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This paper presents an overview of the most common stable isotopes (H, C,N, O, and S) that are widely used
in environmental research. Much attention is given to the atmospheric aerosol particle studies involving stable
isotopes. Finally, the experimental results of the carbon stable isotope composition (§"*C) in fuels from various
locations (Eastern and Western Europe, China, Japan) are discussed. Additionally, recommendations for future

research directions are proposed.
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1. Introduction

Isotopic analysis has become almost a standard tool
for all scientists studying element or material cy-
cling in the environment. The article focuses on two
problems. The first one is to introduce a stable iso-
tope mass spectroscopy method which helps using
carbon, nitrogen, oxygen, and hydrogen stable iso-
tope ratios as markers in solving problems of envi-
ronmental investigation. The second problem is a
way to deal with the evaluation of aerosol sources
by using the isotopic composition of fuel. The major
part of the text particularly deals with the descrip-
tion of a wide range of environmental investigations
made using stable isotopes. A brief discussion on the
measured isotopic composition of fuel is given in the
end. It is a major priority, because atmospheric aero-
sols exert a highly uncertain effect on radiative cli-
mate forcing, have an important influence on visibil-
ity and serious impacts on human health. However,
there are significant uncertainties about the true im-
pact of atmospheric aerosols on climate and health
because of a lack of knowledge of their sources, com-
position, properties, and mechanisms of formation.

2. Application of stable isotopes

Most elements of environmental interest have two
or more stable isotopes, with the lightest of these

present in much greater abundance than the others
[EI]. The main concern in this article is given to the
hydrogen (H), carbon (C), nitrogen (N), oxygen
(O), and sulphur (S) stable isotopes. These elements
are found in the Earth’s terrestrial ecosystems, the
atmosphere, and all living things. Average terres-
trial abundances of the stable isotopes of some ele-
ments are given in Table EI

Most studies express the isotopic composition
in terms of & values which are parts per thousand
differences from a standard [E]:

Table 1. Average terrestrial abundances of the stable
isotopes of major elements of interest in environmental
studies [1].

Element | Isotope | Abundance, %
Hydrogen 'H 99.985
H 0.015
Carbon 2C 98.89
B3C 1.11
Nitrogen “N 99.63
N 0.37
Oxygen 150 99.759
70 0.037
30 0.204
Sulphur 32§ 95.02
33§ 0.75
S 4.21
36§ 0.02
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SX = [(Ropmte/ Reanina )~ 1] 1000, (1)

where "X is 2H, *C, PN, 'O, or *S. The § values
are measures of the amounts of heavy and light iso-
topes in a sample. Positive § values reflect enrich-
ment in heavy isotopes, and negative § values indi-
cate relatively lighter isotopes than those present in
the sample [ﬁ].

Stable carbon isotopes (**C and *C) have been
proved to be useful geochemical markers, and these
isotopes were first applied to the studies of air pol-
lution in the 1980s [B]]. In the studies [H, E] carbon
isotopes and the ratio of elemental carbon (EC) to
total carbon (TC) in aerosol particles were used to
investigate emissions from biomass burning.

The data on the stable carbon isotope ratio (6"°C)
can provide important information regarding the
sources and the processing of atmospheric organic
carbon species [f]. The carbon cycle involves active
exchanges of CO, among the atmosphere, terres-
trial ecosystems, and the surface of the ocean. The
0"C value of atmospheric CO, is decreasing in re-
sponse to the inputs of ’C depleted CO, from fos-
sil fuel plus biomass burning and decomposition.
Over the past 100 years the decrease might have
been almost 1%o, from about —7%o to —8%eo [E].

In the study [ﬁ] a combination of ground-based
and satellite observations was used to investigate
different sources of aerosol loadings over Lithu-
ania during two different time periods. The negative
carbon isotopic mean value (-30.9 + 0.2%o) during
31 March-2 April 2008 obviously indicates that a ma-
jor part of carbon mass in aerosol particles transferred
by the continental air masses is from wildfire location.

