions that use large proportions of 
Colorado River water. These δ2H, δ18O, and 87Sr/86Sr values of tap water observed in the 
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LA area are consistent with the water sources stated in the local municipalities’ consumer 
confidence reports. 

Tap water in SD metro area is predominately sourced from the Colorado River via the 
Colorado River and the San Diego Aqueducts, as well as minor contributions from waters 
in Northern California via the California Aqueduct, and local groundwater (Table 11). 
The majority of tap waters collected and measured from the SD area have δ2H, δ18O and 
87Sr/86Sr ratios of tap waters (Figure 22) similar to those values observed in the PHX and 
LA areas (Figures 7 and 17). All samples collected from Central San Diego have values 
in this range. In the areas outside of the Central region, more variation in the δ2H, δ18O 
and 87Sr/86Sr ratios of tap waters are observed (Figure 22). These include a collection of 
data points indicative of desalinated brackish groundwater in South San Diego and fresh 
groundwater in North County San Diego (Figure 22). These δ2H, δ18O, and 87Sr/86Sr 
values of tap water observed in the SD area are consistent with the water sources stated in 
the local municipalities’ consumer confidence reports. 

Our findings from Experiment 1 demonstrated that water management practices clearly 
influence the isotopic composition of tap waters available to urban populations. We 
found that not only did metropolitan areas studied in Experiment 1 have δ2H, δ18O, and
87Sr/86Sr values of tap water that corresponded to the water sources known to be used in 
each metropolitan area, but that discrete regions within these metropolitan areas used 
only specific waters. These results indicate that specific regions within each of the 
metropolitan areas have unique combinations of δ2H, δ18O, and 87Sr/86Sr values of tap 
water. These findings support the hypothesis that the strontium and oxygen isotope ratios 
of municipal waters reflect well-described water management practices. 

Experiment 2. 

Here, we sought to relate discrete variations in the δ18O and 87Sr/86Sr values of tap water 
in urban areas to the δ18O and 87Sr/86Sr values of human hair collected within the same 
region. We collected and analyzed hair from barbershop floors from the PHX, SFB, LA, 
and SD urban regions and measured the δ18O values and 87Sr/86Sr ratios of these 
materials. From these same regions we sampled tap water to directly compare to urban 
populations. These regions have well-documented combinations of transported waters 
and local surface and/or ground waters (Tables 3, 5, 6, 8, 9, and 11) that are reflected in 
the δ2H, δ18O, and 87Sr/86Sr values of tap water available in these regions (see Experiment 
1). We hypothesized that these variations in the δ2H, δ18O, and 87Sr/86Sr values of tap 
water will be recorded in the hair of populations living in these regions. 

Within the PHX metro area, we observed large variation in both the δ18O and 87Sr/86Sr 
values of tap water with both isotope systems varying systematically with water 
management practice. We found the δ18O and 87Sr/86Sr values of human hair also vary 
throughout the PHX metro area (Figure 24). Specifically, we found the 87Sr/86Sr values 
of human hair had nearly the same absolute range (Table 12) as of that observed in the
87Sr/86Sr values of tap water (Table 3). Further, we observed the predicted δ18O values of 
tap water as modeled from the δ18O values of human hair had a larger range (Figure 44a 
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and b). We observed large spatial variation in both the δ18O and 87Sr/86Sr values of hair 
throughout the PHX area (Figures 25 and 26). The overall spatial distribution of the δ18O 
and 87Sr/86Sr values of human hair analyzed from PHX showed a similar relative 
relationship to that of the δ18O and 87Sr/86Sr values of tap water (Figure 7 and 27). These 
findings may indicate that the isotope ratios of human hair reflect that of the tap water in 
the region an individual resides. As an example, the most radiogenic (i.e., highest ratio of 
87Sr/86Sr) human hair and tap water samples were from regions in the Southeast, while 
the least radiogenic ratios were from the Southwest (Figure 27). Further, this linkage 
between isotopic values of tap water and that of the isotopic values of human hair suggest 
that the anonymous individuals sampled likely lived in the nearby area. 

