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1. Introduction

1.1. Scope of Review
Knowledge of the isotopic composition of a variety
of atmospheric trace gases, particularly methane and
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CO,, has proven to be useful for elucidating informa-
tion on their atmospheric budgets and biogeochem-
istry that could not be determined from concentration
measurements alone. Until recently, isotopic mea-
surements of non-methane volatile organic com-
pounds (VOCs) in ambient atmospheric samples had
not been achieved. Advances in measurement tech-
niques for the compound-specific isotopic composition
(*3C/*2C) of VOCs were first applied to atmospheric
samples by Rudolph et al.! The ability to measure
stable isotope ratios of specific VOCs in atmospheric
samples with concentrations down to the tens of parts
per trillion (ppt) range has stimulated research on
potential applications of this information for increas-
ing our understanding of their atmospheric budgets
and chemistry. For example, the Kinetic isotope effect
of atmospheric photochemical loss processes of non-
methane hydrocarbons (NMHCSs) has been exploited
to estimate their photochemical age from atmospheric
measurements.>® In another example, an isotope
mass-balance approach has been explored for reduc-
ing the large uncertainties in the atmospheric bud-
gets for methyl halides, whose sources and loss
processes have distinctly different isotopic signa-
tures.*5

So far, 3C/*2C is the only stable isotope system
which has been used in published studies of VOCs
in the ambient atmosphere.>35~14 However, source
or sink characterizations have been done for a wider
set of isotope pairs, including 2H/*H and ®7CI/35ClI.
Although the radioactive isotopes, including **C and
3H, are much less abundant than the stable isotopes,
they can still provide useful information if enough
sample is available. For example, Currie et al.'®
pioneered the use of “C to differentiate between
natural and anthropogenic sources of carbonaceous
particles. This technique has since been applied to
VOCs such as formaldehyde, other aldehydes, ac-
etone,”%16 formic and acetic acids,'>'® and the total
atmospheric burden of VOCs.1"18 This technique may
prove to be particularly useful in studying the
budgets for compounds with a combination of pri-
mary and secondary (photochemical) sources where
the relative importance of contributions from biogenic
and anthropogenic emissions is highly uncertain.

This review focuses specifically on the use of
isotopes to study gas-phase atmospheric VOCs in-
cluding NMHCs, oxygenated VOCs, and halogenated
VOCs. Research on the isotopic composition of atmo-
spheric VOCs is still relatively limited, but much
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innovative work has been published since 1997.
Additionally, many compounds of interest to atmo-
spheric chemists have been extensively studied for
several decades as tracers of fossil fuel well signa-
tures, bioremediation processes, biomedical applica-
tions, biosynthesis processes, and extraterrestrial
chemistry, among other applications. This review
provides a comprehensive summary of recent mea-
surement and theoretical advances in the use of
stable isotopes to study field measurements of atmo-
spheric VOCs' isotopic composition, measurements of
atmospheric source signatures, kKinetic isotope effects
associated with atmospheric loss processes, and ap-
plication of this new information for exploring atmo-
spheric VOCs’ budgets and photochemical processing.
A separate review in this issue by Brenninkmeijer
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et al. focuses on the use of isotopes in studying less
reactive atmospheric trace gases, including CO, CHy,
and N;O. Previous reviews that have included a
limited amount of isotopic information on a variety
of individual VOCs sources to the atmosphere,*® the
range of isotopic values observed in natural gas
deposits,?° or general isotopic techniques?:2? will be
referenced here, but not reviewed in detail.

1.2. Brief Overview of Atmospheric VOCs

Atmospheric VOCs including NMHCs, oxygenated
VOCs, and halogenated VOCs are ubiquitous trace
gases that have important impacts on atmospheric
chemistry in both the troposphere and the strato-
sphere. VOCs combine with oxides of nitrogen to
produce Ogs, contribute to aerosol growth and thus
impact atmospheric radiative processes and visibility,
substantially control the oxidative capacity of the
troposphere in polluted and forested regions, and
strongly influence OH cycling, even in remote regions
of the troposphere. Halogenated VOCs are important
because they contribute to stratospheric ozone deple-
tion. Biogenic as well as anthropogenic sources
release VOCs to the atmosphere, where their primary
loss reactions are with the major oxidants hydroxyl
radical (OH), ozone (O3), and nitrate (NO3). Some are
also lost by photolysis. To set the stage for our
discussion of the use of isotopes to study these
compounds, we provide a brief summary of the major
source categories, loss processes, atmospheric life-
times, and budget uncertainties for NMHCs, oxygen-
ated VOCs, and halogenated VOCs.

Specific NMHCs can typically be classified as
dominantly biogenic or dominantly anthropogenic.
Biogenic NMHC emissions are in turn dominated by
terrestrial plants, with forested ecosystems being the
largest source category. Thus, their source distribu-
tions are linked to the distribution of the emitting
vegetation. Globally, biogenic emissions of NMHCs
are roughly an order of magnitude larger than
anthropogenic emissions of NMHCs, and outside of
urban and industrial centers with little vegetation,
the biogenic compounds have a much larger impact
on atmospheric photochemical processes. Terpenoid
compounds including isoprene, monoterpenes, and
sesquiterpenes are the major biogenic NMHCs. These
compounds are highly reactive due to their double
carbon bonds and are removed from the atmosphere
mainly by reaction with OH, and to a lesser degree
by reaction with O; and NOs. Their atmospheric
lifetimes are typically a few hours or less during the
day. Several thorough reviews have been published
recently covering biogenic VOCs including NMHCs,
their sources, loss processes, and impacts on atmo-
spheric chemistry.23-25

Anthropogenic NMHCs include a wide array of
species, and the most commonly measured are C,—
Cio alkanes, alkenes, alkynes, and aromatics. Major
source categories for anthropogenic NHMCs include
vehicle emissions, solvent evaporation, and fuel
combustion. Burning biomass also emits substantial
guantities of a wide range of NMHCs. Atmospheric
lifetimes of these compounds are mostly determined
by their rate of reaction with OH, with lifetimes
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covering the full range from minutes to months. The
literature on anthropogenic NMHCs in the atmo-
sphere is vast and is covered well by several books.?62”
While the major source categories for biogenic and
anthropogenic NMHCs are well known, the range of
compounds emitted, their absolute emission rates,
their chemical transformations in the atmosphere,
and their impact on atmospheric photochemical
processes are all active areas of research.

Oxygenated VOCs are a class of compounds includ-
ing alcohols, aldehydes, ketones, and acids. They
generally have a more diverse array of sources than
NMHCs. Major source categories of OVOCs include
natural emissions from plants, soils, and the ocean,
anthropogenic emissions from combustion and sol-
vent evaporation, biomass burning, and photochemi-
cal production in the atmosphere through oxidation
of both biogenic and anthropogenic precursors. Their
loss processes are also significantly more complex
than those of NMHCs because, in addition to atmo-
spheric oxidation, some of these compounds are quite
soluble (i.e., acids), and others can be broken down
by photolysis (i.e., aldehydes). Specific oxygenated
VOCs may have a substantially less complicated set
of sources and sinks, but the few compounds in this
class which have been studied using isotopic tech-
niques, such as formaldehyde and organic acids, have
complicated budgets which remain highly uncertain.
Furthermore, the atmospheric budgets of alcohols,
ketones, and aldehydes are currently poorly con-
strained.?8-31

Halogenated VOCs include compounds whose
origin is completely anthropogenic, such as chloro-
fluorocarbons (CFCs), halons, and hydrochlorofluo-
rocarbons (HCFCs), compounds whose relative con-
tributions from biogenic and anthropogenic sources
are highly uncertain, such as methyl bromide (CH3Br),
compounds whose sources are dominantly natural,
such as methyl chloride (CH3CI), and a series of
less abundant compounds (e.g., methylene chloride,
chloroform, and bromoform). The budgets of CFCs in
the atmosphere are relatively simple because their
source is purely anthropogenic, and their dominant
atmospheric loss process is photolysis in the strato-
sphere, resulting in long atmospheric lifetimes of
order 50—100 years. HCFCs are similar to CFCs,
except that they contain HC bonds and their removal
from the atmosphere is dominated by reaction with
OH, resulting in atmospheric lifetimes of order
5—20 years. CFC and HCFC budgets in the atmo-
sphere are fairly well known, and thus these gases
have been used to elucidate quantities like atmo-
spheric mixing times and global average OH concen-
trations.323% Methyl halides have significant anthro-
pogenic sources, as well as terrestrial and oceanic
sources and sinks. Their atmospheric lifetimes are
of order 1 year, and their atmospheric budgets
remain highly uncertain. An authoritative review of
current knowledge regarding atmospheric concentra-
tions, sources, and sinks of these halogenated VOCs
can be found in the Scientific Assessment of Ozone
Depletion published by the World Meteorological
Organization.3*

Chemical Reviews, 2003, Vol. 103, No. 12 5027

1.3. Summary of Isotope Equations

The stable isotopic abundance of a specific element
in a sample is measured as a ratio of the rare isotope
to the abundant isotope. This ratio is then compared
to that from a known standard. For carbon, the
natural abundance 3C/*?C ratio (R) is commonly
compared to Vienna Peedee Belemnite (V-PDB), a
virtual scale identical to an internationally accepted
standard CaCOj; deposit from the Peedee formation
of South Carolina® with R = 0.0112372. The largest
deviation in 13C/*2C observed in naturally occurring
molecules is of order 10%,%-3 but is typically much
smaller, with meaningful and measurable changes
occurring in the fourth significant digit. These small
differences in C isotopic composition are conveniently
expressed using delta notation as the per mil (%o)
difference of the sample compared to a known stan-
dard:

x 10°

standard

8(%o) = [(:—mp') -1

A positive 6'3C value indicates that the sample has
more 3C than the standard, or is “enriched”. Nega-
tive values indicate “depletion” of 13C in the sample.
This delta notation equation is also used to define
the isotopic composition of hydrogen (6D), oxygen
(6*80), and nitrogen (6'°N). The commonly accepted
standard for hydrogen and oxygen is Standard Mean
Ocean Water (V-SMOW?°), and the standard for N
is atmospheric N,.*° All isotope data presented in this
review are referenced to these commonly accepted
standards unless otherwise noted.