In the study [E] a Cambrian crude oil from the
central Tarim basin, along with its main separated
fractions, was pyrolysed in sealed gold tubes to in-
vestigate how generated gases vary in the chemical
and carbon isotopic composition and how this var-
iation would influence the genetic interpretation of
oil cracking gas.

The stable carbon isotope ratios obtained from
tree rings are used to reconstruct climate para-
meters, such as temperature, humidity [E, ], and
to find a response of trees to changes in atmospher-
ic chemistry [].

The interest in atmospheric aerosols that have
carbon in their composition is increasing; however,
studies on using stable carbon isotopes in charac-

terising air pollution are scarce [@]. In study [B]
the bulk carbon isotopic composition of organic
matter in aerosols to assess sugar cane sources was
determined. In another study [@] a wet oxidation
method for the measurement of compound specific
0"C of organic acids in the atmosphere was present-
ed. Furthermore, stable carbon isotope ratios have
been used to characterise the ageing of air masses
[, ]. It is very relevant to experimentally con-
firm the statements that properties and behaviour
of atmospheric aerosols that have carbon in their
composition in the processes occurring in the at-
mosphere are determined by organic compounds
formed during biomass and fossil fuel burning or
by natural compounds formed in forests, on the sea
surface, etc. The isotopic composition of CO, pro-
vides a tracer that can be used to identify sources
and sinks of C on the local, regional, and global scale
if the anthropogenic fossil fuel signals are known.
Most nitrogen is present in the biosphere as N,
gas in the atmosphere. This massive reservoir is well
mixed with an isotope composition that is essentially
constant at 0%eo [E]. Aerosol particles, as condensa-
tion nuclei, are crucial to cloud formation in the at-
mosphere because of the temperatures and relative
humidities at which clouds are observed to exist
[]. It is very important to determine the stable ni-
trogen isotope ratio for the nitrogenous substances
in aerosols and the geochemistry behaviour of stable
nitrate ion isotopes in aerosols in order to elucidate
the chemical and physical functions of clouds [[L7].
A detailed research was made in the study [[1§]
where the sources and chemistry of organic nitro-
gen aerosols in the atmosphere were explored.
There is a wide range of data reported for nitro-
gen isotope values from about —20%o to 10%o for
ammonium and nitrate in precipitation [III, E]. It is
a very useful method to use 6"’N measurements to
trace anthropogenic pollutant plumes and identify
the sources and fates of N that human activities
are adding to forests and lakes. Moreover, during
combustion in an engine, oxygen atoms dissociate
at high temperatures and start the chain reaction
which is the oxidation of nitrogen to NO and NO,,.
Isotopic analysis of carbon and nitrogen is very
common in ecological research [] while coupled
with palynological analysis it is applied in identity-
ing the possible origin of PM10-sized particles as
well as in providing additional information about
the air quality influencing human health [@]
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There are three oxygen isotopes that act as trac-
ers when many common oxygen-containing mol-
ecules circulate in the biosphere, namely 'O, O,
'80. The isotopes of oxygen are increasingly used to
track the global balance [E]. Hydrothermal activity
is one of the most important processes acting on
the Earth’s crust, because it is ubiquitous and sig-
nificant to geothermal energy and ore deposition.
'%0/'°O data provide evidence on a vigorous, short-
lived (=10 years), high-temperature, fumarolic me-
teoric-hydrothermal event [@].

Stable oxygen isotopes are a good way to track
the global balance in evaporation and condensa-
tion of water along with O, dynamics in a meta-
bolic context.

The stable isotope composition of sulphur enter-
ing the atmosphere can be quite variable. The oxi-
dation of SO, to sulphate occurs with an overall in-
verse effect that favours concentration of the heavy
S isotope in the product of sulphate; this inverse
effect arises from an equilibrium step between SO,
and HSO, prior to final oxidation to sulphate [Iil].

