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Spatial Considerations of Stable Isotope
Analyses in Environmental Forensics

JAMES R. EHLERINGER . THURE E. CERLING, JASON B.
WEST, DAVID W. PODLESAK ., LESLEY A. CHESSON
AND GABRIEL J. BOWEN

Stable isotope analyses complement other analytical approaches to chemical
identification in an environmental investigation' (e.g. HPLC, GC-MS, LC-
MS). because stable isotope analyses provide an additional “fingerprint’ that
further characterizes a piece of forensic evidence. The analysis of stable isotope
composition of a material at natural abundance levels provides a means of
relating or distinguishing two pieces of evidence that have exactly the same
chemical composition.** The different kinds of materials, approaches and
applications of stable isotope analyses to the forensic sciences have been re-
cently reviewed.>* ® Here we focus on a relatively new and different aspect of
applying stable isotopes to forensic sciences: sourcing of evidentiary materials
with a geo-spatial perspective.

The study of stable isotopes as an environmental forensic tool is based on the
ability of an isotope ratio mass spectrometer to measure very small, naturally
occurring differences in the abundances of the heavy (rarer) to light (common)
stable isotopes in a material and then to relate that isotope ratio composition to
other samples or other evidence (elaborated further below). The specific instru-
mentation with applications considered in this review is the gas isotope ratio
mass spectrometer (IRMS), which analyzes gases with a mass of <70.” This
limits the applications of the IRMS to analyses of the stable isotope composition
of hydrogen (H) as Hs. carbon (C) as CO,, nitrogen (N) as N», oxygen (O) as
CO, CO; or O,, chlorine (Cl) as CH;Cl and/or sulfur (S) as SO,. Evidence or
materials may originate in gaseous, liquid or solid states and the materials
analyzed vary from simple to complex with high molecular weights. Whenever
the evidence or material to be analyzed is complex, a combustion or pyrolysis
reaction is coupled prior to the mass spectrometer to convert the materials into
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one of the mentioned gases. In some applications, compound-specific analyses
are conducted (e.g. n-alkanes contained within oil), whereas in others complex
biological tissues (e.g. bird feathers, hair) and whole organisms are analyzed. For
isotope ratio analyses of heavier elements and elements difficult to maintain in a
gaseous state, a thermal ionization mass spectrometer (TIMS) is employed. The
reader is encouraged to look at recent reviews where the application of TIMS
approaches to forensic and sourcing applications has been considered.™’

In forensic studies, investigators often compare individual samples with each
other to evaluate the extent to which the samples have overlapping to identical
chemical compositions. Stable isotopes add another dimension to these sample
comparisons by providing an additional isotopic fingerprint that allows ma-
terials of similar chemical composition to be distinguished or to be related.”
When sufficient specimens of materials of a given type and of known origin
have been acquired and examined, this database may be useful in assigning a
probable geographic region-of-origin to a material based simply on an accu-
mulation of observations, rather than to a first-principles mechanistic basis.
Such databases have been accumulated for controlled substances such as ma-
rijuana, heroin and cocaine.' " These approaches have been useful in both
providing information regarding possible region-of-origin sources of controlled
substances and in eliminating other regions as possible source locations.

A recent example that highlights the need for spatial maps is the analysis of
heroin specimens seized from a North Korean freighter.'? Australian police
seized 50 kg of heroin hydrochloride from the freighter and another 75 kg of
heroin hydrochloride from the offload site on Australian soil. Authorities
believed that it was ‘highly likely” that North Korea was dealing in illegal drugs.
In this case, seized heroin specimens were analyzed and determined to be
of unknown origin and could not be assigned a probable source location
by comparison with other observations of known authentics in the Drug
Enforcement Administration (DEA) database. While such an approach can be
used to identify samples of unknown origin, assuming that the isotopic com-
position of a biologically based material from a geographic region maintained a
similar isotopic composition over time (different production periods), as has
been with natural plant systems,'>'” the approach provides no forward-
looking perspective on the sample’s origins. _

A novel approach to geographical assignment may yield greater information
and insight, especially in the case when an incomplete database is available. By
using first-principles or other models of stable isotope fractionation in organ-
isms and the spatial modeling capacity of geographic information Syitfﬂg
(GIS), spatial maps of predicted stable isotope ratios can be constructed.™ ™
Analytical results from a specimen can then be compared with the map pre-
dictions and potential source locations can be identified. These advances rep-
resent cutting edge applications of stable isotope ratios to forensics that will
continue to develop over the coming years. As databases and fundamenl.al
understanding of stable isotope ratios grow, so will their capacity to aid in
forensic work. Here we review the potential of this approach to some aspects of
the sourcing of materials of forensic interest.
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1 A Background in Stable Isotopes
1.1 Stable Isotopes — a Primer

