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This article presents the use of natural abundance stable isotope (hydrogen, carbon, nitrogen, oxygen,
chlorine) analysis data as a tool for providing important information about the origin of contaminants, the
contribution of different sources to a multi-source plume, characterisation of their complex transport (rate
and mechanisms) and for evaluating the success of contaminated site remediation. Isotopic signatures of
contaminants are useful tracers of their sources, while isotopic fractionation can be used to quantitatively
assess the progress of an environmental process such as biodegradation. This new isotopic approach
is reliable and can offer more information than traditional techniques in pollutant migration studies,
particularly after waste disposal. During biological degradation of any organic compound, molecules
containing lighter isotopes are degraded, and the portion of heavier isotopes in the substrate is increased,
identifying specific microbial roles in biogeochemical cycling. Since isotopic fractionation is proportional
to degradation, depending on the type of contamination, a microbial degradation of 50 % to 99 % of the
initial concentration can be quantified using isotope ratio measurements.
KEY WORDS: biodegradation, coal mining, nitrate, nitrogen, organic contaminants, stable isotopes,
sulphur

The term environmental isotopes refers to
isotopes, both stable and radioactive, that are present
in the natural environment, either as a result of natural
processes or introduced by man. Because of their
specificity and reliability, environmental isotopes,
namely isotopes of light elements (hydrogen, carbon,
nitrogen, oxygen, sulphur, chlorine) have more
extensively been used to study the global element
cycles (1-3), hydrology (4-7), authentication of food
and drink (8-10), medical research (11-13), and
pollution monitoring (14, 15). Their application to
trace the history of specific molecules is based on the
different and distinct isotopic composition of the given
molecules related to isotopic fractionation in purely

* This paper has partly been presented at the International short course:
Environmental Management of Industrial Wastes in Western Balkan Countries
within the EC Project “Management and Remediation of Hazardous Industrial
Wastes in the Western Balkan Countries” (INDUWASTE); Zagreb, Croatia,
10-12 October 2006.

physical processes, heterogeneous chemical equilibria
and reaction kinetics caused by their origin and
isotopic behaviour, as they undergo environmental
processes (i.e., any process involved in the transport
and fate of the contaminant in the environment,
including evaporation, dissolution, volatilisation,
sorption, and degradation).
Due to a consideration that greater energy is
required to break bonds containing a heavier isotope
(16) in an isotopically fractionating process, molecules
containing a lighter isotope react at a slightly faster
rate than those containing a heavier isotope. In most
circumstances heavy isotope concentrates in the
component in which the element is bound more
strongly and thus equilibrium isotope effects usually
reflect relative differences in the bond strengths
of isotopes in various components of a reversible
system that is in the equilibrium. If a heavier isotope
concentrates in the component of interest, then that
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component is commonly referred to as enriched or
heavier.
A kinetic isotope effect occurs when one isotope
reacts more rapidly than another in an irreversible
system or a system in which products are swept away
from reactants before they have an opportunity to get
into equilibrium. Normally, a lighter isotope will react
more rapidly than the heavy one, and thus the product
will be depleted in the heavier isotope, which is known
as the kinetic isotope effect (KIE). Isotope fractionation
between two compounds (e.g., a substrate, p, and
its degradation product, r) can be expressed with the
fractionation factor α
(1)
where R is the ratio of the heavy isotope to the
light isotope (e.g. 13C/12C) of the same element in a
particular molecule and often referred to as isotopic
signature. The fractionation factor usually can be
converted to an enrichment factor, ε (in per mils, ‰)
using the expression:
ε = 1000 (α - 1)
(2)
The classical Rayleigh-type equation for fractional
distillation of mixed liquids can be written as
R = R0 f (α-1)
(3)
where the change in the isotopic ratio of the reactant
pool, R, from its initial ratio, R0, is related to the
fraction of reactant remaining, f, by a fractionation
factor, α, which is used for KIE calculation. A detailed
development of the simplified Rayleigh equation to
derive isotope enrichment factor, ε, which is frequently
used in environmental sciences, was carried out by
Schmidt et al. (17)
δr,t - δr,0 = ε ln f
(4)
where δr,0 and δr,t are the ratios of the heavy isotope
to the light isotope in the reactant r at time t=0
and t, respectively, expressed in the δ notation (see
equation 6). Instead of the fraction remaining, the
result is often presented as a fraction biodegraded,
B, in percentages (18).
(5)
The extent of biodegradation B is a useful value
to indicate different levels of biodegradation and can
easily be converted into a quantitative value, if the
source concentration for the respective sample is
accessible.