It is well-known that oceanic areas of high pri-
mary productivity emit dimethylsulphide (DMS)
[@], which is converted into submicrometer-sized
sulphate and methanesulphonate aerosols within
the atmosphere, and that these aerosols can affect
cloud albedo and climate [@].

The stable isotope composition of sulphur en-
tering the atmosphere can be really variable. New
studies using the **S value may clarify the relative
contributions of human versus natural sources of
the sulphur compounds (SO, SO*, etc.).

Stable hydrogen isotope (6D) measurements
have been successfully used to quantify breed-
ing origins of migratory songbirds and insects
that migrate across naturally occurring hydrogen
isotopic gradients in North America [@, ]. The
quantitative information gained in such isotope
studies can be used to improve wildlife manage-
ment decisions and has focused attention on det-
rimental effects of genomics on nontarget species
[@]. The measurements of 6D can also be used
to evaluate the biological isotopic fractionation
[@], decipher tropic relationships [@], and aid in
paleoclimatic reconstructions using fossil materi-
als [@, @]. Despite new and increasing applica-
tions in environmental studies, determinations of
the stable-hydrogen isotope composition of com-
plex organic substrates are hampered by laborious

preparation techniques and uncontrolled isotopic
exchange between labile hydrogen in the sample
and ambient water vapour.

During the past decade a new technique using
Cr metal as the active reactor component for a rap-
id, on-line continuous-flow reduction of waters for
the natural abundance stable isotopic measurement
of hydrogen was developed and tested [EI]. Nowa-
days global application of stable hydrogen is used
in wildlife forensics [@].

Ocean water is the main reservoir of hydrogen
in the biosphere and the standard reference mate-
rial (SMOW) for hydrogen isotope measurements.
The isotope composition of ocean water represents
a good starting point for following the isotope dy-
namics in the hydrological cycle.

For the identification of the location and origin
of a pollution source the investigations of relative
variations of various other isotopes are also used.
Recent studies suggest [] that coal combus-
tion has become an important source of Pb in
aerosols in urban and remote areas. Accordingly,
lead isotopic ratios are used for tracing the urban
atmospheric aerosols [@].

3. Stable isotopes in atmospheric aerosols

Atmospheric aerosols consisting of liquid or solid
particles suspended in air play an important role in
many chemical processes occurring in the atmos-
phere. The chemical composition is a major fac-
tor that controls the atmospheric effects of aerosol
particles [@]. Furthermore, the protuberant role
of atmospheric aerosol particles in the radiative
transfer within the atmosphere by scattering and
absorbing electromagnetic radiation makes them
an important parameter in modelling the Earth’s
climate.

Globally, aerosols interact both directly and in-
directly with incoming solar radiation. The direct
effect is when aerosols such as ammonium sulphate
scatter sunlight directly back into space while other
aerosols such as black carbon absorb radiation [E].
Meanwhile the indirect effect is when aerosols in
the lower atmosphere can modulate cloud proper-
ties due to changes in the concentration of cloud
condensation nuclei. This has a potential for alter-
ing cloud albedo and changing cloud lifetime.

However, there are significant uncertainties
about the true impact of atmospheric aerosols on
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climate and health because of a lack of knowledge
about their sources, composition, properties and
mechanisms of formation [].

The measurement of aerosols has been widely
practiced for several decades. Until recently, the
development of new measurement methods was
primarily motivated by the need to evaluate par-
ticulate pollution control devices and to find out
better means of monitoring indoor and outdoor
aerosols. During the resent several years, industry
has become increasingly interested in modern aer-
osol measurement methods not only to protect the
health of their workers as required by law but also
to increase productivity and thereby gain competi-
tive advantage [@].