Different isotopes of an element are based on the numbers of neutrons within
the nucleus. Stable isotopes are those isotopes of an element that do not decay
through radioactive processes over time. Most elements consist of more than
one stable isotope. For instance, the element carbon (C) exists as two stable
isotopes. "*C and "*C. and the element hydrogen (H) exists as two stable iso-
topes. 'H and “H (also known as deuterium). Table | provides the average
stable isotope abundances of the elements analyzed by IRMS investigations.

1.2 Isotope Ratio Composition is Presented in Delta Notation

Stable isotope contents are expressed in “delta’ notation as ¢ values in parts per
thousand (%o). where 0%o0 = (R,/Rgq — 1) x 1000%0 and R, and Rgy are the
ratios of the heavy to light isotope (e.g. '*C/'*C) in the sample and the
standard. respectively. We denote the stable isotope ratios of hydrogen. carbon.
nitrogen. oxygen and sulfur in delta notation as 0°H. 6'°C. §'°N. 6'%0 and S,
respectively.

R values have been carefully measured for internationally recognized stand-
ards. The standard used for both H and O is Standard Mean Ocean Water
(SMOW). where (*H/"H),q is 0.0001558 and '*0/'°0 is 0.0020052. The original
SMOW standard is no longer available and has been replaced by a new Inter-
national Atomic Energy Agency (IAEA) standard, V-SMOW. The international
carbon standard is PDB. where (**C/'>C).q is 0.0112372 and is based on a bele-
mnite from the Pee Dee Formation. As with SMOW., the original PDB standard
is no longer available. but the IAEA provides V-PDB with a similar R value.
Atmospheric nitrogen is the internationally recognized standard with an R value
of ("*N/"¥N)yq of 0.0036765. Lastly, the internationally recognized standard for

Table 1  Abundances of stable isotopes of light elements typically measured
with an isotope ratio mass spectrometer.

Element Isotope Abundance (%
Hydrogen 'H 99.985
°H 0.015
Carbon 2e 98.89
e 111
Nitrogen "N 99.63
15 0.37
Oxygen 0 99.759
e 0.037
"0 0.204
Sulfur 32g 95.00
3G 0.76
S 4.22
og 0.014
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sulfur is CDT. the Canyon Diablo Troilite. with a value of (*S/*S) , of
0.0450045. Typically. during most stable isotope analyses. investigators would
not use IAEA standards on a routine basis. Instead. laboratories establish sec-
ondary reference materials to use each day that are traceable to IAEA standards
and that bracket the range of isotope ratio values anticipated for the samples.

1.3 Gas Isotope Ratio Mass Spectrometer

The instrumentation with applications considered in this review is the gas isotope
ratio mass spectrometer. which analyzes gases with a mass of <70.' High-pre-
cision measurements of the stable isotope abundance in a known compound or
material are made by converting that substance into a gas and introducing the gas
into the mass spectrometer for analysis. Combustion or pyrolysis of the sample is
usually associated with an elemental analyzer and the gases are separated from
each other through a GC interface. At the inlet to the mass spectrometer, the
purified gas is ionized and the ion beam is then focused and accelerated down a
flight tube where the path of the ion species is deflected by a magnet. Based on the
different isotopic compositions of the ions. they are differentially deflected by the
magnet. For instance, for measurements of the carbon isotope composition of a
material, the carbon is oxidized to produce CO, and the primary species formed
are *C'°0'"°0 (mass 44). *C'°0'"0 (mass 45) and "C'0'°O (mass 46). In
contrast to a traditional mass spectrometer where the strength of the magnet is
varied and the ionic species are measured by a single detector, in the isotope ratio
mass spectrometer the magnet field is fixed and the different isotopic ionic species
are deflected into separate detector cups at the end of the flight tube, allowing for
greater sensitivity in the measurement of the '*C/'*C ratio. Whereas a traditional
mass spectrometer may be able to detect a 0.5% difference in the R, value of
BC/Cina sample such as might occur in *C-enriched biochemical studies. an
isotope ratio mass spectrometer has the capacity to resolve a 0.0002% difference in
the R, value at the low end of the naturally occurring '*C/'*C range. In the
case of COa, this is because R, is measured in an isotope ratio mass spectrometer as
the ratio of the simultaneous currents in the two cups: '“C'°0'°0 (mass 44) and
BC190'°0 (mass 45) detectors.