In the SFB metropolitan area, we observed the δ18O and 87Sr/86Sr values of human hair 
varied (Figure 28). We found the δ18O and 87Sr/86Sr values of human hair had a range 
(Table 13) similar to that observed in the predicted δ18O and measured 87Sr/86Sr values of 
tap water (Tables 5 and 6; Figure 44c and d). We observed large spatial variation in both 
the δ18O and 87Sr/86Sr values of hair throughout the SFB area (Figures 29 and 30). The 
overall spatial distribution of the δ18O and 87Sr/86Sr values of human hair analyzed from 
SFB showed a similar relative relationship to that of the δ18O and 87Sr/86Sr values of tap 
water (Figure 12 and 31). As an example, human hair and tap water samples that were 
most depleted in the heavy isotope (i.e., most negative δ18O values) were collected from 
San Francisco and the Peninsula, while the most enriched in were from Marin County 
(Figure 31). 

In LA, we found the δ18O and 87Sr/86Sr values of human hair varied (Table 14, Figure 
32). We observed the δ18O values of human hair varied spatially (Figure 33). We noted 
the δ18O values of human hair predicted a much larger range of the δ18O values of tap 
water than that of measured δ18O values of tap water (Figure 44e and f). 

Within the SD metropolitan area, we found the δ18O and 87Sr/86Sr values of human hair 
varied (Table 15, Figure 34). We found the 87Sr/86Sr values of human hair ranged less 
than that of the 87Sr/86Sr values of tap waters in SD (Table 15) and the δ18O values of tap 
water predicted from hair had a larger range than that observed in the δ18O values of tap 
waters in SD (Figure 44g and h). We observed large spatial variation in both the δ18O 
and 87Sr/86Sr values of hair throughout the SD area (Figures 35 and 36). The overall 
spatial distribution of the δ18O and 87Sr/86Sr values of human hair analyzed from SD 
showed a similar relative relationship to that of the δ18O and 87Sr/86Sr values of tap water 
(Figure 22 and 37). 

Overall, these findings suggest the isotope ratios of human hair reflect that of the tap 
water in the region an individual resides (Figure 45). In all populations, we observed the 
range of predicted δ18O values of tap waters overlapped with the measured δ18O values of 
tap waters (Figure 44). Further, we noted the range of 87Sr/86Sr ratios of hair overlapped 
with the range 87Sr/86Sr of tap waters in all cities. We found a strong relationship between 
the 87Sr/86Sr of hair and tap water (Figure 46). 

IsoForensics, Inc. 

This document is a research report submitted to the U.S. Department of Justice. This report has not 
been published by the Department. Opinions or points of view expressed are those of the author(s) 

and do not necessarily reflect the official position or policies of the U.S. Department of Justice.

20 



    

  
 

   
    

 
 

   
  

    
  

 

  
 

 
 

   

 

 

  
  

 

 
 

 

These data also indicated that the discrete spatial variations observed in the isotope 
values of tap water were less clearly defined in hair, particularly in the δ18O values of 
hair (Figures 2 and 45). The lower geographic definition in hair δ18O values relative to 
the 87Sr/86Sr ratios may be due to individuals moving between regions with isotopically 
distinct tap waters (i.e., drinking water at work that is isotopically different than water in 
the home); consuming beverages produced within the metropolitan area, but outside their 
specific region of residence; or having their hair cut outside their region of residence. 
These factors would contribute to reducing the spatial fidelity of the oxygen isotope 
ratios of human hair while preserving the strontium isotope signature, as strontium is 
predominately incorporated during bathing, which usually takes place at the site of 
residence. The linkage between 87Sr/86Sr ratios of tap water and that of the human hair 
suggest that the anonymous hair samples collected in this study likely derived from 
individuals that lived in the nearby area. 

Overall, we found that the isotope values of hair corresponded to the isotope values of 
water in the overall metropolitan areas and specific regions within the larger metropolitan 
areas. These finding also suggest that additional population and socioeconomic 
considerations could inform isoscape development in urban regions using diverse water 
sources. By weighting modeled isotope values to known demographic patterns, error 
envelopes and distribution functions of predicted isotope values could be further refined. 

Experiment 3. 
For this component of the research program, we sought to capture any seasonal cycles 
within the water sources or variations within the delivery of specific water sources to 
individual communities within a single metropolitan area. In Experiment 3, we collected 
waters from public taps and hair samples from barbershop floors in the SLV metropolitan 
area. We collected these materials for more than one seasonal cycle (i.e., Fall, Winter, 
Spring, Summer). We then measured the δ18O values and 87Sr/86Sr ratios of these 
materials. SLV has well-documented water management practices that include 
combinations of transported waters and local surface water and/or groundwater (Table 
17). Previous research has demonstrated that these water management practices are 
reflected in the δ2H, δ18O, and 87Sr/86Sr values of tap water in SLV and vary throughout 
the season with climate patterns and consumer needs (NIJ-2011-DN-BX-K544). We 
hypothesized that these variations in the δ2H, δ18O, and 87Sr/86Sr values of tap water will 
be recorded in the populations living in these regions. 