Particles produced by diesel and spark-igni-
tion engines are of great concern to engine build-
ers since they influence engine performance and
wear and because of their impact on the environ-
ment. The main concerns about these particles are
environmental, namely adverse health effects, de-
creased visibility, and soiling of buildings. Recently,
much attention worldwide has been given to the
influence of fine particles in the atmosphere on hu-
man health [§t3-43].

In the study [¢4€] the dual carbon isotope analy-
sis method to a subset of six clean marine and pol-
luted aerosol samples demonstrating the ability to
discern contribution of three principal sources to
atmospheric aerosols, marine, continental nonfos-
sil, and fossil fuel, was applied.

The application of mass spectrometric tech-
niques to the real-time measurement and charac-
terisation of aerosols represents a significant ad-
vance in the atmospheric science. The basic types
of aerosol mass spectrometers have been recently
summarised in a review by Nash et al. [@].

Stable isotope mass spectrometry is a useful
technique for global climate change research [@]
and for identification of atmospheric carbonaceous
aerosol sources [@, @]. Stable isotope ratio mass
spectrometry and computer modelling can be
very useful to restore the irradiation parameters of
graphite or other carbonaceous materials by using
experimental and modelling results of '*C genera-
tion in the irradiated material [@]; consequently,
by combining aerosol mass spectrometry, stable
isotope mass spectrometry, chromatography, and
computer modelling the solutions of environmen-
tal problems in the future can be found.

4. Materials and methods

Our investigation revealed a possibility of the sta-
ble carbon isotopic ratio method to identify atmos-
pheric carbonaceous aerosol sources. Fuel samples
were taken from various locations. Diesel samples
were obtained from Byelorussia, China, the Czech
Republic, France, Germany, Lithuania, Switzer-
land, and Ukraine, while gasoline samples were
obtained from Japan and Lithuania. The E85 fuel
(from Lithuania) consisted of 85% of ethanol and
15% of gasoline.

The fuel samples were analysed with the FlashEA
1112 elemental analyser connected to the Ther-
moFinnigan Delta Plus Advantage stable isotope
ratio mass spectrometer. The samples were placed
into a tin capsule and combusted in an oxidation
furnace at the 1020 °C temperature with oxygen
excess. The carbon of the sample was oxidised into
CO.,. Later this gas passed into a reduction furnace
(650 °C). The water from the sample in the He flow
was removed using a magnesium perchlorate trap.
Then the gas mixture was separated in the PoraPlot
Q column (50 °C). Separated gas passed through
the ConFlow III gas distribution device to a mass
spectrometer ionization cell.

All stable carbon isotope data are reported in
the delta notation (8'*C) relative to Pee Dee Belem-
nite (PDB). Analytical precision and calibration
of reference gas CO, to PDB were estimated by a
repeated analysis of certified reference material
BCR 657, which gave an average §"*C of —10.76%o
and standard deviation equal to 0.08%o (certified
value is —10.76 + 0.04%o).

5. Results

Isotopic analysis of diesel fuel in Lithuania and oth-
er East European countries (Byelorussia, Ukraine,
the Czech Republic) shows that the carbon isotopic
values of this fuel are comparable (Table @). That
is not surprising knowing that crude oil for diesel
production is of Russian origin. In general, an iso-
topic composition of fuel in the Baltics and in East-
ern Europe differs from that in the countries using
fuel of other than Russian origin.

As it is seen from Table P diesel fuel in West-
ern Europe is more enriched in heavier carbon iso-
topes (has more positive values) compared to the
fuel of Russian origin. Diesel fuel from China has
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Table 2. Our results: measured §"°C in diesel and gaso-
line.