An elemental analyzer. or gas chromatograph. is often coupled to the front
end of the isotope ratio mass spectrometer. With such an arrangement. it is then
possible to oxidize the sample for C. N or S isotope analyses using the elemental
analyzer, separate the different combustion gases using a gas chromatograph and
analyze the sample gases as they pass into the inlet of the isotope ratio mass
spectrometer (so-called continuous-flow IRMS). In this case, helium is used as a
carrier gas. transporting the combustion gas products from the elemental
analyzer to the mass spectrometer. Similarly. it is possible to pyrolyze the sample
in the elemental analyzer for hydrogen and oxygen isotope ratio analyses. In
addition. samples can also be isolated. purified and combusted offline and then
introduced into the mass spectrometer for stable isotope analyses. Reference
materials of known isotopic composition are analyzed before or after the sample
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is analyzed. This improves the accuracy of a measurement by directly comparing
the isotope signals of the sample and the working reference materials with each
other. As a consequence, a daily calibration is not used with the instrument
because essentially every sample is compared with a standard treated to the same
preparation and analysis conditions. These working reference materials are
identified by the stable isotope community and are exchanged among different
laboratories in order to determine the best estimate of the actual stable isotope
composition of the working standard. Under the best conditions, there will be
many working reference materials reflecting a range of stable isotope ratios and a
range of material types (e.g. water, plant material, animal tissue).

2 The Stable Isotopes of Water

Most of the water actively involved in today’s water cycle is in the oceans, which
have globally averaged 6°H and 6'30 values near 0%o each on the International
SMOW scale. As surface ocean waters evaporate into the atmosphere, the clouds
formed are isotopically depleted in *H and 'O relative to the ocean, resulting in an
air mass that is isotopically depleted relative to the ocean.” In turn, as moisture is
condensed from clouds during precipitation events, that water is isotopically en-
riched in *H and 'O relative to the cloud, leaving the residual cloud mass iso-
topically depleted in *H and '®O relative to the original cloud mass. The process of
differential isotope depletion during precipitation results in a predictable pattern of
depleted isotope ratios of precipitation as cloud masses move inland.? Since the
hydrogen and oxygen in precipitation become the primary source of H and O
atoms incorporated into carbohydrates, proteins and lipids during microbe, plant
and animal growth, these H and O isotopes have the potential to carry a geo-
graphically based piece of information that proves to be useful in forensic studies.

2.1 The Meteoric Water Line

The predictable relationship between the 6°H and 6'*0 values of precipitation
is known as the meteoric water line (MWL) and has a globally averaged 6°H
5'%0 slope of approximately 8 and an intercept of +10%0.2° Precipitation
falling near coastal regions on every continent has 6°H and 4'%O values slightly
less than 0%o. Successive precipitation events associated with rain out of the
residual cloud mass result in precipitation with °H and 4'%0 values near —200
and —24%o on the continental interiors, respectively. The 6°H/5'*0O slope of
precipitation is temperature sensitive, but for temperate and tropical regions of
the world the slope remains near 8.

2.2 Isotopes of Water on a Spatial Scale

Over half a century ago, the International Atomic Energy Agency (IAEA) in
- . o . . <2

Vienna established a global network of precipitation sites where the 8°H and

N ~ . . . . o 2 22

0"%0 values of precipitation were monitored on a monthly basis.”'**> From
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these and other observations, both temporal and spatial patterns emerged that
established the basis for a global representation of the distribution of isotopes
in water on a global basis.