The isotopic composition of a chemical element in
a molecule can vary according to the element’s source
and the mechanism of the molecule’s production. The
element can also be fractionated by physical, chemi-
cal, or biological loss processes. Isotope fractionation
occurs because the bond energy of each isotope is
slightly different, with heavier isotopes having stron-
ger bonds and typically slower reaction rates. This
favors loss of the lighter isotope over the heavier
isotope in a given process. The bonding energy
difference is proportional to the relative mass differ-
ence between isotopes. Due to the much larger
relative difference in mass between the two stable
hydrogen isotopes (50%) as compared to the stable
carbon isotopes (8%), we expect a priori that the
natural variability between various fractionating
processes involving 2H/*H should be larger than that
for 3C/*2C in a given molecule, such as atmospheric
VOCs. The isotopic variability of elements with
smaller relative mass differences, such as 3’CI/3>Cl
or 81Br/Br in methyl halides, should be even smaller
than for 13C/*2C. For example, observed variations for
S7CI/25Cl fall within £3.5%. for groundwater and rock
systems,** but observed variations for 3C/?C in
ambient NMHCs varied from —15 to —35%. (see
Figure 2).

Equilibrium fractionations can occur during the
exchange of a molecule between two different phases
(or compounds) at a rate that maintains equilibrium.
Although the overall process is in equilibrium, the
rate of these exchanges is different for each isotope
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because of their intrinsic relative mass differences.
Thus, a different isotope becomes enriched in each
phase (or compound). Typically, the heavier isotope
is preferentially incorporated into the phase (or
compound) where it is most strongly bound. Equilib-
rium fractionation is not likely to be important for
atmospheric VOCs because typically the lifetimes of
these compounds are short compared to equilibrium
times. Kinetic fractionations occur due to differences
in reaction rates of different isotopes in irreversible
physical, chemical, or biological processes. The re-
sulting kinetic isotope effect (KIE) associated with a
loss process is defined as

k.

isotopel

KIE = k—p
isotope2

where Kisotoper @aNd Kisorope2 are the rate constants for
loss of the lighter isotope-containing and heavier
isotope-containing molecules, respectively. The KIE
is typically expressed as a fractionation factor (¢) in
delta notation:

€(%0) = (KIE — 1) x 10°

where a positive e indicates that loss causes the
remaining sample to be enriched in the heavier
isotope.

The isotopic composition of atmospheric VOCs will
reflect the weighted average isotopic signature of all
the sources, and the weighted average of kinetic
isotope effects of all the loss mechanisms, contribut-
ing to the measured sample:

6atmosphere(%°) = zéisi + zeij
[ J

where ¢; is the isotopic composition of each source i,
Si is the fractional flux contribution of i to the total
sources, ¢j is the fractionation factor associated with
each loss process j, and L; is the fractional flux
contribution of j to the total loss processes.

The radiocarbon (**C/*2C) content or activity (A) of
a sample is typically reported as a percentage of
modern carbon (pMC) relative to a standard material
containing carbon of modern origin:

(14C/12C)sample

A%) = |
(14C/12C)standard

x 100

Radiocarbon activity may also be reported using the
(**C/*3C) ratios rather than the (**C/*?C) ratios. The
commonly accepted standard is oxalic acid (NIST
SRM 4990B) extracted from 1890 wood. This stan-
dard is used because the release of radiogenic carbon
from nuclear weapons and nuclear power generation
has increased the ratio of “C/*?C in wood grown since
World War 11.

2. Measurement Techniques

2.1. Historical Perspective

Determination of the stable isotopic composition of
VOCs requires complete separation of the individual
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compounds to be analyzed, quantitative conversion
of each compound to gases whose isotopic composition
can be measured directly (e.g., CO,, H,, N3),*? and
subsequent analysis using a mass spectrometer.
Complete separation of the compound of interest and
guantitative conversion to the analyzed form of its
elements is critical to ensure that no isotopic frac-
tionation occurs in the analytical procedure.

Early efforts to quantify the isotopic composition
of individual VOCs relied on obtaining pure samples
of a specific gas. Sample combustion of the pure gas
was performed offline in closed tubes at high tem-
peratures with catalysts such as CuO to convert the
carbon to CO, following procedures used for petro-
leum or organic matter samples.® The CO, was then
cryogenically separated from other combustion prod-
ucts, collected, and introduced directly into a dual-
inlet isotope ratio mass spectrometer. Dual-inlet
mass spectrometers allow for precise isotope ratio
determination by repeatedly alternating between
measurements of a sample gas and a reference gas.
The sample and reference gas reservoirs are main-
tained at precisely the same pressure to maintain
constant flow through capillary tubes connecting the
reservoirs to the mass spectrometer in order to match
potential isotopic fractionations between sample and
standard. The basic design has not changed signifi-
cantly since 1950,* and its fundamental advantage
is the high measurement precision of approximately
0.01%0 for 6'3C, due to the multiple comparisons
between the sample and reference gases. This time-
consuming technique is still routinely used as the
standard against which the accuracy of newer tech-
niques for individual compounds must be tested.*

The first approaches for isotope measurements of
individual VOCs separated from a mixture of gases
utilized preparative gas chromatography, where com-
pounds were isolated using a multiport valve as they
eluted from a chromatography column. The separated
compounds were then individually combusted to CO,
and H0 offline, and the products were separated and
analyzed individually. The collected products would
later be analyzed individually on a dual-inlet mass
spectrometer, directly for 6*3C in CO,, or following
reduction of H,O to H, (e.g., on zinc or uranium) for
oD.*4

The amount of sample required to maintain the
needed flow for a dual-inlet mass spectrometer and
achieve a precision of 0.01%. is approximately 200
nmol of pure gas,?! but can vary significantly with
the specific instrumentation and methods used, and
will likely continue to decrease with improving
technology. This approach has been successful for
high-concentration samples such as natural gas or
sediment gas, but the required sample size is quite
large when considering the low concentrations of
most VOCs in the atmosphere. To analyze a com-
pound whose atmospheric concentration is 1 ppbC by
dual-inlet mass spectrometry would require quanti-
tative separation from approximately 4500 L(STP)
of air.

The ability to measure compound-specific isotope
ratios on smaller samples of complex mixtures with-
out manual offline combustion of each compound was
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developed by Sano et al. in 1976, and Mathews and
Hayes in 1978.%2 Their approach was to separate
individual compounds by gas chromatography, com-
bust or reduce the eluting compounds to N, H,O, or
CO,, and continuously analyze each chromatographi-
cally separated peak using a conventional sector
mass spectrometer with a single collector alternating
between stable isotopes. Mathews and Hayes used a
selective trap to remove products other than those
of interest and measured the >N/**N (m/z 29 and 28)
or BC/*?C (m/z 45 and 44) ratios. This allowed for
continuous monitoring of the combustion effluent,
and thus continuous, online, compound-specific iso-
tope measurements. They named the technique “iso-
tope-ratio-monitoring gas chromatography—mass spec-
trometry” (IRM-GCMS) and showed that directly
comparable isotopic analyses could be accomplished
for all eluting compounds with a precision of 0.5%
relative standard deviation or better on samples of
20 nmol of CO; or 100 nmol of N,. This method
represented a significant breakthrough in terms of
approach and sample size, but the precision using a
single collector mass spectrometer was still not
adequate for studying the variation of natural isotope
abundances in atmospheric VOCs.6

2.2. Measurement Advances in GC-C—-IRMS

Coupling a GC and combustion chamber directly
to a continuous-flow isotope ratio mass spectrometer
was first achieved by Barrie et al. in 1984.4¢ This was
a multicollector mass spectrometer that could con-
tinuously monitor several mass-to-charge ratios.
Their work demonstrated the feasibility of measuring
0*3C for individual organic compounds separated
from complex mixtures with a precision of 1%. at
sample sizes of 8 nmol of C, and led to the first
commercially available instrumentation being intro-
duced in 19882* (referred to from here forward as
GC—C—IRMS). Keys to the development of GC—C—
IRMS instruments included (1) modification of the
IRMS vacuum pumping system to allow a continuous
flow of carrier gas into the instrument, (2) improve-
ments in the linearity of response of the IRMS to
allow isotopic composition to be analyzed across a
reasonable size range of chromatographically sepa-
rated peaks, and (3) new approaches for comparing
the sample isotope ratios to those of a standard.

The continuous-flow GC—C—IRMS instrument dras-
tically reduced the minimum sample size which could
be measured compared to a dual-inlet system, but
the analysis of effluent from a GC column posed
several challenges. Chromatographic separation has
high enough resolution to also cause significant
isotopic separation for individual compounds. This is
due to slightly different vibrational energy effects for
different isotopes during distribution between the
stationary and mobile phases in the chromatography
column.*” The isotopic composition of eluting peaks
is thus not homogeneous, with lighter isotopes fa-
vored in the leading edge and heavier isotopes
favored in the trailing edge of each peak. Therefore,
the isotopic ratio must be integrated from measure-
ments over the whole chromatographic peak. The
resulting requirements for baseline peak separation
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are much more stringent than for most other GC
detectors. Another analytical limitation is that the
relative concentrations of different compounds to be
measured in each sample cannot exceed the linearity
range of the IRMS. A useful working range is
typically 1 order of magnitude. Algorithms have been
developed to correct for nonlinear detector responses
over a response range up to 2 orders of magnitude,*®
although they have rarely been utilized in analyses
of complex environmental samples. Standard refer-
ence gases for stable isotopes are typically introduced
into the helium carrier gas stream downstream of the
combustion oven during periods when the chromato-
graphic baseline is constant before and/or after each
sample analysis. Alternatively, reference compounds
with known isotopic composition can be added to the
sample, or run between samples, in amounts that
mimic the magnitude range of chromatographic
peaks being measured.

Development of the GC—C—IRMS technique was
achieved by scientists who needed a tool to obtain
isotope information for specific organic molecules in
fields ranging from analysis of aspirin and its me-
tabolites* to measuring the N isotope composition
of individual amino acids.*? The measurement tech-
nique was first applied to ambient measurements of
atmospheric VOCs by Rudolph et al. in 1997, fol-
lowed by Tsunogai et al. in 1999,! approximately one
decade after commercial instrumentation was first
available. This breakthrough coupled traditional
cryogenic preconcentration of VOCs from ambient air
(e.g., Greenberg and Zimmerman*?) with a GC—C—
IRMS system. The focus was exclusively on measure-
ment of 613C, which allowed precision of 0.7%. to be
achieved for compounds containing 1 ng of C.* The
typical atmospheric VOCs measurement setup con-
sists of a canister for collecting ambient air samples
and a two-stage cryogenic concentration and focusing
system connected through a gas-sampling valve to
the GC—combustion—IRMS instrument. In the ex-
ample shown in Figure 1, samples are drawn from
the canister at a controlled rate using a diaphragm
vacuum pump and a mass flow controller through a
chemical trap for removal of H,O and CO, (typically
magnesium perchlorate or Drierite, and Ascarite 11
or Carbosorb, respectively), then through a cryogeni-
cally cooled trap filled with glass beads. The primary
trap is then heated and flushed with ultrapure He
through another H,O and CO; trap, and the sample
is cryofocused onto a smaller trap. Injection into the
GC is achieved by switching the six-port gas-
sampling valve and heating the focusing trap.