Natural abundance of stable heavy hydrogen
(deuterium, 2H) and oxygen-18 (18O) isotopes as
conservative tracers in water can provide preliminary
indications where it came from and what happened
to it on its way there (i.e. flow paths and origins of the
water). When water evaporates, lighter isotopes are
preferentially enhanced in vapour. During condensation
of vapour to liquid, the reverse is true. The theoretical
background of stable isotope fractionation in natural
physico-chemical processes involving freshwater
has been presented in a monograph published by
the International Atomic Energy Agency (IAEA),
including isotopic differences actually encountered in
natural waters and their practical use for hydrological
purposes (19). Variations in the isotopic composition of
different waters, their isotopic “fingerprints”, are used
to assess the vulnerability of groundwater to pollution
from the surface by determining how rapidly it moves
and where it has been recharged. This improves
the prediction of reactive contaminant transport in
the subsurface. Synoptic and time-series sampling
of solute isotope systems (e.g. carbon, nitrogen,
sulphur, chloride) are potentially useful for labelling
solute and pollution sources and for hydrological and
biogeochemical controlling of water quality.
The threat to the environment from hazardous
substances is measured by potential effects of
their disposal. When wastes are land-disposed or
accidental leaks and spills occur, contaminated liquid
may leach from the waste and pollute groundwater.
Depending on the reactivity and toxicity of the
contaminants, there is a multitude of implications
for both the environment and human populations.
Isotope signature of pollutants is often so specific that
environmental isotope methods can be used to locate
the source of contamination, trace the contributions of
pollutants from different sources, identify responsible
polluters, and monitor the effects of efforts to limit the
diffusion of a pollutant over time. This ability is used in
solving problems such as landfill leaching, industrial
and mine waste effluents, nutrients and pesticides,
sewage disposal, overexploitation of aquifer causing
induced recharge of wastewater, and monitoring the
success of remediation. A particular advantage of
isotope monitoring is the determination of pollutant
degradation directly in the contamination plume of
the hazardous waste (in situ).
This paper presents some successful current
applications of stable isotope composition
determination as a forensic tool to resolve sources
and fates of contamination in the environment. The
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aim of this work was to illustrate principles and issues
involved in stable isotope analyses, applicable to most
common dissolved contaminants in groundwater.

ANALYTICAL TECHNIQUES
Variations between more and less abundant
isotopes are relatively small in absolute terms and
must be determined with an adequate precision
and high accuracy. The appropriate measurement
technique, which determines the relative natural
abundance of stable isotopes in the bulk sample, is
the isotope ratio mass spectrometry (IRMS) using
either the dual inlet method or continuous flow (CF)
system (20). IRMS instruments accept the analyte in
the form of a limited number of gases (H2, CO2, N2, O2,
SO2, SF6), which must be isotopically representative
of the original converted sample. In the case of CF
applications, these gases are introduced into the ion
source by He carrier gas. The results provide only an
average value of the isotope content of the individual
chemical species expressed in the “delta” (δ) notation
(parts per million or ‰) as the relative deviation, δ, of
the heavy isotope content of a sample from that of a
standard according to the equation:

(6)
where R is the ratio of the heavy isotope to the light
isotope in the sample (RSample) and the standard
(RStandard), respectively (e.g. 2H/1H, 15N/14N, 18O/16O,
34 32
S/ S, 37Cl/35Cl). The δ value is positive if the sample
has more of the heavy isotope than the standard and
vice versa. Table 1 shows the natural abundance of
these isotopes and widely accepted standards. A
precision of 1 ‰ for δ2H, 0.05 ‰ to 0.1 ‰ for δ18O,
δ13C, and δ15N, and 0.2 ‰ to 0.3 ‰ for δ37Cl and
δ34S is required.
Novel analytical techniques developed in the
last decade, combining the molecular resolution
of chromatography (GC) as pretreatment with the
sensitivity of IRMS through a combustion (C) interface
(GC-C-IRMS), are among the greatest advances in
the determination of the isotopic composition of a
single compound in a complex mixture. So-called
compound-specific stable isotope analysis (CSIA)
has been applied for carbon isotope measurements
since 1996 (26), and has recently become available for
hydrogen (27), nitrogen (28) and chlorine (29) isotope
analyses. Detection limits for organic pollutants
depend on preparation techniques, and are in the