Bowen and colleagues have been able to extrapolate from the available
location-specific data of stable isotopes in water to spatial maps of the pre-
dicted isotopic composition of water throughout the world.*** Analyses of
the spatial distributions of hydrogen isotopes of waters across North America
and Europe reveal substantial variations in stable isotope ratios (Figure 1),
making it possible to distinguish precipitation in many geographical locations
on the basis of their 6°H and 4'*O values. There are no unique stable isotope
ratio values for waters in a specific geographic location, but rather gradients or
bands of different isotope ratio values allowing one to distinguish between
locations if they were sufficiently far apart from each other. Today it is possible
to estimate reliably the globally averaged 6°H and 'O values of precipitation
for different latitudes and longitudes using a calculator available at http://
waterisotopes.org. The spatial integration of these calculations is the map
shown in Figure 1. This map of incoming precipitation values is appropriate for
use in addressing the stable isotope variations of plants, animals and microbes
across the landscape that use this water source during their growth. A second
and slightly different water map is generated when tap waters are measured.'**
Such a map differs because of water transportation and storage issues, each of
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Figure 1 Predicted long-term annual average precipitation hydrogen isotope ratios for
the land surface. This continuous layer is produced with a combination of
empirical relationships between measured precipitation 6°H and latitude and
elevation and a geostatistical smoothing algorithm for variations not ex-
plained by that relationship. Measured precipitation values are those main-
tained in the IAEA water isotope database. Methods and grids are available
at http://waterisotopes.org.
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. . nd <18 . .
which can result in 6°H and '*O values that are similar to the values expected
from incoming precipitation or somewhat more enriched or depleted.

3 Spatial Forensic Applications Based on H and O Isotopes

Natural isotope fractionation processes and fractionation steps associated with
the synthesis of biological products lead to a wide range of stable isotope ratio
values in plants. animals and microbes.>” ' Since these biological materials
are based on the isotopic composition of water as a substrate. to a first ap-
proximation we anticipate a strong correlation between the isotope ratios of
precipitation in a region and those of organisms living in that region. However.
the actual 6°H and 'O values of the carbohydrates. proteins and lipids in
biological organisms will differ from those of their water source because of
fractionation events associated with the physical environment and fraction-
ation processes during biosynthesis.

In this section. we consider three classes of biologically derived materials that
might be analyzed in a forensic case: plant products used in manufacturing.
food products and animal systems. For each. we consider relationships between
the isotope ratio of precipitation as a measure of geographic location and the
fractionation events, which become permanently recorded in the organic matter
of biological tissues. Each approach is built on the relationships among the
stable isotope ratio of water at a location. statistically derived climatic con-
ditions at that location and the mechanistic relationships relating fractionation
events between substrate and product. Since there is often a wide range of 6°H
and "0 values in biological materials, this provides an opportunity both to
predict and to detect stable isotope ratio differences among samples of forensic.
anthropological. ecological and economic interest.

3.1 Cotton as an Example of Plant Sourcing

Plant fibers are of fundamental importance to all of us today. appearing in
countless products used on a daily basis. Some of these widespread fiber ap-
plications include paper. packaging, construction and clothing. Consider cot-
ton. one of the most important fiber-producing plants and widely grown
around the world (Figure 2). Identifying the origins of cotton fibers poses a
challenge to the forensic scientist interested in. for example, tracing the origins
of a document printed on paper containing cotton fibers or to commercial
parties interested in determining if Egyptian cotton bedding had been produced
in Egypt or cultivated elsewhere in the world. Here. isotope ratio analyses may
offer insights. because spatial patterns in the isotope ratios of cotton are pre-
dictable and distinguishable on global scales.

Cotton fibers are composed of cellulose and the hydrogen and oxygen isotope
ratios of cellulose molecules are predictable based on mechanistic models.”’
Cellulose contains hydrogen and oxygen atoms derived from water during plant
growth and subsequently influenced by atmospheric conditions and biochemical
fractionation processes.”' ** The same mathematical approach allows predictions

Spatial Considerations of Stable Isotope Analyses in Environmental Forensics 43

Predicted cotton boll 5'°0

17.5 20.9 22.5 24.0 25.5 26.8 28.0 29.3 30.7 32.6 35.4

Figure 2 A GIS-based map of the predicted oxygen isotope ratio variations of cellulose
in cotton fibers expected on the basis of geographical variations in the isotope
ratio of water and of the climatic conditions. Unpublished data from J.
Ehleringer and J. West.

of the hydrogen and oxygen isotope ratios of cellulose produced in different plant
parts: cotton bolls (a reproductive structure), jute (derived from leaf cellulose) or
wood (after extracting cellulose from non-cellulose components).