Following GC separation, the column effluent
passes through a combustion chamber filled with
CuO (or similar catalyst) at approximately 850 °C to
convert the individual VOCs to CO; and H,0O, then
through a water trap before entering the IRMS. An
open split is installed between the water trap and
IRMS to allow a fraction of the effluent from the
combustion chamber to be vented, while the rest
enters the IRMS at a constant pressure. A reference
gas with known CO; isotopic composition can then
be routinely added for an interval equivalent to a
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Figure 1. GC—C—IRMS instrument configuration for measurements of VOCs from canister samples. 1, Sample canister;
2 and 5, H,O and CO, removal traps (typically magnesium perchlorate and ascarite 11); 3, cryogenic preconcentration
trap, typically packed with glass beads, used for initial concentration step; 4, flow controller; 6, cryofocusing trap; 7, six-
port valve for loading trap and then injecting samples; 8, gas chromatograph; 9, combustion (or reduction) reactor; 10,
water trap; 11, isotope ratio mass spectrometer. Adapted with permission from ref 95. Copyright 2002 American Geophysical

Union.

chromatographic peak width in order to calibrate the
013C measurement.

Significant refinements in instrumentation and
methods have occurred since the initial introduction
of GC—C—IRMS in the 1980s. The combustion fur-
nace can be followed by a reduction furnace to reduce
NOy to N, for analysis of d'°N, such as in the early
design by Mathews and Hayes.*? The hydrogen in
organic molecules can be analyzed by quantitatively
converting it to H, using a higher temperature oven
(>1400 °C) set for pyrolysis.>° These or similar meth-
ods have been incorporated into commercially avail-
able instrumentation for compound-specific stable
isotope measurements of §13C, oD, 6°N, and 60,
although only §*3C measurements have thus far been
reported for atmospheric VOCs. Several investigators
also now split the effluent from the GC, sending only
a fraction of it through the combustion furnace to the
IRMS for stable isotope measurements. The other
fraction is sent to another detector, such as a qua-
dropole or ion-trap mass spectrometer, for simulta-
neous measurements of mass spectra that can be
used for compound identification and quantifica-
tion.4851

2.3. Other Measurement Techniques

Sampling air in canisters can place significant
limitations on the volume of air or the number of
samples which can be collected and brought back to
a laboratory for analysis. In addition, some com-
pounds of interest, such as certain light alkenes and
oxygenated VOCs, are not stable in many canisters,
and this instability could cause a shift in isotopic
composition. Yet, this is the main sample collection
technique which has been utilized to date for atmo-
spheric measurements. Alternative approaches for
collecting the large-volume air samples needed for
stable isotope analyses of atmospheric VOCs at
low concentrations (e.g., ppt levels) include direct
cryoconcentration of samples from the ambient at-
mosphere or collection on solid-phase adsorbents.

However, care must be taken to ensure that any
sample treatment processes prior to isotopic analysis
do not affect the measured isotopic composition.

Solid-phase microextraction (SPME) is a sampling
technique for organic compounds that involves expos-
ing an adsorbent fiber coated with a liquid polymer
to the sample of interest. Analytes partition from the
sample to the fiber, which can be thermally desorbed
into a gas chromatograph. SPME can be used directly
in a liquid organic phase, or by exposure to the
headspace of a sealed sample. Dias and Freeman®?
used SPME to measure the carbon isotope fraction-
ation during headspace extraction of agueous mix-
tures of various semivolatile organics, including
toluene. Hydrophobic compounds were enriched by
<4+0.5%0 in ¥C when extracted with a nonpolar
phase, and organic acids were depleted by <+1.5%o
when extracted with a polar phase. The authors
determined that these are not Kkinetic effects, but
rather are due to mass-dependent energy shifts and
electrostatic effects during the partitioning process.
These fractionations are quite small but can cause
systematic measurement errors if not taken into
account. The use of solid-phase carbon-based adsor-
bents has become routine for sampling and concen-
trating VOCs in ambient air for concentration mea-
surements.®® This approach may provide an attractive
alternative for sampling atmospheric VOCs for stable
isotope analysis, but there have been no measure-
ments published to date utilizing this approach. It
would be critical during method development to
determine collection and desorption efficiencies and
to ensure that no isotopic fractionation occurs during
the procedure.

Carbon isotopic analysis of formic and acetic acids
has been achieved by chemically selective oxidation
to CO,.1213 For these measurements, formic and
acetic acids were sampled on sodium carbonate (Nax-
COg)-coated cellulose filters with a high-volume
sampler at 50 m3/h for 2—9 days, while particles were
excluded using an upstream quartz filter. After the
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organic acids were extracted from the filter with
distilled water, samples were acidified with sulfuric
acid to remove carbonate as CO,, and then volatile
acids were isolated by vacuum distillation. These
acids were also collected in rainwater and concen-
trated by rotary evaporation following adjustment of
the pH to alkaline conditions. Formic acid was
selectively oxidized to CO, by reaction with HgCl, in
perchloric acid solution, and then acetic acid was
isolated from the remaining solution. The acetic acid
was combusted in a closed tube containing CuO as
described previously for other organic compounds.
CO; from each selective oxidation was then analyzed
using a dual-inlet IRMS. It is important to note that,
with this technique, there was incomplete recovery
of formic and acetic acids, so care must be taken to
determine whether isotopic fractionations in the
sample collection or analytical procedure compro-
mised the measured isotopic composition.

Carbon isotopic analysis of formaldehyde has been
achieved by selectively collecting milligram quanti-
ties of formaldehyde from air onto dry sulfite-treated
glass substrates.®” The major limitation to this
approach was reported to be the adsorption of atmo-
spheric water onto the sulfite surface, causing forma-
tion of bisulfite, which then reacts with formaldehyde
to form hydroxymethanesulfonate. Under favorable
low-humidity conditions, they achieved collection
efficiencies of >90%, and they suggested that the
selectivity for formaldehyde is high and the possibil-
ity of artifact formation is minimal. Variations of this
approach have been used by de Andrad and Tanner®*
and Tanner et al.®

Klouda et al. developed a method to quantify the
biogenic contribution to total atmospheric VOCs
using **C measurements.'”!® Air samples were col-
lected through a LiOH-packed column (to remove
CO; without loss of VOCs) into 32-L SUMMA pas-
sivated canisters up to pressures of 3.1 bar. VOCs
were then separated from residual CO,, H,O vapor,
carbon monoxide, methane, and noncondensable
major gases (N2/O,). The total VOCs were oxidized
to CO; and then reduced to graphitic carbon for 4C
analysis.

Analytical protocols have been developed for mea-
suring 0%Cl and 6'3C in micromolar quantities of
chlorinated solvents for application to studying natu-
ral attenuation of contamination in groundwater
plumes. For example, van Warmerdam et al.>® and
Holt et al.® combusted chlorinated solvents (e.g.,
chloroform, methyl chloride, methylene chloride) in
closed tubes to convert C to CO,, precipitated the ClI
to AgCI or CuCl, and then converted the CI into
CH3ClI by reaction with CHgsl. Isotopic compositions
of the purified CO, and CH3CI were then measured
using a dual-inlet IRMS with 0.1%o precision. This
approach would be difficult for use with atmospheric
samples because of the large volume of air required
to obtain purified micromolar quantities of chlori-
nated compounds. However, coupling a GC with a
continuous-flow IRMS, but without a combustion
chamber, may provide another alternative for directly
measuring the halogen isotopic composition of atmo-

Chemical Reviews, 2003, Vol. 103, No. 12 5031

spheric gases following sample preconcentration to
low nanomolar quantities.

3. Atmospheric Measurements

Numerous measurements of VOCs concentrations
have been performed over the past 30 years that
demonstrate significant seasonal, hemispheric, verti-
cal, and geographic variability of both biogenic and
anthropogenic compounds. In comparison, very few
ambient measurements are available for the isotopic
composition of these gases. These published isotopic
composition measurements are summarized in Fig-
ure 2. All of the research done thus far has focused
on the stable carbon isotopes. Measurements of the
isotopes of hydrogen and other elements have not
been reported for atmospheric VOCs, but new com-
mercially available measurement capabilities for
isotopes of H, N, and O by GC—C—IRMS provide the
opportunity to change this in the near future.

3.1. Carbon Isotopes

The majority of stable carbon isotope measure-
ments of ambient VOCs have been performed on
NMHCs and halogenated hydrocarbons. The first
reported values were measured by Rudolph et al. on
air from Baring Head, New Zealand, that was not
contaminated by local emissions. The 6*C values
were found to range from —22 to —29.7%. for ethane,
ethene, and propene, —6.7%. for propane, and —43.5%o
for CH3Cl. Czuba measured stable carbon isotope
ratios for propene in Toronto during the summer.210
Daytime 0'3C values averaged —19.8 4 2%. and were
more variable than nighttime values, which averaged
—23.8 + 0.8%o.. The significant diurnal difference was
attributed to a KIE associated with loss by reaction
with OH. They also reported the first KIE measure-
ments for propene at 11.7 £+ 0.3%.. The nighttime
values were noted to be similar to those from the
automobile source of propene, which was assumed
to be close to values from tunnel (—25.2 4 0.6%0) and
garage (—25.1 + 1.1%0) measurements.