Table 1 Natural abundance of stable isotope and standards in used

Relevant isotope ratio
2

H/1H

Standard

Average natural
abundance

Name

Absolute value

Reference

1.55x10-4

V-SMOW

0.00015576

21

13

C/12C

1.11x10-2

V-PDB

0.01118

22

15

N/14N

3.66 x10-3

atmospheric air

0.0037

23

18

O/16O

2.04 x10-3

V-SMOW

0.0020052

21

34

S/32S

4.22x10-2

VCDT

0.0441626

24

37

C/35Cl

0.33722

SMOC

0.2547

25

V-SMOW - Vienna Standard Mean Ocean Water (water)
VPDB – Vienna Pee Dee Belammite (calcite)
VCDT - Vienna Canyon Diablo Troilite (FeS)
SMOC – Standard Mean Ocean Chlorine (water)
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order of 150 µg L-1 for chlorinated solvents and solid
phase microextraction. With the developed purge
and trap (P&T) injection (30) and dynamic headspace
extraction system (31), the detection limits for δ13C
determination of volatile organic compounds (VOCs)
could drastically be lowered to concentrations relevant
to environmental contamination levels (<5 µg L-1).
Greater sensitivity allows field investigations of µg
L-1, which achieve concentration ranges frequently
found at contaminated sites, even in the edge zones
of a plume in groundwater bodies influenced by
industrial point pollution (32). In general, CSIA can
be used in environmental sciences for (i) allocation
of contaminant sources on a local, regional, and
global scale, (ii) identification and quantification of
(bio)transformation reactions on scales ranging from
batch experiments to contaminated field sites, and (iii)
characterisation of elementary reaction mechanisms
that govern product formation (17). Its several
advantages over existing methods are in terms of
specificity, conclusiveness, and cost-effectiveness.

IDENTIFICATION OF ORIGIN AND FATE OF
CONTAMINANTS IN ENVIRONMENT
Nitrate
Natural isotopic signatures of nitrogen have been
impeded by the complexity of its cycle, consisting of
several pools that mix in various ways and numerous
transformations with different degrees of isotopic
fractionations. Nitrogen (NO3- and NH4+) pollution
in groundwater is an important environmental
problem in shallow aquifers in many countries and
is increasingly becoming a threat to drinking water
supplies. Potential non-point sources of nitratecontaminated groundwater include soil nitrogen,
fertiliser, and animal waste. Point sources include leaky
septic systems, spills or leaks, container disposal sites,
fertiliser cooperatives, and animal waste storage areas.
Ingestion of a high concentration of nitrates can cause
many problems. It is especially dangerous for infants
whose exposure to high concentrations of nitrates may
cause what is commonly known as the “blue baby
syndrome” with a potentially fatal outcome (33). There
is also substantial evidence from animal experiments
that carcinogenic N-nitroso compounds are formed
in the intestinal tract following ingestion of nitrate
(34). Therefore, the US Environmental Protection