The models used to predict cellulose isotope ratios in plants are utilized to
generate spatial predictions using geographic information system approaches.
West e al.’® incorporated the mathematics of cellulose isotope fractionation
models for both the organic hydrogen and oxygen atoms contained within
cellulose. Combining this mathematical approach with grid-cell estimates of
both the stable isotope composition of water and the appropriate climate
statistics, it is possible to make predictions of the anticipated hydrogen and
oxygen isotope ratios for cellulose produced in different parts of the globe. By
overlaying the growth locations of cotton with predicted cellulose isotope
values, it is possible to derive a global map of the predicted hydrogen and
oxygen isotope ratios of cotton fibers (Figure 2). ‘ ]

One advantage of a global map of the hydrogen or oxygen isotope ratios of
cotton fibers is that it allows an application common to forensic science: is the
evidentiary material consistent with or not consistent with the value of a sam.ple
from a specific region? This allows an investigator either to eliminate a locuUpn
from further consideration or to use the positive result in a corroborative
manner when combined with other supporting information. In few cases will
there ever be uniquely predicted hydrogen and oxygen isotope ratios for ma-
terials such as cellulose. This is simply because of environmental overlap in
homologous climatic regions of the world.

One application is analyses of the geographical origins of high-quality
counterfeits of security documents, such as currency. Since the mid-1990s, there
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has been an ongoing investigation by the US Secret Service to determine the
origins of the ‘Supernote’, a very high-quality counterfeit $100 bill.*”** Reports
have suggested that these ‘Supernotes’ originated from the Middle East
through North Korea. One can imagine that isotope ratio analyses of the fibers
in these counterfeit currencies might allow three points to be clarified. Are the
counterfeit currency specimens consistent with (a) currency paper currently in
use by the US government, (b) cotton fibers that are produced in different parts
of the Middle East and (c) cotton fibers. that are produced in different parts of
North Korea? The answers to these questions are of forensic interest in tracing
the origins of these high-quality counterfeit notes.

3.2 Wine as an Example of Food Sourcing

Hydrogen and oxygen stable isotope ratios have been explored as useful
markers of geographic source, production methods and even vintages of
wines.” ** The methods currently in use require large databases of authentic
samples for comparison with suspect samples. Identifying or verifying the
geographic source of wine can also be addressed with a complementary ap-
proach that is based on model descriptions of the spatial variation in expected
wine isotope ratios over a large region. These model descriptions can be de-
veloped based on first-principles (e.g. the biophysics of isotope fractionation in
wine grapes) or on regression or other model-fitting approaches.

The regression approach has been used to model successfully wine oxygen
isotope ratio variation using GIS.** We extend the spatial extent of this model here
for all of Washington, Oregon and California (Figure 3) to demonstrate the po-
tential power of the regression/GIS approach. This GIS-based extrapolation allows
one to predict the expected values for regions not yet sampled or values anticipated
for a region, were grapes to be grown in that region at some time in the future. The
approach also provides a basis for predicting the anticipated isotope ratios of
mixtures, where grape juices were derived from different geographical regions.

Some combination of database development and spatial modeling of wine
stable isotope ratios will continue to be an important tool as consumer demand for
terroir (loosely a sense of place) increases. The use of the database approach has
been successful in the European Union and will likely continue to be an important
source of verification using stable isotope ratios of wine. Emerging approaches that
take advantage of spatial tools such as GIS and improved mechanistic under-
standing of fractionating processes in grapes and the vinification process will
continue to enhance the utility of stable isotopes in geographic sourcing of wine.

3.3 Keratin as an Example of Animal Sourcing

Geographic variations in the hydrogen and oxygen isotope ratios of water also
form a basis of a geographic signal recorded in the hydrogen and oxygen iso-
tope ratios of organic matter in animals, such as humans,””**® birds, 74
small vertebrates®** ! and microbes.’** Here possible applications related to
sources of mad cow disease, vectors associated with bird flu, testing compliance
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Figure 3 A GIS-based map of the predicted oxygen isotope ratio variations of water in
wine expected on the basis of geographical variations in the isotope ratio of
source water and of the climatic conditions. Based on information published
in West e al.¥

with food production regulations, analyses of CITES-related specimens and
verification of region-of-origin claims, especially for high-value products. are
all contributing to an increased interest in stable isotope analysis in forensic
analyses and food authenticity.*®>* %7 .
Hair and fingernails record dietary and water source information and in so
doing provide geographic information for forensic studies. Several recent
studies have suggested that isotope ratio differences in human hair can
be used to distinguish individuals of different geographic origin.***>%>
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A recent study of public interest involving stable isotopes was the case of the
Ice Man discovered on the border between Austria and Italy.*” Fingernails
are also composed of keratin, the same protein as found in hair. Recently.
Nardoto er al.®' have shown that citizens from Europe, USA and Brazil can
be distinguished based on the isotope ratios within their fingernails. Although
there is a tendency among modern human societies for a global supermarket
that would homogenize diets and reduce isotope variations among fingernails
of different individuals. the diets in these countries are sufficiently distinct so
as stll to result in detectable differences in the isotope ratios of human
fingernails.