Sample location and measurement year | 6"C, %o
Diesel

Basel, Switzerland, 7% bio, 2009 -26.9+0.1
Battenheim Total Excell, France, 2009 -27.2 £ 0.1
Byelorussia, 2010 -30.9+0.1
China, 2009 -272+0.1
Ferney-Voltaire, France, 2009 -25.8+0.3
Kiev, Ukraine, 2008 -31.1+04
Lithuania, 2007 -306+1.1
Lithuania, 2009 -314+£0.5
Lithuania, 2010 -31.6 £0.1
Lithuania, diesel for farmers, 2009 -31.6 £ 0.1
Maulbronn, Germany, 7% bio, 2009 -27.0+0.3
Prague, Czech Republic, 2009 -31.1+£0.1
Gasoline
Lithuania, 2010 -30.1 £0.3
Lithuania, E85, 2010 -28.6 £ 0.7
Tokyo, Japan, 2010 -26.6 +0.1

0"C values similar to these of the fuel from West-
ern Europe. In Lithuania, the carbon isotope values
of gasoline are similar to those of diesel fuel. The
E85 fuel, which is composed of 15% of gasoline and
85% of ethanol, reflects the isotopic composition of
ethanol used for fuel production. The gasoline from
Japan has 6"°C values which are the same as those
of diesel fuel from China, implying the same source
of crude oil for this region.

In the study by Bush et al. [52]], 8*C of crude pe-
troleum showed a fairly high degree of variability,
with samples from a single refinery ranging from
—-25.9%0 to —31.5%o0 (the mean of —28.8 + 1.6%o),
but were not as variable as known global varia-
tions. Globally, 6"°C of crude petroleum varies
from -19%o to —-35%o, depending on geographic
origin [E, @].

Meanwhile, the carbon isotopic composition
of gasoline collected from various distributors in
Mexico City (Mexico) varied from -26.7 + 0.26%o
to -28.8 = 0.07%o0 and §”C value of diesel was
-27.4 + 0.01%o0 [@] (Table H). A very similar value
of diesel (-27.9 + 0.5%0) was adduced in the mea-
surements performed in Paris (France) [@]. The
carbon isotopic composition of anthropogenic CO,
measured in Wroclaw for two types of car fuel
(gasoline and diesel) was introduced in the study
[@]. The value of CO, originating from the com-
bustion of diesel was —31.9 + 0.3 %o and of gasoline

-31.7 £ 0.3 %o. These values are slightly different
from those determined by Widory [@], (average
value -28.8 + 0.4%o0), which was probably caused
by a locally variable character of fuels used for car
combustion. It is possible to calculate the carbon
isotopic composition of fuel using the equation
from the study [@]:

6" Ceo, =0.99(20.01)x6 "Cp ~13(£0.5)%0, (2)

Results show that the carbon isotopic compo-
sition of diesel was -30.9 + 0.3%o and of gasoline
-30.7 + 0.3%0 in Wroclaw [@]. These values are

uite different from those offered by other authors
([E, E]. However, this fuel is more enriched in
heavier carbon isotopes — the same as the fuel from
Lithuania.

The carbon isotopic composition values of oil
taken from various places are given for compari-
son in Table E [@]. 0BCvaried from -20.7 %o (Ital-
ian oil) to -32.3 %o (North Sea oil). It shows that
evaluations of aerosol sources by using the

Table 3. §"°C values of diesel, gasoline and exhaust CO,
from literature.

Sample location and measurement year | 0"C, %o
Qil [58]
Italian -20.7
Guatemalan -25.2
North Sea -32.3
Zairian -30.6
Angolan -26.3
Diesel
Mexico City, Mexico, 2000 [55] -27.4+0.01
Paris, France, 2005 [56] -27.9+0.5
Wroclaw, Poland, 2008 [57] -30.9+0.3
CO,, Wroclaw, Poland, 2008 [57] -31.9+0.3
Gasoline
Mexico City, Mexico, (87octane), 2000 [55] -28.6 + 0.2

Mexico City, Mexico, (93 octane), 2000 [55] -27.3 £ 0.1

Salt Lake City, USA, 2002

(Sinclair distributor) [52] ~28.840.07
Salt Lake City, USA, 2002
(Chevron distributor) [52] ~28.2£005
Salt Lake City, USA, 2002
(Tesoro distributor) [52] ~27.3£0.06
Salt Lake City, USA, 2002
(Phillips 66 distributor) [52] ~26.740.26
Wroclaw, Poland, 2008 [57] -30.7+0.3
CO,, Wroclaw, Poland, 2008 [57] -31.7 £ 0.3
CQ,, Paris, France, 2005 [56] -28.8+0.4
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isotopic composition of fuel are not significant
globally but very important for pollution research
locally.