Agency and the World Health Organization (WHO)
have recommended the limit for nitrate in drinking
water of 10 mg L-1 (as N) (35). A preliminary condition
for prevention is to determine the origin of nitrogen
dissolved in groundwater, which is either stored or
denitrified in the catchments, as approximately 80 %
is of anthropogenic origin.
Nitrogen isotopic signatures from different sources
(natural soil, fertilizer, animal waste, or sewage) are
quite distinct, creating tracers that are identifiable
15
within an ecosystem (Figure 1). Soil nitrogen has δ N
values of +5 ‰ to +7 ‰; nitrogen from commercial
fertiliser sources has a range from -7 ‰ to +8 ‰; and
animal wastes are generally greater than +10 ‰ (36).
The leaching of nitrate from soil into the groundwater
depends on the soil and fertiliser type. Using mineral
fertiliser, δ15N value increases up to +15.5 ‰, while
the application of manure or sludge results in much
higher δ15N values, up to +33.8 ‰. The increase
between +10 ‰ and +30 ‰ is mainly associated
with human and animal activity in settlements without
drainage. However, biological and chemical processes
such as denitrification, nitrification, and volatilisation
15
can alter the δ N signature, resulting in erroneous
source assignment. Nitrification and denitrification
are both biologically mediated. Generally, biological
14
activities use N preferentially, resulting in an
15
increased δ N value in the remaining nitrogen.
Recently developed isotopic techniques to analyse
both nitrogen (15N/14N) and oxygen (18O/16O) isotopic
fingerprints in NO3 (15N-NO3, 18O-NO3) allow us to
make some deductions concerning the identification of
nitrate sources and the degree of their transformations
(37). Knowing oxygen and nitrogen isotope content,
artificial fertilisers can be distinguished either from
manure or nitrate formed from nitrification of organic
material, and consequently, the dominant source of the
nitrates could be identified. Denitrification is a process
in which bacteria degrade nitrates (NO3-) to nitrogen
gas (N2), producing a distinctive isotope signature on
both nitrogen and oxygen in the residual dissolved
nitrate. The characteristic linear relationship between
the δ15N and δ18O values accompanied by a reduction
in NO3- concentration confirms the occurrence of
nitrate attenuation caused by microbial denitrification
at aquifer site (38). A preferential enrichment of
the heavy nitrogen isotope (15N) by a factor of 1.3
compared with the heavy oxygen isotope (18O) is a
useful means for verifying denitrification of animal
waste-impacted groundwater studies (see Figure 1),
(38, 39). Once the origin of nitrate in drinking water
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Figure 1 Isotope composition of major nitrate sources and residual
nitrate dissolved in water (38, 39)