As humans and other mammals move through regions that have water with
isotopically distinct values. the 8°H and 6'%0 values of hair should sequentially
record that movement. Figure 4 illustrates this point with the isotope ratio
analysis of hair from a horse as that animal was raised in Virginia and then
transported to Utah. The abrupt changes in the 5°H and 'O values of the hair
reflect the transportation of the horse across the USA to its new home. By
knowing the growth rate of horse hair. it is possible to reconstruct the temporal
patterns of movement. Cerling er al.*” have developed models to describe the
multiple dietary and tissue pools that contribute to determining the turnover
rate of amino acids feeding into the synthesis of keratin in hair. providing a
mechanistic explanation of why the region-to-region shift in isotope ratios is
not instantaneous and also providing dietary insights into the fine-scale

Horse hair (Virginia to Utah)
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Figure 4 Analysis of the hydrogen and oxygen isotope ratios of sequential tail hair
segments from a horse that was moved from Virginia to Utah.
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temporal patterns seen in analyses of huirﬂscgmcn.lfs\: Ehleringm: e/.(,/_l." have
provided a mechanistic model relating the 3°H and 0"°O values of hair, d.lcl and
water source. The inversion of such models allows one to use \\'allc.r isotope
maps. such as that in Figure 1. to extrapolate to the possnbl? geographic regions
that would be consistent with the geographic movements of the horse. were that
information not previously known.

4 Opportunities to Examine C and N Isotopes
on a Spatial Basis

Plants and animals often exhibit wide ranges in lhcwc_‘;ir(bp(n4 ifolopc ratios of
their tissues that are related to geographical patterns.” """~ ™" For example. the
6"3C values of human hair can range from -25 to ~10%o. reflecting dictary
sources in different parts of the world.” > This is because carbon isotope
ratios in food can also range from -30 to —10%.. depending on the plaml_'s
photosynthetic puth\m}‘.:“‘('3"‘3'"7 One challenge is to place carbon isolopc ratio
variations into a geographical context that is as established in theory as it is for
hydrogen and oxygen isotopes described in previous sections.

4.1 The Imprint of Photosynthetic Pathways

Plants can be divided into two primary photosynthetic pathway groups: Cs zm_d
C, pholosynlhcsis.3N These two pathways exhibit distinctive diﬂ'crgnccs in their
0"3C values. with C; plants tending to have carbon isotope ratios of about
—27%o0 and C, plants about 12%0.* Among the foods we eat. most tend to be
C; plants. including most grains. fruits and starchy foods. In contrast. the most
common Cj plants are warm-season grasses. which include corn. sorghum,
millet and sugarcane.

Figure 5 illustrates the large and non-overlapping differences in the carbon
isolo}ve ratios of Cx plants. ranging from -30 to —24%o (e.g. \\'hc_al. barley. po-
tatoes). and C, plants. ranging from 14 to —10%o (e¢.g. corn, n'nll.cl. sm‘ghum.
sugarcane).”® It is well established that the isotope ratios of assimilated dietary
inputs are subsequently recorded in the proteins. lipids. curhoq;qes and curbo-‘
hydrates of the muscle. bones, teeth and hair of organisms. providing a record of
the diet of that organism. " 7® There are consistent 1-3% offsets in the carbon
isotope ratios of animal tissues relative to the food substrate that was 9;11.:11.
Isotopic turnover rates are not constant among body tissues, resulting in th
tissue-specific integration of dietary inputs over different lcn’\morul permd.s:
Turnover rates of carbon isotopes in blood are on the order of days. whereas
turnover rates of bone collagen can be on the order of 4-6 years. Although
analyses of these tissues will not vield temporal sequence information related to
diet of immediate forensic interest. these measures do provide a longcr. term
record of average dietary inputs. It is only the carbon isotope signal in. hair and
fingernails that provides a high-resolution temporal rccordpl‘diclzlx’_\’ mluk.c.