The main water sources used in the SLV metropolitan area include waters derived from 
the adjacent Wasatch Mountains, transported water derived from the Uinta Mountains, 
and groundwater aquifers and springs. We found SLV tap waters had a relatively large 
range in the 87Sr/86Sr ratios of tap waters. The most radiogenic 87Sr/86Sr ratios of tap 
waters were observed in water districts using groundwater sources (Figure 40). These 
include the Murray City Water System, Salt Lake City Corporation Culinary Water, and 
the Taylorsville-Bennion Water Improvement Districts (Table 17). We also observed 
variation in the δ2H and δ18O values and 87Sr/86Sr ratios of tap waters from districts using 
mixtures of water sources (Figure 40). These include the Salt Lake City Corporation 
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Culinary Water and Magna Water Improvement Districts. These δ2H, δ18O, and 87Sr/86Sr 
values of tap water observed in the SLV area are consistent with the water sources stated 
in the local municipalities’ consumer confidence reports. Nonetheless, we noted seasonal 
variations in the 87Sr/86Sr ratios of tap waters from the Salt Lake City Corporation 
Culinary Water System, with 87Sr/86Sr ratios corresponding to groundwater usage being 
observed more frequently during the latter portion of 2014 and into Spring 2015 (Figure 
40). This may have been a response to the low snowpack accumulation in the winter of 
2013/2014. 

We found that the δ18O and 87Sr/86Sr values of human hair also varied temporally 
throughout the SLV area (Figure 43). In addition, we noted spatial variation in both the 
δ18O and 87Sr/86Sr values of hair throughout SLV (Figure 43). However, the overall 
distribution of the δ18O values and 87Sr/86Sr ratios of human hair analyzed from SLV was 
relatively similar to that of the δ18O values and 87Sr/86Sr ratios of tap water (Figure 40 
and 43). As with the previous two Experiments, we found that overall the 87Sr/86Sr ratios 
of hair more directly related to the 87Sr/86Sr ratios of water in specific regions than did the 
δ18O values of hair and tap water. Further, we noted a possible lag between when specific 
87Sr/86Sr ratios of water were observed in regions and when correspondent 87Sr/86Sr ratios 
of hair were observed. This can be best demonstrated by comparing the 87Sr/86Sr ratios of 
water and hair collected from the Salt Lake City Corporation Culinary Water System 
District. Here, we find that during Summer 2014 (Figure 43c) 87Sr/86Sr ratios of hair 
from the Salt Lake City Corporation Culinary Water System District is most radiogenic, 
while the 87Sr/86Sr ratios of water from the Salt Lake City Corporation Culinary Water 
System District during this time are near the lowest ratios observed throughout the entire 
time series. However, approximately 6 months prior, in Fall 2013 and Winter 2013/2014, 
we note 87Sr/86Sr ratios of water from the Salt Lake City Corporation Culinary Water 
System District as having ratios similar to those observed in the hair in Summer 2014. 
This suggests a temporal lag between when a pulse of more radiogenic water is 
introduced to the water system and when this pulse is observed in hair clippings from the 
population exposed to that water. An additional explanation could be due to sampling 
bias (i.e., limited coverage of hair and/or water). 

Experiment 3 demonstrated that water management practices influence the isotopic 
composition of tap waters available to urban populations. In addition, a seasonal isotopic 
variation in tap water associated with water switching in water districts was noted. In this 
collection, water switching only occurred in districts that stated they used multiple water 
sources. 

As with the previous two Experiments in this research program, the discrete spatial 
variations observed in the isotope values of tap water were less clearly defined in hair. 
Nonetheless, the isotope values of hair corresponded to the isotope values of water in the 
Salt Lake City metropolitan areas and within the specific water districts within the 
metropolitan area. Finally, we noted a possible lag between when specific 87Sr/86Sr ratios 
of water were observed in regions and when corresponding 87Sr/86Sr ratios of hair were 
observed. This finding suggests that there is a delay of approximately 6 months between 
when isotopic signals are introduced into a water system and when these signals are 
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observed in hair clippings of the population, our sampling scheme was biased, or 
individuals got haircuts outside their region of residence. 