is understood, corrective measures may be taken to
prevent or minimise further contamination.
Combustion residuals and coal mining waste
The use and disposal of coal combustion byproducts (CCBs) [i.e. fly ash, bottom ash, flue gas
desulphurisation material, and pressurised fluidised
bed combustion (PFBC) material] at coalmines
has become an area of intense interest for field
applications. CCBs are generally alkaline and have pH
values greater than 7. One of the proposed uses of
CCBs is in the reclamation of abandoned mine sites,
where low pH and high concentrations of dissolved
solids may cause significant water-quality problems.
Of primary regulatory concern is the impact of soluble
constituents of fly ash on the quality of surface waters
and groundwaters in order to determine the influence
of leachate derived from CCBs in the environment.
Wastes from energy plants and from coal mines
contain sulphates, as sulphur can exist in coal and
shade as pyrite (FeS2), other metallic sulphides (ZnS,
PbS, FeS), sulphates (FeSO4, Fe(SO4)3 or CaSO4),
organic sulphur (not well defined), and elemental
sulphur (S), which usually occurs only in trace amounts.
Two primary processes responsible for fractionation
of sulphur isotopes are: (i) reduction of sulphate to
sulphide by the anaerobic bacteria Desulfovibrio
desulfuricans, which results in a sulphide with a
relatively high proportion of light isotope (32S); and
(ii) exchange reactions where heavy isotope (34S)
is concentrated in compounds having the highest
oxidation state or greatest bond strength (40). Direct
comparisons of sulphur-isotope ratios in sulphide
and sulphate are possible because no significant
fractionation occurs during the oxidation of sulphide
minerals (41). Fractionation of sulphur isotopes upon
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precipitation of relatively soluble sulphate minerals
is assumed to be negligible (42). Therefore, sulphur
isotopic composition of dissolved sulphate as the
indicator of water quality could be incorporated in
groundwater monitoring programmes to detect and
quantify ash-derived sulphate in local groundwater
at sites where fly ash utilisation or disposal is distant
from the mine site or power plant. Successful use of
this parameter requires: (i) different sulphur isotopic
composition of sulphate in fly ash leached and local
groundwater; (ii) sufficiently oxidising condition
to inhibit bacterial sulphate reduction; and (iii)
conservative mixing of the two sulphate sources.
Sulphur isotopic composition of sulphate leached
from fresh fly ash (emplacement site Weld County,
Colorado) (43) showed strongly positive δ34S values
(+6.1 ‰ to +12.9 ‰), typical for organic bound
sulphur in low sulphur (<1 wt %) coals (44). Dissolved
sulphate in shallow groundwater showed negative
δ34S values (-2.7 ‰ to -3.2 ‰), typifying a reservoir
of sulphate that originated from pyritic sulphate (FeS2)
due to bacteria-mediated sulphate reduction. Bacterial
reactions favour the lighter isotope (32S), so that a
fractionation was produced in going from a sulphate
reactant to sulphide products. Found differences
in sulphur isotope abundance permitted confident
detection of as little as 10 % of ash-derived sulphate
in monitoring wells.
Using a sulphur-isotope ratio mixing model,
relative contributions of sulphur from two different
sources to water were determined at an abandoned
coal mine site reclaimed with PFBC byproducts (rate
of 125 tons per acre to a 7-acre, American Electric
Power Tidd Plant in Brilliant, Ohio) (45). Solid-phase
analysis of coal and spoil samples indicated that
sulphide (mainly as FeS2) was the dominant sulphurbearing phase, while sulphur in the PFBC byproduct
was present as sulphate, which was a result of the
combustion process. The δ34S value for the PFBC
byproduct ranged from +4.6 ‰ to +4.8 ‰ while
the spoil and aquifer-material samples had values less
than +3.2 ‰. The median δ34S values in interstitial
waters in the application area ranged from -7.5 ‰ to
-1.1 ‰ in comparison to the control area (-15.4 ‰ to
-12.2 ‰). The application of isotope ratios in mixing
model evaluations revealed that as much as 75 % of
the sulphate in interstitial waters in the application
area was derived from the leaching of the PFBC
byproduct.
Measurements of δ34S and δ18O of sulphates can
be applied to assess water hazard in a working coal
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mine and to identify source in discharged coal mine
waters. Here is an example of isotope data used to
distinguish between sulphates coming from wastes
produced in power plants from the upper Silesian
coal basin (southern part of Poland), where twelve
coal mines are located (Fig. 2) (46). Sulphates from
the fly-ashes of coal burning are enriched in heavy
isotope δ18O (+23 ‰ to +28 ‰) due to higher
evaporation and increasing activity of atmospheric
oxygen (δ18O = +23.5 ‰) in the oxidation process
(47). Oxygen isotopic data for sulphates of wastes
from desulphurisation processes in power plants were
in the range of +13 ‰ to +16 ‰. Sulphates from the
flotation tailings of coal mine exhibit δ values enriched
with light isotope (16O) of water (δ18O = -3.15 ‰ to
-2.32 ‰) used in flotation processes (δ18O ~ -10‰).
The values for δ34S (+4.85 to +6.40) were like
those in fly-ashes of coal burning, suggesting pyrite
(FeS2) origin or minor amounts of marcasite of the
Carboniferous formation. Sulphates found in some
mine waters enriched with heavy isotopes, both δ34S
(+25 ‰ to +35 ‰) and δ18O (+14 ‰ to +19 ‰)
suggest bacterial reduction of sulphates (48).

Figure 2 Plot of δ34S vs. δ18O for sulphates from mine waters of different
origin in the upper Silesian coal basin, southern Poland (46)

Organic contaminants
Groundwater contaminations with organic
pollutants have become a global environmental
problem, especially in industrialised countries.
Organic compounds are released into the subsurface
in various ways (e.g. accidental spills, improper
disposal methods, leaking underground storage
tanks). The fate and behaviour of these compounds in
the soil and groundwater media depends on a number
of physicochemical and biological processes. Each