Tsunogai et al.** measured §*3C of atmospheric C,—
Cs NMHCs and methyl chloride in the remote west-
ern North Pacific, coastal, and polluted urban re-
gions. In general, the alkanes demonstrated very
little variability, with an average 6*3C of —27 + 2%o
for C3—Cs compounds. The exception was ethane,
which was systematically more enriched in 3C (—28
to —22%o0) as mixing ratios decreased (from 5 to 1 ppb)
from urban to marine air samples. This trend was
consistent with a possible fractionation due to OH
oxidation in the atmosphere from urban NMHC
emissions that is larger for ethane than for the other
alkanes (see section 5.1.2). Alkene 6%3C signatures
were more variable, ranging from —37 to —12%o. for
ethene and from —27 to —14%. for propene. Both
compounds had 6'3C values that were systematically
lower in the marine, as compared to urban, air
samples. This may indicate different sources, or
atmospheric processing of alkenes vs alkanes, but
could also be due to artifacts in the alkene measure-
ments due to interactions in the canisters. Despite a
wide range of 03C values for methyl chloride (—44
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Figure 2. Carbon isotopic signatures for VOCs in atmospheric samples. Symbols are as follows: diamond, mean; x,
median; horizontal and thin vertical bars, standard deviation; and wide vertical bars, 25th and 75th percentiles. Number
of samples is reported in parentheses. If only one or two values are reported, they are plotted directly, and no statistics
are calculated. An asterisk signifies that data are reported as means and standard deviations of multiple treatments (see
Appendix). References used, in same order as listed in figure: rural (refs 14; 6; 7,12,13; 13; 5), urban (refs 11; 1,10,11;
1,11; 14; 1,5,11; 5; 5; 7,8,13; 8,13), marine (refs 3,11; 11; 11; 9; 7), and remote (refs 1; 1; 14; 5; 5; 5; 1,5; 6; 13).

to —30%o), there was no significant difference be-
tween urban and marine air samples. The 6*3C
ranges for all compounds were consistent with previ-
ously reported values from C3; biomass burning and
urban samples.t

Rudolph, Czuba, and Huang®’ reported additional
measurements in Toronto, focusing this time on
diurnal cycles of 6'3C for propane, butane, pentane,
propene, and benzene. Signatures for the three
alkanes ranged from maximum values near —25.5%o
during the day to minimum values near —32%. at
night. The alkenes reached more enriched values (up
to —12%o) during the day but had approximately the
same values as the alkanes at night (minimum value
—29.5%0). These minimum values were similar to
carbon isotopic signatures of known transportation-

related sources of NMHCs (see section 4.1.2). The
higher maximum values for alkenes as compared to
alkanes is consistent with a daytime oxidation of the
NMHCs by OH, with an associated KIE that is higher
for alkenes than for alkanes (see section 5.1.2). In
general, there were no obvious correlations between
carbon isotopic signatures and mixing ratios in this
dataset.

Saito et al.® also measured 6*°C values for NMHCs
in the western North Pacific. Ethane ranged from
—26 to —19%o, isobutane from —37 to —16%., and
n-butane from —37 to —21%.. Signatures for the latter
two compounds reached far more depleted values
than had been previously reported.’* Samples taken
during a frontal passage exhibited an inverse rela-
tionship between ¢'3C value and mixing ratio for
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ethane, as previously reported;*' this was not ob-
served for the other NMHCs, possibly because of air
parcel mixing effects. This ethane trend was similar
to a calculated estimate of the KIE due to oxidation
by OH. However, observed ethane 6*3C values were
slightly more enriched than calculated values; it was
proposed that this was due to uncertainty in the KIE.

Despite the recent increase in the number of
atmospheric NMHC isotope measurements, spatial
and temporal coverage is still virtually nonexistent.
To address this, Thompson et al.>® calculated a global
distribution of stable carbon isotope ratios and mean
photochemical ages for ethane and benzene by in-
corporating known atmospheric and source signa-
tures and sink KIEs into a chemical tracer model.
Ethane 6°C signatures were predicted to be higher
in remote regions than over the continents and
heavier during summer than winter, due to atmo-
spheric photochemical processing. Photochemical
losses were predicted to dominate other factors, such
as emissions and transport, in controlling ethane
signatures from spring to summer, while mixing
became most important from fall to winter. Similar
results were found for benzene, although the vari-
ability was significantly higher due to a more variable
reaction rate with OH and associated fractionation.
Additionally, photochemical loss during the transi-
tion from spring to summer was a less dominant
factor for benzene than for ethane.

Isoprene is the dominant naturally produced VOC
emitted to the atmosphere. It is biogenically produced
by a variety of organisms, but the highest emissions
are from vascular photosynthetic plants. Rudolph et
al.'* made several measurements of the 6C of
ambient isoprene in rural (—25 to —29%.) and urban
(—16 to —23%0) locales. These values were similar,
or enriched by up to 10%., to laboratory cuvette
measurements of direct emissions from a velvet bean
plant (—27.7%o). This is consistent with a vegetative
source of isoprene in rural areas and a chemical loss
of isoprene to OH during transport to urban areas,
with an associated KIE of ~7%0'45 (see sections 5.1.2
and 6.2).

Thompson et al.5 reported stable carbon isotope
signatures of CH3Cl and CFC113 in remote air from
both the Northern and Southern hemispheres. The
average CHsCl 613C values were —36.1 £ 0.3%o in the
Northern hemisphere and —42.1 + 1.9%. in the
Southern hemisphere. The Southern hemisphere
values were likely impacted by local emissions,
resulting in high variability and a skewed frequency
distribution. Samples from suburban New Zealand
had 6%C for CH3Cl of —46.9 + 0.5% and —34.4 +
0.5%o. In the Northern hemisphere, no relationship
was observed between isotopic ratio and concentra-
tion, and no significant difference was observed in
013C for remote air at various latitudes. Additionally,
the stable carbon isotope ratios at Alert research
station were not significantly different for summer
and winter. The global average 6*3C value for CFC113
was —23.3 + 1.6%0, with no significant interhemi-
spheric difference.

Several studies have reported stable and radiocar-
bon isotope measurements of oxygenated VOCs
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(OVOCs). Formaldehyde is directly emitted by auto-
mobiles, building materials, and vegetation, and is
also produced by photochemical oxidation of both
biogenic and anthropogenic VOCs. Johnson and
Dawson® collected ambient formaldehyde on sulfito-
impregnated filters, which were then extracted and
oxidized to CO, before mass spectrometric analysis.
Samples from Baring Head, New Zealand (clean,
remote site), had a mean 6%C of —17.0%., while
samples taken at Mt. Lemmon, Arizona (remote
continental site), had a mean of —28.3%.. The values
are both more enriched than ambient methane
(—47.2 £ 0.13%0>°) and many NMHCs, which are the
dominant photochemical precursors of formaldehyde.
Tanner et al.® also used this method to collect
ambient formaldehyde at Nova Scotia during NOAA'’s
North Atlanic Regional Experiment. IRMS analysis
revealed an average 63C of —22.8 £ 2.1%o for seven
samples, each collected over a minimum of 24 h. It
should be noted that these reported values were not
corrected for effects due to collection efficiencies of
<100%, which were assumed by the authors to have
only a small fractionation effect. The **C content of
these samples indicated a high percent of “modern”
carbon (78 £ 8%). This implies that the primary
source of formaldehyde at that location was from
oxidation of biogenic, and not anthropogenic, hydro-
carbon emissions.

The major organic acids in the gas phase are formic
and acetic acids. They are found in both tropospheric
air and rainwater and contribute substantially to
precipitation acidity.5° They are photochemical oxida-
tion products of VOCs, and can also be directly
emitted from biogenic or combustion processes.?®
Stable carbon isotope ratios of these compounds have
been made with the goal of correcting *C measure-
ments for isotopic fractionation, differentiating their
biogenic versus anthropogenic sources,*?12 and pos-
sibly differentiating between methane and VOCs as
the photochemical production sources of formalde-
hyde.® Glasius et al.’? trapped these acids on sodium
carbonate (Na,COz3)-coated filters and purified them.
After selective oxidation and isotopic analysis, the
resulting 0°C values for formic acid in Denmark
ranged only from —28.6 to —27.1%. for winter and
spring. Johnson and Dawson” collected formic acid
on calcium dihydroxide (Ca(OH),)-coated filters and
then oxidized it by reaction with mercuric chloride.
The average signature from 36 measurements at a
remote Arizona mountain site was —23 + 1.5%o, while
those from various urban and rural western U.S.
sites ranged from —18 to —25%., respectively.” Gla-
sius et al.’® measured a range of 6'3C values for
formic acid (—28.7 to —23.2%0) for various rural to
remote sites across northwest Europe, while acetic
acid 0'3C values were slightly more depleted, at
—29.7 to —25.3%0. Sakagawa and Kaplan® isolated
formic and acetic acids from atmospheric rain samples
by ion chromatography before analysis with IRMS.
In contrast to Glasius et al.,'3 they measured average
03C values of —30.1%. for formic acid, while acetic
acid was more enriched, at —20.5%o. As radiocarbon
data have typically demonstrated a predominantly
biogenic source for these acids, it was suggested that



5034 Chemical Reviews, 2003, Vol. 103, No. 12

Table 1. Known Hydrogen and Chlorine Isotopic Signatures and KIE

Goldstein and Shaw

element process and compound refs
hydrogen oD
sources petroleum —120.4 + 37.4%0 (104)2 61
natural gas ethane, propane —120.8 £+ 5.7%o0 (4) 44
€
KIE OH oxidation ethane 2070 £ 1030%o (6) 67
propane 1030 + 420%o (8) 64
butane 530 + 350%o (3) 65
isobutane 1230 + 250%0 (5) 68
cyclopentane 1330 + 340%o (4) 66
cyclohexane 1220 + 310%o (4) 66
bacterial uptake toluene 12—69%0° 62
MTBE 43.3 + 19.9%o (3) 63
chlorine 6%Cl
sources industrial CHsCl —6.4, —0.3%o 69, 56
chloroform —1.5%0 56

a Number of samples is reported in parentheses. ® Non-Rayleigh fractionation with variable € for one treatment. Maximum

and minimum values are reported.

the 0%°C signature of terrestrial plants (typically —22
to —30%0°°) was being reflected in most of these
measurements.”*3 However, no studies of the 63C of
formaldehyde, acetic acid, or formic acid produced
from photochemical processes in the atmosphere have
been published, and Johnson and Dawson’ estimated
that there may be significant fractionations associ-
ated with dry deposition. Without more information
it is very difficult to draw firm conclusions about
sources from field measurements because we do not
know if the various formaldehyde and organic acid
source signatures would be distinguishable from each
other or from the KIE of the loss processes.