In conclusion, the three Experiments each confirm the initial hypotheses proposed. 
Specifically, these Experiments demonstrated: 1.) The isotope patterns in municipal 
waters are a function of water management and management practices vary spatially with 
coherent isotopic patterns that reflect the stated practices; 2.) The isotope patterns of 
human hair collected in urban regions with specific water management reflect that of the 
tap water delivered to that region and the underlying water management practices 
controlling the isotope ratios of that water; 3.) Spatiotemporal patterns in tap water 
isotope ratios are apparent and these patterns may be transferred to hair of individuals 
exposed to these spatial and temporal variations in water isotope ratios. 

Description of Deliverables 

Progress Reports 
Five Semi-Annual Progress Report were delivered via the GMS system for the time 
periods between: 

• Sept 1, 2013-Dec 31, 2013, 
• Jan 1, 2014-June 30, 2014, 
• July 1, 2014-Dec 31, 2014, 
• Jan 1, 2015-June 30, 2015, and 
• July 1, 2015-Dec 31, 2015. 

Ten Financial Status Reports were also submitted for the time periods between: 
• Oct 1, 2013-Dec 31, 2013, 
• Jan 1, 2014-Mar 31, 2014, 
• April 1, 2014-June 30, 2014, 
• July 1, 2014-Sept 30, 2014, 
• Oct 1, 2014-Dec 31, 2014, 
• Jan 1, 2015-Mar 31, 2015, 
• April 1, 2015-June 30, 2015, 
• July 1, 2015-Sept 30, 2015, 
• Oct 1, 2015-Dec 31, 2015, and 
• Jan 1, 2016-Mar 31, 2016. 

The PI provided project status reports during nine conference calls with the NIJ project 
manager on: 

• April 15, 2014, 
• June 24, 2014, 
• August 12, 2014, 
• October 14, 2014, 
• December 30, 2014, 
• April 14, 2015, 
• June 30, 2015, 
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• July 7, 2015, and 
• Sept 21, 2015. 

Database 
All data collected for hair and waters during this work effort have been collated in a 
relational FileMaker® database. This database includes sample information, collection 
location, element composition, and a measured stable isotope ratio for the elements H, O, 
and Sr. The database is stored on IsoForensics’ secure fileserver. 
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Figure 1. Cross-plot of the δ2H and δ18O values of tap water from the Phoenix-Mesa-Glendale (PHX), San 
Francisco-Oakland-Fremont and San Jose-Sunnyvale-Santa Clara (SFB), Los Angeles-Long Beach-Santa 
Ana and Riverside-San Bernardino-Ontario (LA), and San Diego-Carlsbad-San Marcos (SD) metropolitan 
areas. 
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Figure 2. Cross-plot of the 87Sr/86Sr ratios and δ18O values of tap water from the Phoenix-Mesa-Glendale 
(PHX), San Francisco-Oakland-Fremont and San Jose-Sunnyvale-Santa Clara (SFB), Los Angeles-Long 
Beach-Santa Ana and Riverside-San Bernardino-Ontario (LA), and San Diego-Carlsbad-San Marcos (SD) 
metropolitan areas. 
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Figure 3. Cross-plot of the δ2H and δ18O values of tap water from the Phoenix-Mesa-Glendale 
metropolitan area. Meteoric water line is shown. 
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Figure 4. Cross-plot of the 87Sr/86Sr ratios and δ18O values of tap water from the Phoenix-Mesa-Glendale 
metropolitan area. 
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Figure 5. Spatial distribution of δ18O values of tap water from the Phoenix-Mesa-Glendale metropolitan 
area collected in Fall 2014. 
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Figure 6. Spatial distribution of the 87Sr/86Sr ratios of tap water from the Phoenix-Mesa-Glendale 
metropolitan area collected in Fall 2014. 
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Figure 7. Cross-plot of the 87Sr/86Sr ratios and δ18O values of tap water from the Phoenix-Mesa-Glendale 
metropolitan area. Colored symbols represent regions within the Phoenix-Mesa-Glendale metropolitan 
area. 
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Figure 8. Cross-plot of the δ2H and δ18O values of tap water from the San Francisco-Oakland-Fremont and 
San Jose-Sunnyvale-Santa Clara metropolitan areas. Meteoric water line is shown. 
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Figure 9. Cross-plot of the 87Sr/86Sr ratio and δ18O values of tap water from the San Francisco-Oakland-
Fremont and San Jose-Sunnyvale-Santa Clara metropolitan areas. 
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Figure  10. Spatial  distribution  of  δ18O values  of  tap  water  from  the  San  Francisco-Oakland-Fremont  and  
San  Jose-Sunnyvale-Santa  Clara  metropolitan  areas.  
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Figure 11. Spatial distribution of Sr/ Sr ratios of tap water from the San Francisco-Oakland-Fremont and 
San Jose-Sunnyvale-Santa Clara metropolitan areas during Spring 2014. 
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Figure 12. Cross-plot of the 87Sr/86Sr ratio and δ18O values of tap water from the San Francisco-Oakland-
Fremont and San Jose-Sunnyvale-Santa Clara metropolitan areas. Colored symbols represent regions in the 
larger SFB metro areas. 
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Figure 13. Cross-plot of the δ2H and δ18O values of tap water from the Los Angeles-Long Beach-Santa 
Ana and Riverside-San Bernardino-Ontario metropolitan areas. Meteoric water line is shown. 