6. Conclusions

A review of new articles shows that natural abun-
dance isotope signatures can be used to find pat-
terns and mechanisms at a single organism level
as well as to follow the whole ecosystem. The pos-
sibility of solving many environmental problems
by using stable isotopes in correct and creative
ways is analysed in the paper. The stable isotopic
ratio method combined with aerosol mass spec-
trometry, chromatography, and computer model-
ling is suitable for the identification of atmospher-
ic aerosol sources and for a better understanding
of many chemical processes occurring in the at-
mosphere in which aerosols play an important
role.

The results presented are the first measured
stable carbon isotopic data of car fuel in Lithu-
ania. Our investigation focused on car fuel, as the
private car is an important source of air pollution
and an important consumer of energy. The mea-
surement data of the stable carbon isotopic values
of diesel fuel (average value §"°C = -31.3 £ 0.1%o)
show that the isotopic composition of fuel in Lith-
uania and in Eastern Europe differs from fuel in
the countries which use fuel of other than Russian
origin (average value §"°C = -26.8 + 0.1%0) and
these data can be used to identify the source of
the fuel.

A comparison of our data and the data from lit-
erature shows that evaluation of aerosol sources by
using the isotopic composition of fuel is not signifi-
cant globally but is a sensitive tracer in the field of
identifying atmospheric pollution sources locally.
Besides, it was confirmed that estimation of the
impact of exhaust gases from the vehicles on aero-
sol particles can be done using the carbon isotope
composition. We can conclude that further investi-
gations into this issue are necessary.
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STABILIEJI IZOTOPAI APLINKOS TYRIMUOSE

A. Masalaité, A. Garbaras, V. Remeikis

Valstybinis moksliniy tyrimy institutas Fiziniy ir technologijos moksly centras, Vilnius, Lietuva

Santrauka

Pateikta tyrimy jvairiuose aplinkos sanduose, daz-
niausiai naudojant H, C, N ir S stabiliuosius izotopus,
apzvalga. Placiau aptariamos stabiliyjy izotopy taikymo
galimybés atmosferos aerozoliy tyrimuose, pvz., verti-
nant radiacinius ir cheminius procesus atmosferoje bei
galimus klimato poky¢ius, identifikuojant aerozolio da-
leliy $altinius, nustatant aerozolio daleliy chemine sudé-
t}, vertinant lokalius tar$os apkrovos dydzius bei jtaka
Zmogaus sveikatai ir t. t. Galiausiai pateikiamos eksperi-
menti$kai i$matuotos stabiliyjy anglies izotopy santykio

vertés naftos produktuose (dyzeline, benzine), naudo-
jamuose Lietuvoje, Ryty bei Vakary Europoje ir kitose
pasaulio 3alyse. Sios vertés leido identifikuoti naftos
gavybos vieta. Nustatyta, kad Lietuvoje ir Ryty Europos
$alyse naudojamas dyzelinas ir benzinas yra Rusijoje i$-
gaunamos naftos produktai. Daroma i$vada, kad izoto-
pu santykio metodas gali bati taikomas siekiant nusta-
tyti aerozolio daleliy $altinius (pvz., dyzelino ir benzino
degimo produktus), bet batina atsizvelgti  pradinj naf-
tos produkty izotopy santykj, kuris kinta priklausomai
nuo naftos iSgavimo vietovés.