process defines an independent set of compositional
and isotopic changes.
The fact that stable carbon and chlorine isotope
compositions of organic chemicals vary depending
on the manufacturer and time-frame that they were
produced (factors include the conditions and the
pathways used to synthesize the compound) allows to
identify sources of a chemical or to trace the time of
contaminant release in the environment. This has been
found for polycyclic aromatic hydrocarbons (PAHs)
(49), polychlorinated biphenlys (PCBs) (50), methyl
tert-butyl ether (MTBE) (51), chlorinated ethenes (52),
and BTEX (Benzene, Toluene, Ethyl-benzene, Xylenes)
compounds (53). In order to reliably determine that
two field samples are isotopically distinct, differences
in isotopic values of not less than 1.0 ‰ (or ±0.5 ‰
precision on each δ13C) are required.
Isotopic composition of a contaminant fractionated
during (bio)chemical transformation has been used to
assess in situ biodegradation of organic contaminants
in groundwater, since the isotopic enrichment of the
residual pollutant is the best evidence to demonstrate
(bio)degradation of these compounds. Isotope data
are usually evaluated using the Rayleigh equation to
estimate the extent of contaminant biodegradation or
the first-order rate constants, assuming that the change
in the average isotopic signature is subject to very
robust fractionation. However, the Rayleigh equation
is developed for homogeneous systems while in the
subsurface, contaminants can migrate at different
velocities due to physical heterogeneity. This approach
leads to a systematic underestimation of the actual
value due to the fact that it does not accommodate for
the subsurface physical heterogeneity of field sites. A
substantial systematic effect occurs especially for the
quantification of the first-order rate constants (up to
50 % underestimation of actual rate), while it is relatively
small for the quantification of biodegradation (<5 %
underestimation of actual degree of biodegradation)
(54). Further implications for practical application
of isotope studies in contaminated aquifers are the
processes of natural attenuation that involve small
isotope fractionation, such as mixing, sorption
(55) or evaporation (56), and may confound
quantification of a fractionating degradation processes
using a simple streamline-Rayleigh approach (57).
Although measured isotope ratios may, under
special circumstances, overestimate the extent of
degradation, they will not overestimate the extent of
net removal from the aquifer. Thus, isotopic analysis
can offer definitive demonstration of the degradation
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of these compounds in the environment, independent
of mass loss due to non-degradative processes.
VOCs such as the chlorinated ethenes (58) and
BTEX compounds (59) are strongly isotopically
fractionated during degradation, and their isotopic
analysis has the potential to yield information on what
processes have affected the contaminant and to what
extent these have occurred. In order for degradation to
be reliably resolved from non-degradative subsurface
processes, a VOC must be fractionated by more than
1.0 ‰.
Dissolved organic carbon (DOC) normally refers
to naturally occurring organic substances dissolved in
the sea, or in the rivers and lakes. It usually originates
from the biodegradation of solid organic wastes and
may itself be a groundwater contaminant. Due to its
range of significant environmental effects in aquatic
systems, DOC has extensively been investigated as an
energy source, a mediator of nutrient and metal ion
availability, and a regulator of photosynthesis through
light attenuation (60). Mohammadzadeh et al. (61)
applied CSIA to study the origin and biogeochemical
reactions taking place in the DOC of groundwater
from the municipal Trail Road Landfill (Ottawa,
Canada) leachates. The difference in δ13C values
for leachate acetate (-10.7 ‰ to -16.9 ‰) and the
bulk DOC (-24.7 ‰) was used to distinguish landfill
leachate derived DOC and identify biogeochemical
reactions. The enrichment of δ13C in the acetate
suggested that this biologically derived compound
became a substrate for secondary biogeochemical
reaction, likely methanogenesis.
Despite its relatively recent introduction as
gasoline additive, methyl tert-butyl ether (MTBE)
has become one of the most frequently detected
groundwater contaminants. The differing isotopic
enrichments found for aerobic (62) and anaerobic
(63) biodegradation indeed reflect the underlying
reaction mechanisms and therefore can be used
as a powerful tool for the quantification of in-situ
biodegradation of MTBE. The isotopic composition of
MTBE at the site of a former industrial landfill in South
America steadily changed from the source regions
along the major contaminant plume δ13C (-26.4 ‰ to
+40.0 ‰) and δ2H (-73.1 ‰ to +60.3 ‰), indicating
substantial biodegradation (64). Coupled evaluation
of two-dimensional compound-specific isotope data
explained both carbon and hydrogen fractionation
data in a consistent way and indicated anaerobic
biodegradation of MTBE along the entire plume for the
complex biogeochemical and hydrological regime at
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this site (Figure 3). Carbon and hydrogen KIE values,
calculated for different potential reaction mechanisms,
imply that anaerobic biodegradation of MTBE follows
the nucleophilic second-order substitution (SN2-type
reaction) mechanism at that contaminated field site.
Furthermore, obtained data suggested that additional
removal process(es) such as evaporation contributed
to the overall MTBE removal along the plume, a
phenomenon that might also be significant for other
field sites with tropic or subtropic climate and elevated
groundwater temperatures (25 °C).