3.2. Other Isotopes

We are not aware of any isotope measurements of
atmospheric VOCs for elements other than carbon.
Available data for stable H isotopes is thus far
restricted to analyses of source signatures, including
fossil fuels, natural gases, and industrial chemical
production, and loss KIE, including microbial deg-
radation processes and loss KIE of deuterated VOCs
due to reaction with OH.*461-68 Similarly, reported
information on stable chlorine isotopes is restricted
to industrial sources and microbial degradation pro-
cesses. 5669

4. Isotopic Source Signatures

The grouping of so many compounds with varying
chemical structures and properties under the um-
brella term “VOCs” means that there is a wide range
of sources that need to be considered for this group
of compounds. Anthropogenic sources dominate the
emissions for some compounds, such as alkanes and
aromatic species, while biogenic sources dominate the
budget for isoprenoid species (isoprene, monoterpe-
nes, sesquiterpenes). Many compounds have both
biogenic and anthropogenic sources that are signifi-
cant, such as oxygenated compounds which are
emitted by both primary emissions (anthropogenic
and biogenic) and secondary photochemical produc-
tion from primary emissions. As a result, these
budgets are quite complex and are discussed in detail
e|Sewhere_23725,27731,34,70

Most of the work that has been done on isotopic
compositions of atmospheric VOCs has focused on
measuring source signatures. This is likely because
sufficient sample concentrations of the VOCs of
interest can be more easily achieved than those for
ambient samples. The known C, H, and CI isotopic
signatures for various sources to the atmosphere are
summarized in Table 1 and Figure 3.

4.1. Anthropogenic Emissions

4.1.1. Fossil Fuels

Fossil fuels, including coal, petroleum, and natural
gas, are derived from the transformation of sediments
formed by deposition and burial of biogenic materials.
Fossil fuels are of interest when considering the
atmosphere because combustion and evaporation of
such material is the basis for most anthropogenic
sources of NMHCs. There is a rich history of research
on the isotopic signatures of fossil fuel components
for use in petroleum exploration. These data have
been applied to investigate potential sources and
formation processes of these fuels, source maturity,
and subsequent chemical or physical altera-
tions.20.61.71-76 This work will only be mentioned here
briefly; the reader is referred to previous reviews on
this topic for more detailed information.?°

Petroleum, or oil, is composed of many fractions
with widely varying chemical and physical properties,
such as gasoline (Cs—Cip), kerosene (C11—Ci3), diesel
(C14—Czs), heavy gas (C19—Css), and lubricating oil
(C26—C40).”” Due to this complexity, and the subse-
qguent analytical difficulties involved in separating
out individual components, isotopic signatures are
typically measured for these or other grouped (e.g.,
saturated, aromatic) fractions. A range of ~15%o in
the stable carbon isotope ratio has been observed for
oils worldwide (—20 to —35%o), and internal fractions
for a given oil typically differ from each other by only
~2%0.29 Few fractionation effects are observed for oils,
so the resulting 6°C values are fairly stable and very
similar to those of the source rocks. Far fewer data
are available for stable hydrogen isotope ratios of oils,
but existing 6D values range from —85 to —181%o
with rare exceptions, and differences between oil
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Figure 3. Carbon isotopic signatures for VOCs sources. Symbols and calculations as in Figure 2. Number of samples is
reported in parentheses. A plus sign signifies that only ranges were reported. A double plus sign signifies that only
measurements taken using near-ambient §13C CO, were used. References used, in same order as listed in figure: petroleum
(refs 61; 20), natural gas (refs 44,71,74—76,79; 20; 44,71,74—76; 20; 71,74—76; 20; 74; 74,75; 74), sediment (refs 81,92; 81),
engine emissions (refs 1,10,83; 1,83; 83; 1; 7), refined gas (refs 77,83; 83; 77,83), industry (refs 48,77; 14; 77,84; 5; 56,85;
4,86; 8; 8), biomass burning (1,87; 1,87; 1,87; 87; 1,87), plants (refs 14,89,90; 85,95; 95), fungi (refs 85,96), and ants (7).

fractions are only ~ 3%..%* Qil 6D values appear not
to be a function of maturity and thus also simply
reflect the isotopic composition of their source.5!
The origin of many geothermal NMHC gases has
been shown to be due to thermal decomposition of
higher molecular weight organic matter (i.e., ther-
mogenesis).”* %76 This results in more depleted 6'3C
values for the lower molecular weight NMHCs, as the
lighter isotopes are preferentially removed from the
source material. Indeed, observations of various
components of natural gas are typically more de-
pleted in 6'*C and oD than any associated petro-
leum.?061 Additionally, most carbon and hydrogen
isotope ratios of NMHCs in natural gas are more
enriched than those of methane.?0.71.74-76.78.79 |n his
review, Fuex? reported a range of ethane 6*°C values

from —26 to —44%o, but since then values have been
reported from —10 to —51.4%..74"> Ranges for higher
carbon number NMHCs tend to be smaller®® (see
Figure 3), such as —36.3 to —4.8%. for propane, —30.6
to —14.6%o for butane, —35.9 to —22.9 for isobutane,
—30.6 to —17.2%0 for pentane, and —32.2 to —21.3
for isopentane 63C,*+7475 with most values falling in
even tighter ranges?%77:80 (see Figure 3). Dumke et
al.** measured oD values from —114 to —126%. for
ethane and propane in natural gas standards from
the International Atomic Energy Agency in Vienna.

Other NMHC formation and destruction mecha-
nisms will have different controls on isotope selectiv-
ity, and thus result in different signatures. For
example, Rowe and Muehlenbachs’® measured §*3C
values of ethane, propane, and butane in western
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Canadian oil reservoirs and found that the signatures
of gases in known thermogenic reservoirs were 13—
22%0 more depleted in 3C as compared to those in
other locations. The more enriched signatures were
attributed to partial biological degradation of the
reservoir gases subsequent to their thermogenic
formation. Biological processes preferentially use
lighter isotopes; thus, any residual gas in the reser-
voir becomes more enriched in the heavier isotopes.
Depending on the organisms present and their choice
of substrate, this can also result in reversals of the
trends of 6*3C versus compound carbon number.74-76
NMHCs can also be created from methane. This
results in the trend in 6*3C values versus molecular
weight being opposite to that for thermal decomposi-
tion.”* This has been observed for various situations,
including natural gas formations, methane spark
discharge experiments, and meteorites.”7%7> Stable
carbon isotope ratios for the 14 VOCs detected in this
meteorite were also unusual, as they were almost all
positive, ranging from 1.2 + 0.1%. for propane to
4.4 + 0.1%o for isobutene.”™ Only benzene (—28.7 +
0.2%0) and ethene (—0.1 £ 0.4%0) had negative values.
While interesting in terms of historical VOC isotope
measurements and their applications, these situa-
tions have little to no direct application for isotope
studies in the Earth’s atmosphere.

Oremland and Des Marais® measured 6'3C values
of ethane (—27 + 0.3%0) and propane (—24 £ 0.5%o)
observed in the monimolimnion of Big Soda Lake, an
alkaline, hypersaline, meromictic lake. This area was
thought to be similar to early depositional stages of
oil and gas formation. These stable carbon isotope
ratios were similar to those observed in areas of
thermogenic hydrocarbon production.”* However, no
origin could be confirmed for these gases because no
013C values were known for hydrocarbons of microbial
origin.

4.1.2. Transportation

Approximately 20—25% of the total global anthro-
pogenic VOCs emitted, and almost 50% of those in
the United States, are due to vehicles with com-
bustion engines, or other transportation-related
sources.”®8 Rudolph et al.* first sampled air from a
roadway tunnel near Wellington, New Zealand, and
found 6*2C values for several NMHCs ranging from
—21.9 to —31.3%0.. Samples taken near the Wellington
waterfront and shipyards encompassed a larger
range (—15.8 to —37.4%o).

Due to the importance of this source, further
investigation was warranted. The stable carbon
isotope ratios in 36 NMHCs emitted from transporta-
tion-related sources such as a gasoline refinery,
evaporative emissions from gas stations, and engine
combustion and evaporation were also measured by
Rudolph and colleagues.?® The average 6'3C of all
compounds at all locations was —27.1 + 2.1%o, which
was within the range expected for hydrocarbons
derived from crude oil (—23 to —33%.°'). Differences
in the 63C between the various sources were rarely
significant and almost always <2%.. The alkene
average 03C of —25.3 + 1.9% was statistically
different from, but only slightly larger than, that of

Goldstein and Shaw

the alkane + aromatic average of —27.7 + 1.7%.. The
carbon isotope ratios for ethyne were not directly
reported but were mentioned to be significantly
enriched and mostly >0%.. These authors also mea-
sured stable carbon isotope ratios for NMHCs in
ambient air near these source regions. Small but
significant differences (<4%.) were observed during
summer between the ambient and source signatures
for the alkene and aromatic compounds. This differ-
ence was also observed for C3—Cs alkanes but was
smaller (2.7 £ 0.7%o). Such effects were attributed
to fractionation due to oxidation by OH radicals.
Formic acid in the exhaust of two different auto-
mobile models was also examined.” A §3C value of
—28%0 was found for emissions from a 1974 pre-
catalytic converter Volvo combusting leaded gasoline,
while emissions from a 1983 Toyota with a catalytic
converter and unleaded gasoline had a signature of
—48.6%0. The authors attribute the large difference
to a preferential destruction of 13C in the converter.

4.1.3. Industrial Production

Usage, storage, and transport of solvents and other
chemicals currently accounts for about 45% of the
anthropogenic VOCs released in the United States.®?
Kinetic and equilibrium fractionation effects that
occur during the industrial processing of these com-
pounds, such as purification or repackaging, could
also have an impact on the isotopic signatures of
these sources when process yields are <100%.

Commercially available pure benzene and toluene
had 6'3C values ranging from —23.9 to —29.4%. and
from —25.8 to —29%., respectively, when measured
with off-line combustion followed by dual-inlet mass
spectrometry.8 Thompson and coauthors measured
the stable carbon isotope ratio of commercial CFC113
(Sigma-Aldrich) to be —31.3 + 0.5%..5 Hall et al.*®
measured 63C values of a commercial standard mix
(Micromass UK Ltd.) of various = C;0 NMHCs
including decane (—28.5 £ 0.1%o).