IsoForensics, Inc. 

This document is a research report submitted to the U.S. Department of Justice. This report has not 
been published by the Department. Opinions or points of view expressed are those of the author(s) 

and do not necessarily reflect the official position or policies of the U.S. Department of Justice.

45 



    

 
              

         
 
  

Figure 14. Cross-plot of the 87Sr/86Sr ratios and δ18O values of tap water from the Los Angeles-Long 
Beach-Santa Ana and Riverside-San Bernardino-Ontario metropolitan areas. 
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Figure 15. Spatial distribution of the δ18O values of tap water from the Los Angeles-Long Beach-Santa 
Ana and Riverside-San Bernardino-Ontario metropolitan areas collected in Fall 2014. 
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Figure 16. Spatial distribution of the 87Sr/86Sr ratios of tap water from the Los Angeles-Long Beach-Santa
 
Ana and Riverside-San Bernardino-Ontario metropolitan areas collected in Winter 2013/2014, Spring 2014,
 
and Fall 2014.
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Figure 17. Cross-plot of the 87Sr/86Sr ratios and δ18O values of tap water from the Los Angeles-Long 
Beach-Santa Ana and Riverside-San Bernardino-Ontario metropolitan areas. Colored symbols represent 
the three counties with in the larger LA metro area. 
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Figure 18. Cross-plot of the 2δ H and 18δ O values of tap water from the San Diego-Carlsbad-San Marcos 
metropolitan area. Meteoric water line is shown. 
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Figure 19. Cross-plot of the 87Sr/86Sr ratios and 18δ O values of tap water from the San Diego-Carlsbad-San 
Marcos metropolitan area. 
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Figure 20. Spatial distribution of the δ18O values of tap water from the San Diego-Carlsbad-San Marcos 
metropolitan area collected in Spring 2014. 
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Figure 21. Spatial distribution of the 87Sr/86Sr ratios of tap water from the San Diego-Carlsbad-San Marcos 
metropolitan area in Spring 2014. 
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Figure 22. Cross-plot of the 87Sr/86Sr ratios and 18δ O values of tap water from the San Diego-Carlsbad-San 
Marcos metropolitan area. Regions of the San Diego-Carlsbad-San Marcos metropolitan area are 
represented with unique colored symbols. 
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Figure 23. Histogram of the δ18O values of hair from the Phoenix-Mesa-Glendale (PHX, panel a), San 
Francisco-Oakland-Fremont and San Jose-Sunnyvale-Santa Clara (SFB, panel b), Los Angeles-Long 
Beach-Santa Ana and Riverside-San Bernardino-Ontario (LA, panel c), and San Diego-Carlsbad-San 
Marcos (SD, panel d) metropolitan areas. 
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Figure 24. Cross-plot of the 87Sr/86Sr ratios and 18δ O values of hair from the Phoenix-Mesa-Glendale 
metropolitan area. 
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Figure 25. Spatial distribution of the 18δ O values of hair from the Phoenix-Mesa-Glendale metropolitan 
area. 
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Figure 26. Spatial distribution of the 87Sr/86Sr ratios of hair from the Phoenix-Mesa-Glendale metropolitan 
area. 
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Figure  27. Cross-plot  of  the  87Sr/86Sr  ratios  and  18δ O values  of  hair  from  the  Phoenix-Mesa-Glendale  
metropolitan  area.  Colored  symbols  represent  regions  within  the  Phoenix-Mesa-Glendale  metropolitan  
area.  
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Figure 28. Cross-plot of the 87Sr/86Sr ratio and 18δ O values of hair from the San Francisco-Oakland-
Fremont and San Jose-Sunnyvale-Santa Clara metropolitan areas. 