Figure 3 Plot of δ2H vs. δ13C for MTBE in aerobic biodegradation in a
batch experiment (62), anaerobic biodegradation at different
field sites and field data from the major MTBE plume (63),
after Zwank, et. al. (64)

Chlorinated Aliphatic Hydrocarbons (CAHs)
Chlorinated aliphatic hydrocarbons (CAHs),
including the common solvents tetrachloroethene
(PCE), trichloroethene (TCE), tetrachloromethane
(CCl4), trichloromethane (CHCl3), and trichloroethane
(TCA), are the most frequently detected groundwater
contaminants due to their use for degreasing in dry
cleaning. As solvents, they are known or suspected
to be carcinogenic or mutagenic in humans. Natural
attenuation of CAHs can be an important mechanism
for groundwater remediation. It is difficult to determine
the effectiveness of natural CAH attenuation from
chemical analyses of groundwater samples because
mixing, dispersion, and secondary reactions can
mask the chemical evidence of attenuation. Under
anaerobic conditions, the primary mechanism for
the degradation of PCE and TCE in the environment
is reductive dechlorination (65). A significant range
in δ13C (34 ‰) and δ 37C (4.5 ‰) values obtained
as initial isotopic ratios of these compounds from
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various manufacturers (29) can be useful for their
environmental tracing. A much depleted δ2H (less than
-300 ‰) has strong implications for distinguishing
dechlorination products (PCE to TCE) from different
manufactured TCE (66). A study at Paducah Gaseous
Diffusion Plant in western Kentucky, an industrial
site extensively contaminated with CAHs, (67)
demonstrated that stable Cl isotope ratios in both
TCE and inorganic chloride in groundwater from an
aerobic aquifer beneath provided a powerful tool for
evaluating the effectiveness of natural attenuation.
These data support a model in which partial TCE
degradation occurred in relatively impermeable,
clay-rich sediments above the aquifer, and little
or no further degradation of TCE occurred within
the aquifer. In addition, the evidence for anaerobic
microbial reductive dechlorination of dissolved TCE
in the source zone (δ13C = -25 ‰ to -26 ‰) was
the enrichment in δ13C value (-18 ‰) in the residual
contaminant of downgradient wells in respect to its
original value (68).
Aromatic Hydrocarbons
PAHs have been studied intensely utilising δ13C
analysis in sediment records (69) because they can
be indicative of a variety of contaminant sources,
such as petroleum spills or combustion processes,
and are known to be carcinogenic. It was possible to
relate to coal-derived PAHs released during different
thermal conversion processes (combustion, pyrolysis,
gasification) with the resulting δ13C (-24 ‰ to -25 ‰)
values of the parent UK bituminous coals because their
isotopic signatures were conserved in soil (70). Based
on manufacturer-specific differences in δ13C values of
BTEX compounds, isotope analysis may be valuable
for identifying the origin of the dissolved contaminant

in well-constrained field situations at concentrations
from 0.1 µg L-1 to 100 µg L-1 (53). Nearly all evidence
for BTEX and other hydrocarbon contaminations
shows that carbon isotope fractionation is in the order
of only a few ‰ during biodegradation.
Although kinetic D/H isotope fractionation is two
orders of magnitude greater than carbon isotope
fractionation (71), CSIA for hydrogen isotope analysis
is still more expensive and less precise than carbon
isotope analysis. Relatively intensive changes in
the hydrogen isotope ratio were used to quantify
biodegradation of groundwater contaminated with
benzene and ethylbenzene in an industrial site
(Dow Benelux, the Netherlands) (72). Both benzene
and ethylbenzene showed a small enrichment
of 13C (1 ‰ to 2 ‰) in samples from the plume
compared to samples from the source zone (Figure
4a and 4b, respectively). For this isotopic shift to
become significant, a concentration reduction of
approximately 80 % - 90 % is required, which means
a degradation at a later stage. However, the results
for δ2H showed a much stronger fractionating effect
(fractionation of up to 27 ‰ for benzene and up to
50 ‰ for ethylbenzene) and provided conclusive
confirmation for the biodegradation of benzene, even
in downgradient samples that still have relatively high
pollutant concentrations.
Stable carbon and nitrogen isotope ratios of
products formed after the full oxidation of high
explosive trinitrotoluene (TNT) in contaminated soil
and groundwater were 4.2 ‰ and 15 ‰, respectively
(73). This range of isotope ratios of TNT coming from
five different sources reveals an excellent potential to
trace its sources and migration of munition residuals
in a complex environment.