Tanaka and Rye measured chlorine isotope ratios
in several commercially manufactured solvents and
a CFC to determine their usefulness in quantifying
inorganic chlorine fluxes to the stratosphere.®® The
chlorine was extracted from the samples by heating
with lithium, converted to CH3CI, and then analyzed
by GC—MS. All compounds had 63Cl < 3%, signify-
ing complete conversion of reaction products, except
for CH3CI. This compound had significantly different
vapor (—6.82 + 0.15%0) and liquid (—6.00 + 0.14%o)
chlorine isotope signatures, which suggests a frac-
tionation due to evaporation or condensation. Tanaka
and Rye also suggested that the measurement of
isotope ratios in ambient CH3CIl would require ther-
mal ionization or IRMS techniques due to low atmo-
spheric mixing ratios. Holt et al.’® measured a
drastically different 6%’Cl for CHsCl (unspeci-
fied source) at —0.26%o.. The corresponding 6'3C value
for this unspecified CH3Cl source was —58.4%o, which
is between values reported for two different lots from
Sigma-Aldrich analyzed by Harper et al.®®> (—46.9 and
—61.9%0). Holt et al. also tested chloroform, which
was found to have a 6*3C of —43.2%. and a ¢°’Cl of
—1.5%o.
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Various types of fumigation activity, including
field, product, and structural fumigation, are respon-
sible for over a third of the known global CH3Br
emissions. McCauley and coauthors sampled CH3Br
manufactured by three companies that account for
82% of the world's production of CH3;Br used for
fumigation. The 6'3C values ranged from —66.4
to —43.5%0, with a production-weighted mean of
—54.4%o.* In situ fumigation of agricultural soils with
CH3Br was tested by Bill and coauthors to investigate
potential carbon isotope fractionations that might
affect this source signature.® They found 6*3C values
ranging from —52.8 to —42%., depending on how
much of the applied CH3;Br was actually emitted.
They calculated a KIE of 12%. due to various loss
processes in the soils. These authors also used their
measurements to estimate lower and upper 6'3C
limits for the global field fumigation emissions of
CH3Br. These values ranged from —53.2 to —47.5%o,
depending on fumigation conditions, climate condi-
tions, and soil degradation rates.

Sakagawa and Kaplan® measured the 0%C of
industrially produced formic and acetic acids during
investigations of the carbon isotopic signatures of
these organic acids in the atmosphere. They dissolved
commercially available sodium formate and sodium
acetate in water to create artificial rain samples and
measured values of —29.9 £+ 0.1%o. and —29.6 + 0.1%o,
respectively.

4.2. Biomass Burning

The most commonly recognized biomass burning
sources include forest fires and clearing for agricul-
tural purposes, but weed/plant control, biofuel cook-
ing and heating, and waste removal also contribute.
The variety of substrates and burning methodologies,
as well as the process of combustion itself, results in
the emission to the atmosphere of a wide range of
volatile compounds. These can include the more
abundant atmospheric gases such as CO and CO,,
but numerous hydrocarbons, halogenated and oxy-
genated organics, nitrogen-containing and sulfur-
containing compounds are also released.?®

The first 613C measurements of VOCs from burning
biomass were made by Rudolph and coauthors on a
Cs; Manuka plant.! Values ranged from —31.4 to
—23.7%o, with uncertainties ranging from 0.2 to 3.6%o.
These are similar to the carbon isotope ratios of the
wood itself (—28%o), with the exception of large
fractionations for 1-butene (—6.9 + 0.7%o) and ethyne
(—13.0 £ 1.6%0). The stable carbon isotopic ratios of
19 NMHCs were also determined during the burning
of Eucalyptus and Musasa woods, and none were
found to be more than 5%. different from the burnt
wood &*3C values.®” This supports the original results
of Rudolph and coauthors.* However, O'Malley et al.>!
sampled aliphatic hydrocarbons >C;; during the
burning of various hardwoods, softwoods, and grasses.
Burning emissions from C; plants were depleted by
7.5—11.5%0, and those from C, plants by 3.9—5.5%o,
as compared to the bulk plant tissues. Values of 613C
generally became more depleted with increasing
carbon number, with those from C; plants ranging
from —32.9 to —29.2%., and those from C, plants
ranging from —25.3 to —20.6%o.
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The stage of the burn can also affect the isotopic
signature of the released VOCs. The NMHC 6%C
values measured by Czapiewski et al. taken in the
flaming phase were typically 2.2 + 1%o higher than
those in the smoldering phase for any given com-
pound.®” Increasing fractionation was observed with
increasing temperature for most NMHCs. This was
consistent with a reservoir effect due to a NMHC loss
process in the flame; however, an additional frac-
tionation associated with the formation process could
not be ruled out. Ethyne was an exception to these
observations, with a 6'3C value enriched by 25 4 5%o
relative to the burnt wood. This large enrichment in
ethyne was also observed for transportation-related
combustion processes.! Much of the variability in this
measurement could be explained by temperature
dependence, with smaller fractionations at higher
temperatures. Czapiewski et al. suggest that these
differences may be due to the different formation
mechanism in fires for ethyne (recombination) as
compared to other NHMCs (pyrolysis).8”

Methyl halides can also be released during biomass
burning as Br—, Cl—, or I” in the plant is methylated
during combustion.88 Burning of Manuka wood re-
sulted in a 0*3C value for CH3CIl of —45.1 4+ 0.6%o,
which is depleted as compared to the burnt fuel (A
= —17%o).* Burning of Eucalyptus and Musasa wood
released CH3Cl with a carbon signature of —51.7%o,%”
which was also significantly depleted as compared
to the burnt fuel (A = —24.8%.). While there was a
20—25%0 difference between the CH3Cl emitted by
Eucalyptus and Musasa, there was no significant
difference in fractionation between the flaming and
smoldering stages of the burn for a given wood. This
large interspecies variation in isotope ratio indicates
a need to investigate numerous individual plant
species when determining the average isotopic com-
position of VOCs emitted during biomass burning.

4.3. Biogenic Emissions
4.3.1. Terrestrial

The largest global source of isoprene to the atmo-
sphere is release by trees and other higher order
photosynthetic plants. Sharkey et al. measured the
013C of isoprene emitted by red oak, which was found
to depend on the §'3C value of source CO, used in
the experiments.®® Isoprene was depleted by 2.8 +
0.4%o relative to recently fixed carbon (—34.4%. and
—10.1%0). Affek and Yakir used ambient air as a CO,
source and also found that 6'3C isoprene values
(—29.2 + 0.6%0) were depleted (A = 7.7 £ 0.7%o) as
compared to recently fixed carbon (—21.7 £ 0.3%o0).%°
However, they also found that the 63C value and
A(fixed carbon — isoprene) were both functions of the
013C of the CO; source. This was due to a significant
portion of the isoprene being derived from a separate
carbon source pool, with a different isotopic signa-
ture, than recently fixed CO,. Thus, it is not neces-
sarily reliable to determine the stable carbon isotope
ratio of emitted isoprene by use of a measured A.
However, these authors used 62C of the bulk leaf
biomass as a proxy for an average long-term value
of 013C of fixed carbon, and determined that emitted
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isoprene 0'3C values were depleted on average by
4—11%o in comparison.

Average 0%3C values of —27.7 &+ 2.0%. for isoprene
emitted from velvet bean were measured by Rudolph
et al..* This was 2.6 & 0.9%o lighter than bulk leaf
carbon, which is quite similar to the original mea-
surements by Sharkey et al. However, insufficient
information was reported to assess the results in light
of the results of Affek and Yakir.®® Slight depend-
ences of the isoprene ¢*3C values on light (0.0026 +
0.0012%o/(umol photon m=2 s™!) and temperature
(0.16 4 0.09%0/K) were also observed by Rudolph et
al.,** but it should be noted that a very limited
number of these data points were taken.

Recent research indicates that alternative carbon
sources to CO, can occur during biogenic isoprene
production.®® These pathways may be particularly
invoked during physiological stress. Significantly
different fractionation between these pathways may
result in emitted isoprene with wide-ranging 6*3C
values.®® Rudolph and coauthors!* suggest that *3C
values may be useful in distinguishing various sources
of isoprene. As by far the largest isoprene sources are
from photosynthetic plants, this would require sig-
nificant differences in fractionation between species
during isoprene synthesis that are distinguishable
from the natural variability of isoprene 6'3C values
within a given species, as discussed above.

Ethane and propane have been observed by Orem-
land et al. to be biogenically produced in various
anoxic aquatic sediments.®? These authors measured
0'3C values of ethane ranging from —55 to —35%o,
which were depleted by ~5%. as compared to the
carbon substrates. Ethane was enriched in 3C as
compared to methane emissions from the same site.
Microbial degradation of trichloroethane in contami-
nated groundwaters also resulted in production of
ethane, for which the §*3C values were measured.®

Salt marsh plants produce between 5 and 15% of
the global total sources of CHz;Br and CHsCI.%* Bill
et al.® measured 0'2C values of both methyl halides
produced in the field by Batis maritima plants over
a diurnal cycle. The isotopic signatures ranged from
maximum values of —12 to —2%. at night to mini-
mum values of —65 to —59%. at midday for CH;3Br.
CH3ClI signatures ranged from maximum values of
—50 to —45%0 at night to minimum values of —71 to
—69% at midday. The most depleted 6'3C values
were found to be at the times of highest emission
fluxes for both gases. Weighted average isotope ratios
for CH3Br and CH3Cl emitted from the salt marsh
were —43 + 2%0 and —63 + 3%o, respectively.

Kalin et al. measured 6*3C values of methyl halides
emitted from various types of biological cultures.®
Fungal cultures of Phellinus pomaceus/tuberculosus
produced methyl chloride (—37 to —27%o) that was
depleted in 6'3C compared to the carbon substrate
(—11.7%0) and bulk biomass (—14.2%.) values. How-
ever, Harper et al.®® reported significantly different
values for CH3Cl produced by that same fungal spe-
cies (~ —42%o). The CH3ClI in this study was also de-
pleted in 13C as compared to both the wood substrate
(—25.4 £ 0.8%0) and bulk biomass (—20.6+0.5%o).
Additionally, both Solanum tuberosum (potato) and
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Batis maritima (halophyte) produced CH3CI that was
depleted as compared to bulk tissue (—62.2 + 4.6%o
vs —27.7 + 0.3% for S. tuberosum; —65.7% Vs
—28.9 + 0.2%0 for B. maritima).®

Formic acid is an oxygenated organic that is
secreted from the glands of formicine ants for defense
purposes.”” Samples of formic acid in air collected
from over Formica fusca and Formica obscuripes
mounds, as well as extracted from the ant bodies
themselves, were found to have an average stable
carbon isotope ratio of —19%..”

4.3.2. Oceanic

Despite the recent debate on the importance of the
oceans as either a net source or sink of various VOCs,
there are no published data available on the isotopic
signatures for any of the VOCs emitted from the
oceans, nor KIEs and equilibrium isotope effects
associated with oceanic uptake.