Understanding the fine-scale spatial significance of 6'°C values remains a
challenge in omnivores. such as humans, because whereas plant-based inputs
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Figure 5 Plants with C; versus C4 photosynthetic pathways have distinct, non-over-
lapping carbon isotope ratio distributions. Animals that eat C; versus Cg
plants will retain an isotopic history of this food source in the hair. bones.
teeth and muscle tissues. Based on Cerling et al.%

might reflect local sources, that is not often the case with animal-based protein
sources. For herbivores, the linkages between diet and geography appear to be
more closely related. Several models have been developed that incorporate
spatial models of variations in the 6'°C values of plant communities on a global
scales.””” The Still er al.” approach categorized communities as C; domina-
ted, C4 dominated or a mixture of both pathways. Given that the distribution
of Cy4 plants is strongly influenced by temperatures during the growing season.
they were able to produce a global §'*C map based on grid cell temperature
values. Subsequently. the Suits e al.”” approach is based on C; photosynthesis
models with carbon isotope discrimination based on observed meteorology
from the European Center for Medium-Range Weather Forecasts. These ap-
proaches have not yet been applied to forensic science, but there are distinct
possibilities of using such approaches to distinguish geographical origins of
border-seized mammals and birds based on 4'*C analyses.

Adulteration of food products through the addition of corn- or sugarcane-
based carbon can be easily observed and is frequently detected in USA foods.
Cy-derived sugars are frequently used to adulterate the carbohydrates con-
tained in jams, jellies and honeys™”® and fermentation sources used in making
beer,*” wines®' and distilled spirits.*> However, placing this information on a
geographically based approach is not possible, making it challenging to con-
sider the sourcing or the geographical origins of C4-adulterated food products.
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4.2 Cocaine Origins are Reflected in C and N Isotopes

For two decades, there has been international forensic interest in using stable
isotope ratio analyses to analyze drugs of abuse, particularly heroin and co-
caine.®* ®¥ Approximately a decade ago. the US DEA launched an effort to
obtain sufficient authentic specimens with which to develop a region-of-analysis
program. These results were positive. Dual-isotope plots described different
spatial realms, providing an approach for distinguishing regions of interest. As
part of this collaborative effort, Ehleringer er al.'' showed that the major
growing regions of coca for cocaine in South America could be characterized by
plots of the carbon versus nitrogen isotope ratios of purified cocaine (Figure 6).
In this case, the combination of these two isotopes alone explained more than
80% of the observed variation among samples originating from different
growing regions. This information is useful in law enforcement for strategic and
intelligence purposes. Today, stable isotope analyses are a key measurement in
the DEA’s Cocaine Signature Program, providing critical information about
the origins of seized samples.

The challenge is to translate the information contained in the carbon and
nitrogen isotope ratios of cocaine into a semi-mechanistic model that can be
integrated into GIS mapping. as was shown earlier for hydrogen and oxygen
isotopes. Because the mixing of carbon dioxide into different layers of the at-
mosphere is relatively rapid, there are no pronounced spatial gradients in the
isotope ratios of atmospheric carbon dioxide, the photosynthetic substrate that
forms the basis of all carbon in plants. Instead, there are variations in the
fractionation against '*C during photosynthesis.” These fractionation events are
driven by the degree of stomatal opening,*® ™ leading to regional-to-continental
patterns associated with different climate zones.* ?' Thus. carbon isotope

30
& 20 1
2
& ' a-Cacuet
Guaviare region >:<> Putumayo-Cagueta |
Putumayo and o Or
Caqusta region :
Huallaga and o |
Ucayall Valleys + or
Apurmac
Apurimac Valley
*
hapare Valley = |
Gheo : ©w -10f
Chapare
-20 L L N . N +
-150 130 -110 -50 -70 -50 -30

d3'®C - 10 TMC, %»

Figure 6 Carbon and nitrogen stable isotope ratios allowed the correct identification of
country of origin of 90% of 200+ cocaine samples zulllulyzcd (from Bolivia,
Colombia or Peru). Based on data in Ehleringer er al.
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variations among C3 plants are likely to follow precipitation clines, especially

since humidity and precipitation are so closely co-linked across sites. Although
: 3 S .

the challenge of placing Cs-based "*C variations on to a global scale is chal-

lenging. the coherent patterns that appear in the carbon-nitrogen isotope plot of

Figure 6 provide support for potential forensic applications once these modeling
challenges have been met.
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