IsoForensics, Inc. 

This document is a research report submitted to the U.S. Department of Justice. This report has not 
been published by the Department. Opinions or points of view expressed are those of the author(s) 

and do not necessarily reflect the official position or policies of the U.S. Department of Justice.

66 



    

 

 
              

    

  (‰, VSMOW) 

Figure 29. Spatial distribution of the δ18O values of hair from the San Francisco-Oakland-Fremont and San 
Jose-Sunnyvale-Santa Clara metropolitan areas. 
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Figure 30. Spatial distribution of the 87Sr/86Sr ratio of hair from the San Francisco-Oakland-Fremont and 
San Jose-Sunnyvale-Santa Clara metropolitan areas. 
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Figure 31. Cross-plot of the 87Sr/86Sr ratio and δ18O values of hair from the San Francisco-Oakland-
Fremont and San Jose-Sunnyvale-Santa Clara metropolitan areas. Colored symbols represent regions 
within the larger SFB metro areas. 
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Figure 32. Cross-plot of the 87Sr/86Sr ratios and 18δ O values of hair from the Los Angeles-Long Beach-
Santa Ana and Riverside-San Bernardino-Ontario metropolitan areas. 
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Figure 33. Spatial distribution of the 18δ O values of hair from the Los Angeles-Long Beach-Santa Ana and 
Riverside-San Bernardino-Ontario metropolitan areas. 
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Figure 34. Cross-plot of the 87Sr/86Sr ratios and 18δ O values of hair from the San Diego-Carlsbad-San 
Marcos metropolitan area. 
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Figure 35. Spatial distribution of the 18δ O values of hair from the San Diego-Carlsbad-San Marcos 
metropolitan area. 
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Figure 36. Spatial distribution of the 87Sr/86Sr ratios of hair from the San Diego-Carlsbad-San Marcos 
metropolitan area. 
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Figure 37. Cross-plot of the 87Sr/86Sr ratios and 18δ O values of hair from the San Diego-Carlsbad-San 
Marcos metropolitan area. Regions within the San Diego-Carlsbad-San Marcos metropolitan area are noted 
with colored symbols. 
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Figure 38. Cross-plot of the 2H and 18δ δ O values of tap water from the Salt Lake City metropolitan area. 
Meteoric water line is shown. 
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Figure 39. Cross-plot of the 87Sr/86Sr ratios and 18δ O values of tap water from the Salt Lake City 
metropolitan area. 
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Figure 40. Cross-plots of the 87Sr/86Sr ratios and 18δ O values of tap water from the Salt Lake City 
metropolitan area. Each plot shows data from the stated season. Colored symbols represent the water 
management districts. 
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Figure 41. Histogram of the 18δ O values of hair collected in the Salt Lake City metropolitan area. 
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Figure 42. Histogram of the 87Sr/86Sr ratios of hair collected in the Salt Lake City metropolitan area. 
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Figure 43. Cross-plots of the 87Sr/86Sr ratios and δ18O values of hair from the Salt Lake City metropolitan 
area. Each plot shows data from the stated date. Colored symbols represent the water management districts. 
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Figure 44. Histograms of the measured (left) and modeled (right) δ18O values of tap water from the 
Phoenix-Mesa-Glendale (PHX, panels a and b)), San Francisco-Oakland-Fremont and San Jose-Sunnyvale-
Santa Clara (SFB, panels c and d), Los Angeles-Long Beach-Santa Ana and Riverside-San Bernardino-
Ontario (LA, panels e and f), and San Diego-Carlsbad-San Marcos (SD, panels g and h) metropolitan areas. 
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Figure 45. Cross-plot of the 87Sr/86Sr ratios and 18δ O values of hair from the Phoenix-Mesa-Glendale 
(PHX), San Francisco-Oakland-Fremont and San Jose-Sunnyvale-Santa Clara (SFB), Los Angeles-Long 
Beach-Santa Ana and Riverside-San Bernardino-Ontario (LA), and San Diego-Carlsbad-San Marcos (SD) 
metropolitan areas. 
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Figure 46. Cross-plot of the 87Sr/86Sr ratios of hair and tap water from the Phoenix-Mesa-Glendale (PHX), 
San Francisco-Oakland-Fremont and San Jose-Sunnyvale-Santa Clara (SFB), Los Angeles-Long Beach-
Santa Ana and Riverside-San Bernardino-Ontario (LA), and San Diego-Carlsbad-San Marcos (SD) 
metropolitan areas. 
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