5. Kinetic Isotope Effects

The isotopic composition of atmospheric VOCs can
be significantly enriched by the Kinetic isotope effects
of loss processes, or significantly depleted during
photochemical production. The loss process of most
importance globally for most VOCs is chemical oxida-
tion. The major oxidants during daylight hours are
OH and Os. Nitrate (NO3) becomes an important sink
at night when OH and O3 are less abundant, and CI
may have a significant role in marine regions and in
polar regions during springtime. Direct photolysis in
the troposphere can only be an important sink for
aldehydes and ketones, as these compounds can
absorb the low-frequency solar radiation present
there. Dry and wet deposition are expected to be
minor sinks for most VOCs, except for compounds
that have low Henry’s law constants and are chemi-
cally long-lived (e.g., methanol, formic acid). Simi-
larly, biological uptake is likely a minor sink for most
VOCs. However, if very large KIEs are found to occur
during these processes, they may still have a signifi-
cant effect on ambient VOCS' isotopic signatures.
KIEs or equilibrium fractionation effects may also
exist for physical processes that transform VOCs into
or out of the atmospheric gas phase, such as evapora-
tion, deposition, or diffusion. These processes must
be considered for direct use in modeling or interpret-
ing the isotopic signatures of ambient VOCs. The
KIEs for atmospherically relevant processes are
summarized in Table 1 and Figure 4.

5.1. Chemical and Photochemical Processes

5.1.1. Production

Photochemically produced OVOCs, such as alde-
hydes and ketones, should generally reflect the
isotopic composition of their parent materials, but
they also likely have distinct isotopic signatures due
to fractionation effects during their production. How-
ever, we are not aware of any published measure-
ments or theoretical estimates of the isotope effects
associated with photochemical production of OVOCs.

Changes in carbon isotope ratios have been mea-
sured during abiotic transhalogenation of CH3Br to
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Figure 4. VOCs’ kinetic isotope effects. Per mil units of ¢, calculated as defined in section 1.3 if not already reported as
such. Symbols and calculations as in Figure 2. Number of samples is reported in parentheses. The number sign indicates
that these were reported as differences between signatures (A units), not as KIE (¢). References used, in same order as
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63), community (refs 107; 107,109,111, 86,114; 63), enzyme (refs 114; 106), evaporation (refs 84,115; 7), adsorption (refs

52,109; 52), deposition (7).

CH3CI and have been found to be extremely large
(~ —43%0).%6 Complete halogen exchange was de-
tected after sufficient time by a shift in 6'3C values
from CH3Br to CH3Cl. Microbially mediated tran-
shalogenation of the stable chlorine isotopes may also
be possible.®® These processes could occur in the ocean
and/or soils but have never been measured under
field conditions or at ambient atmospheric concentra-
tions.

Measurements by Bill et al.% on CH3Br and CH3z-
Cl emissions from a salt marsh showed major diurnal
changes in isotopic composition which may have
indicated a competition between uptake and release
by the system which resulted in a net emission. The
production term must be considered as a net term
for natural systems or understood in more detail as

the integral of all production and consumption pro-
cesses in the ecosystem.

5.1.2. Losses

Conny and Currie® predicted that the largest KIE
in the entire multistep oxidation pathway of alkanes
would be in the initial OH reaction step, as it is for
methane oxidation, due to the similar H abstraction
oxidation pathway of this class of hydrocarbons.
However, they suggested that these predictions may
not hold for isoprene, because of the mechanistic
difference in initial OH attack for alkanes and
alkenes where OH is added to the double bond.
Conny and Currie®® also suggested the non-methane
alkane products of this oxidation in ambient air
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Figure 5. Subset of kinetic isotope effects for C,—Cg VOCs
oxidation by OH. Per mil units of . Symbols and calcula-
tions as in Figure 2. Averages and standard errors of the
mean for replicates from Rudolph et al.5’ Number of
samples is reported in parentheses.

would likely be enriched in 6%C relative to their
sources.

An estimate of the stable carbon isotope KIE for
the ethane—OH reaction was first made by Tsunogai
et al.’® on the basis of comparison between atmo-
spheric concentration and 4*3C measurements down-
wind of Japan. They assumed that a Rayleigh frac-
tionation would explain the observations, and they
calculated a KIE value of 3 & 1%.. Rudolph et al.57:9°
were the first to measure the KIE of the oxidation
by OH for 11 different light n-alkanes, alkenes,
dienes, benzene, and ethyne in a 30-L Teflon reaction
chamber. Samples were automatically collected from
the chamber, cryogenically concentrated, and sepa-
rated by 2D-GC before a subsample was sent to an
ion trap mass spectrometer for peak identification,
and the remainder was combusted and sent to the
IRMS. All KIE values were confirmed to be positive
and to range from 1—4%. for n-alkanes, 5—12%o for
alkenes, and 15.8%o. for ethyne. The KIE for isoprene
was 6.9 + 0.8%.. The measurement uncertainties
were less than observed variations, typically at <12%
of the KIE value. KIEs for the reaction of NMHCs
and OH cover approximately the same range as for
the reaction of methane and OH (e.g., 3.6%o,%
5.4%0,101 3.9%0 192). This is in contrast to Conny and
Currie, who predicted NMHC—-OH KIEs to be gener-
ally smaller than that for methane—OH.

KIEs were generally higher for the unsaturated
gases than the saturated gases (see Figure 5). The
authors suggest that this may result from a large
positive fractionation due to different activation
energies of the transition state of the OH—alkene
adduct. Within these groups NMHC—OH KIE values
generally decreased with increasing carbon number
(see Figure 5). Rudolph et al.5” suggest that this is
due to the decreasing probability that the single **C
atom in the molecule is attacked by OH as the
number of carbon atoms in the molecule increases.
Using ambient concentrations, they estimated that
most NMHC KIEs are sufficiently large to have an
observable effect on ambient isotope ratios of those
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gases, potentially in less than 1 h for the more
reactive compounds.

lannone et al.’®® measured the KIE for a series of
alkene—03 reactions, which showed an inverse de-
pendence on carbon number similar to that of NM-
HC—OH reactions. Values ranged from 18.9 + 2.8%o
for ethene, the smallest alkene tested, to 4.3 + 0.7%o
for 1-heptene, the largest alkene tested. On the basis
of their measured KIE, the authors estimated that
the effect of oxidation by ozone on ambient isoprene
carbon isotope signatures would be small compared
to that of oxidation by OH under typical daytime
conditions. They also estimated that contributions of
the fractionation due to loss by O3 to that for total
oxidative loss could reach 30—50% under polluted
urban conditions for several C,—Cg alkenes. KIEs
associated with loss of VOCs to other oxidants,
including NOg3, and CI may also significantly impact
the isotopic value of atmospheric VOCs under certain
conditions. However, we are not aware of any pub-
lished KIEs for reaction of VOCs with NO; or Cl.

The hydrogen KIE for methane oxidation by OH
has been measured to be 294%.,1%2 which is signifi-
cantly larger than the carbon KIE for the same
reaction (3—5%o.).192 Thus, we might expect that the
hydrogen KIE for NMHC oxidation by OH could be
substantially larger than the carbon KIE for the same
reaction. Currently there are no published hydrogen
KIE measurements for any NMHC with natural
abundance levels of deuterium; however, the KIE for
OH reactions with some deuterium-labeled NMHCs
have been measured by Droege, Tully, and co-
authors.54-% The amount of labeling varied, ranging
from full and half substitution®~%7 to more complex
combinations.®4%8 KIEs for ethane ranged from 900
to 3600%o, propane from 500 to 1650%o., isobutane
from 230 to 910%., butane from 910 to 1520%,
cyclopentane from 970 to 1740%., and cyclohexane
from 860 to 1590%. for reactions at temperatures
ranging from 1000 to 290 K, respectively. Theoretical
entropies and enthalpies from electronic-structure
calculations for the reactants and transition struc-
tures were consistent with the experimental results.
The strong inverse temperature dependence of the
KIE was consistent with an Arrhenius-type equation.
Published measurements of carbon KIE associated
with OH oxidation of NMHCs have all been per-
formed near 290 K.1057.99.103 |f the temperature
dependence is similar to that for hydrogen isotopes,
these KIE values may change significantly over the
range of atmospheric temperatures. Droege, Tully,
and coauthors also observed that hydrogen isotope
effects were largest when the hydrogen or deuterium
atom was abstracted from a primary C (e.g., ethane),
smaller for a secondary C (e.g., propane, butane,
cyclopentane, and cyclohexane), and smallest for a
tertiary C (e.g., isobutane). The extreme magnitude
of these KIE measurements is relevant only to the
deuterium-substituted compounds studied and is not
directly atmospherically relevant due to the low
natural abundance of deuterium. However, while
these KIE results are larger than expected in the
atmosphere, they suggest that the KIE should be
significant even at natural abundance.
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5.2. Biological Consumption

Lebedew et al.’®* observed enrichment in propane
13C values during aerobic bacterial degradation in
laboratory cultures. Bacteria require a monooxyge-
nase enzyme to catalyze the initial hydrocarbon
oxidation step.1% In contrast to the culture work of
Lebedew, carbon isotope measurements of propane
degraded by an in vitro monooxygenase exhibited no
KIE.* Similarly, Stahl*®” determined very small
carbon KIEs of —1 to 1%o. for the degradation of bulk
alkane, aromatic, and asphaltene fractions of North
Sea petroleum.

Carbon and hydrogen stable isotope ratios have
been measured simultaneously during microbial deg-
radation of various organics. While this work was
originally performed to trace transformations in
polluted groundwaters, such sinks could be important
to the atmospheric budgets of halogenated and
oxygenated VOCs, and also could affect their global
signatures if the associated sink KIEs are sufficiently
large. Degradation of toluene by various aerobic,
denitrifying, methanogenic, iron-reducing, sulfate-
reducing bacteria and mixed bacterial consortia was
shown to result in very small carbon KIEs of 2.0 &+
0.5%0.198-110 Carbon KIEs for benzene degradation in
soil were also of this magnitude.''* These values are
likely not large enough to be detectable in the isotopic
composition of ambient hydrocarbons since the soil
sink is minor compared to oxidation of these com-
pounds in the atmosphere. However, hydrogen KIEs
for the same cultures as tested by Ahad et al. were
much larger, reaching >60%..52 Similar differences
between carbon and hydrogen KIEs were observed
for biodegradation of methyl tert-butyl ether, toluene,
and large n-alkanes.53112.113

The largest fractionations of stable carbon isotopes
observed in natural biological systems are for ar-
chaeal methane production (~70%.). Miller et al.114
discovered fractionations occurring during methyl
halide oxidation by aerobic methylotrophic bacteria
that can also reach those values. Miller et al.1* tested
whole cells of several a-proteobacteria strains iso-
lated from coastal seawater, forest litter, and previ-
ously fumigated agricultural soils. Resulting frac-
tionation factors in CHsCIl, CH3Br, and CH3zl were
found to range from 4 + 2%0 to 72 4+ 3%. for the
various strains. The methyltransferase required for
this oxidation was extracted from one strain and had
a fractionation factor of 21 + 1% for CH3Cl. The
discrepancy between whole cell and enzyme mea-
surements was hypothesized to be due to an in vitro
effect or to additional fractionations associated with
subsequent steps in the degradation pathway. Inter-
estingly, in situ fumigation of agricultural soil with
CH3Br resulted in a KIE of ~12%o,8¢ which is on the
low end of laboratory culture measurements.** How-
ever, the in situ measurement includes all CH3Br loss
processes that occur, including chemical degradation
by hydrolysis or transhalogenation, advection, and
diffusion. KIEs for these processes have not been
specifically reported in the literature.