Figure 4 Stable isotope composition (2H and 13C) of benzene and ethylbenzene from the source zone and the contaminant plume (72)
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CONCLUSION
An increasing threat to groundwater supplies and
surface water quality requires that the origin of specific
compounds is determined and the flow of effluents
traced in the natural environment. The application
of environmental isotopes in pollutant migration
studies makes it possible to trace potential sources,
transport media, degradation products, and the final
pool of natural and anthropogenic substances in the
environment. This application depends on the ability
of available techniques to reliably resolve differences
in analysed isotopic ratios between samples. Analysis
of stable isotope ratios of multiple elements in a single
individual compound (e.g. 2H/1H with 13C/12C and
37
Cl/35Cl or 15N/14N with 18O/16O) should increase its
ability to characterise the behaviour of environmental
contaminant, which is critical for the understanding
of reaction mechanism(s) and complex transport
in natural systems and for establishing remediation
strategies and responsibilities. Significant isotopic
fractionation between residual organic component
and degradation products caused by microbial
degradation is direct evidence that bioremediation
occurs in situations for which chemical measurements
alone may provide insufficient or ambiguous data. This
approach has made possible the use of stable isotope
analysis in developing and interpreting bioremediation
strategies for ecosystems that are contaminated with
organic pollutants. The actual application, however,
typically requires additional chemical (contaminant
fate) and site-evaluation information (groundwater flow
and transport processes) as well as an understanding
of how and when isotopes fractionate. Studies
using environmental isotopes can identify incipient
pollution and provide early warning when chemical
or biological indicators do not yet give cause for
concern. Future research is primarily governed by
the state-of-the-art in analytical instrumentation and
method development.
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Sa`etak
POTENCIJALNA UPOTREBA IZOTOPA VA@NIH ZA OKOLI[ U ISPITIVANJU MIGRACIJE ONE^I[]UJU]IH
TVARI
Cilj ovog rada je da se prika`e kori{tenje podataka analize prirodne obilnosti stabilnih izotopa (vodika,
ugljika, du{ika, kisika i klora) kao alata za dobivanje va`nih informacija o porijeklu one~i{}uju}ih tvari,
doprinosu razli~itih multikomponentnih one~i{}iva~a, karakterizaciji njihova kompleksnog transporta
(brzine i mehanizma) i pra}enja uspjeha remedijacije one~i{}enih mjesta. Izotopski sadr`aji one~i{}uju}ih
tvari koriste se kao traseri za odre|ivanje njihovih izvora, dok se izotopsko frakcioniranje mo`e iskoristiti
za kvantitativnu procjenu toka procesa kao {to je biodegradacija. Takav nov izotopski pristup je pouzdan i
nudi vi{e informacija od tradicionalnih tehnika kontrole putovanja one~i{}ivala, napose nakon odlaganja
opasnog otpada na zemlji{tu. Za vrijeme biodegradacije nekog organskog spoje molekule koje sadr`avaju
lake izotope lak{e se degradiraju, a dio te`ih izotopa u supstratu se pove}ava, {to upu}uje na mikrobiolo{ku
ulogu u biokemijskom ciklusu. Kako je izotopsko frakcioniranje proporcionalno degradaciji zavisno od
tipa one~i{}enja, kori{tenjem podataka mjerenja izotopskih odnosa mo`e se procijeniti mikrobiolo{ka
degradacija od 50 % do 99 % od po~etne koncentracije.
KLJU^NE RIJE^I: biodegradacija, rudnik ugljena, du{ik, organske one~i{}uju}e tvari, stabilni izotopi,
sumpor
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