A comparison of the KIEs for microbial biodegra-
dation of various VOCs may indicate a rough trend
of a smaller KIE for larger carbon number VOCs (see
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Figure 4). This would not be unreasonable for intra-
cellular fractionations (as opposed to those associated
with transport to the cells and uptake across mem-
branes) and is analogous to the statistical explana-
tion of similar trends of KIEs due to OH oxidation
with carbon number, as reported by Rudolph and co-
workers.5” In short, the probability that the oxidized
atom is a carbon-13 rather than carbon-12 is in-
versely proportional to the number of carbon atoms
in the molecule.

5.3. Physical Transformations in Soil and Water
5.3.1. Evaporation

Interest in using stable isotope analyses to char-
acterize groundwater contaminant plumes has spurred
research into potential physical fractionation effects.
Slater et al.''®> demonstrated that laboratory evapo-
ration of benzene and toluene had no kinetic or
equilibrium carbon isotope effects more significant
than the +0.5%. reproducibility of the measurement.
Harrington et al.®* found that vaporization fraction-
ation effects were positive but quite small (~0.2%o)
for benzene, toluene, and other aromatic hydrocar-
bons. It is unusual that this evaporative effect results
in C enrichment in the vapor phase, and not the
liquid phase. This may be due to an equilibrium
isotopic process.'®117 Similar effects were observed
by Wang and Huang'?” for hydrogen isotopes. They
analyzed heptane, octane, and nonane for fraction-
ation during progressive vaporization by GC—ther-
mal conductivity (TC)—IRMS. Values of 6D in the
residues were decreased, resulting in fractionation
factors of 44 + 2%, 43 + 1%, and 40 £ 2%,
respectively. These effects are significantly larger
than those observed for carbon isotopes during
vaporization, presumably due to the much larger
relative difference in mass between the two hydrogen
isotopes as compared to the carbon isotopes. Simi-
larly, Ward et al.5? found 6D depletion during toluene
volatilization of approximately 6%.. These large KIEs
may imply a use for 6D in atmospheric studies where
carbon KIEs for various processes are not unique, as
previously discussed.

5.3.2. Deposition

Adsorption to various soil matrices does not appear
to cause significant carbon isotopic fractionation of
aromatic hydrocarbons. Meckenstock et al.1% found
no carbon fractionations of toluene in abiotic soil
columns, implying no significant liquid—solid phase
interactions. Harrington et al.84 found similar results
for the carbon isotopes of benzene, toluene, and other
aromatics. However, hydrogen isotope fractionations
have been observed for these compounds during
partitioning between aqueous and solid organic
phases. Poulson et al.l*® found that deuterium-
containing benzene and toluene were preferentially
retained in the aqueous phase as compared to the
organic carbon phase (i.e., soil). This preference was
not observed for non-deuterated compounds and
implies that the heavier hydrogen isotope experiences
a stronger interaction with water than the lighter
isotope. No isotope fractionation factors were given,
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as the study investigated partition coefficients and
not KIEs.

Johnson and Dawson” estimated the fractionation
factor for carbon that might be expected during dry
deposition of formic acid to the ground or vegetation.
They assumed that the lighter isotope diffuses more
rapidly through the stagnant boundary layer at the
surface than the heavier isotope, and they calculated
a 4%o fractionation on the basis of a molecular weight
technique. Johnson and Dawson’ also measured the
carbon fractionation in formic acid between equili-
brated gaseous and aqueous phases and found it to
be negligible. This information, combined with a
statistical thermodynamics estimation of ionization
fractionation, allowed them to conclude that only a
very small fractionation exists for wet deposition of
this compound, if at all. These results should be
confirmed experimentally; however, if they hold, the
implication is that atmospheric isotopic signatures
of oxygenated organics may not be affected by wet
deposition.

5.3.3. Diffusion

The process of gaseous diffusion prescribes a more
rapid movement of lighter molecules than heavier
ones and allows for potential associated isotopic
fractionations. However, fractionations would only be
observed in a closed system if the process was
sampled while incomplete or if a loss mechanism
existed. For example, gases such as ethane and
propane in deep gas formations may experience
fractionation at the migrating front. However, hy-
drocarbon exploration studies almost always assume
a negligible fractionation associated with migration
because gas reservoirs are typically closed systems
that have experienced extremely long storage time
scales.?°

Bill et al.® sampled the CH3Br emitted for several
days after the fumigation of an agricultural field. In
contrast to a natural gas reservoir, the ambient
CHs3Br concentrations at the field site were still
changing rapidly during the period of isotopic sam-
pling. The result was an approximate 5% difference
in 0C values between samples taken under or
through a tarp, which was assumed to be diffusion-
induced.

6. Theoretical Advances and Applications

The application of carbon isotope measurements of
VOCs has focused on providing quantitative esti-
mates of either contributions from a variety of
sources to the atmosphere or the extent of photo-
chemical degradation. In this section we review
recent theoretical advances in using stable isotopes
to determine the photochemical age of an airmass
and the use of isotopes in studying VOC atmospheric
budgets.

6.1. Photochemical Age

The isotopic composition of VOCs in the atmo-
sphere is altered by photochemical loss processes that
preferentially react with lighter isotopes, thus isoto-
pically enriching the material remaining in the
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atmosphere.>?1! Tsunogai et al.'! observed that, as
ethane concentrations decreased in air going from
urban to marine environments off the coast of Japan,
the 0'3C of ethane became enriched. They assumed
a Rayleigh dependence between isotopic composition
and mixing ratio, estimated the KIE for atmospheric
ethane oxidation to be 3 £+ 1%., and suggested that
observations of isotopic changes as a result of pho-
tochemical oxidation may provide a method to dis-
tinguish between different oxidation pathways if the
KIEs associated with each pathway were known.
Rudolph et al.5” published the first laboratory mea-
surements of the KIE for a series of non-methane
hydrocarbons reacting with OH and suggested that
the dependence observed by Tsunogai et al. was due
to dilution and mixing processes, and not necessarily
indicative of a KIE.

Rudolph and Czuba? introduced the “isotopic hy-
drocarbon clock” for estimating the photochemical
age of an air mass from 6'3C measurements and
knowledge of the KIEs. This method is independent
of concentration measurements. The isotopic hydro-
carbon clock is a variant on the “hydrocarbon clock”
method, as discussed by McKeen et al.,''® that
determines OH radical concentrations from reactive
hydrocarbon concentration measurements. The hy-
drocarbon clock method uses the change in the ratio
of two hydrocarbons with different OH rate constants
relative to a reference composition (or compound) to
estimate the average “photochemical age” of an
airmass ([OH]tae). This method is of limited use
when air masses of different photochemical ages mix,
which is typically the case in the atmosphere.'?®
However, Rudolph and Czuba? show that the photo-
chemical age calculated from changes in isotopic
composition is equivalent to considering two com-
pounds with different lifetimes, yet due to the small
KIEs for the oxidation of hydrocarbons, the calculated
photochemical lifetime provides a linearly averaged
age which is independent of the mixing of air parcels
with different lifetimes. The photochemical age can
be estimated from (see Rudolph and Czuba? for
derivation)

62 - 620
[OH]t,e = ony

z

where the isotopic composition of compound z in the
airmass is d,, 0, is the emission source isotopic
composition (or time zero isotopic composition), € is
the KIE fractionation factor defined in section 1, and
OHk, is the OH reaction rate constant. The uncer-
tainty of the photochemical age depends on the
variability of the isotopic composition of the sources,
the KIE of the oxidation process, and the accuracy
of the isotopic composition measurements. The at-
mospheric lifetime of a compound determines the
temporal and spatial scale over which the estimate
of photochemical age is relevant. Thus, studying a
series of compounds with different lifetimes could
provide significantly more information than studying
a single compound.

Measurements of the KIEs associated with other
photochemical loss processes, including reactions
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with Oz, NOgs, and ClI, are needed to properly inter-
pret the photochemical age of air masses using the
isotopic hydrocarbon clock approach unless OH is the
only significant loss process. Despite the lack of KIE
information for other oxidants, this approach has
been applied to calculate the OH concentration or
photochemical age in a few environments, assuming
that OH is the dominant loss process impacting the
isotopic composition of the measured compounds.
Rudolph et al.5” and Rudolph and Czuba? applied the
method to a limited data set from Toronto, Canada,
and showed that the approach gave reasonable
estimates of the summer daytime OH radical con-
centrations. Saito et al.® applied this method to
isotopic measurements of ethane and n-butane and
compared the inferred air mass ages to results of
backward trajectory analysis. Their analysis assumed
that the measured hydrocarbons were coming from
known source regions and not from the ocean, and
OH concentrations were also assumed. The estimated
ages for each compound increased with increasing
compound lifetime, consistent with the idea that the
atmospheric concentration of shorter-lived com-
pounds would be influenced more by recent emis-
sions. It is not clear from this study, or the studies
by Rudolph et al. in Toronto, whether the analysis
of isotopic composition for these anthropogenically
emitted hydrocarbons provided different or additional
information on photochemical age that could not have
been derived from hydrocarbon concentration mea-
surements alone. A study directly comparing results
from the “isotopic hydrocarbon clock” method with
the more traditional “hydrocarbon clock” method
should provide a useful test of the new methodology.

Rudolph et al.'* showed that isotopic measure-
ments of biogenically emitted isoprene can also be
used as an indicator of photochemistry in areas
downwind of emission sources, and could be used to
provide quantitative information on the origin and
extent of recent formation of photochemical oxidation
products of isoprene. This is an excellent example of
a situation where the conventional hydrocarbon clock
could not be used because there are no other hydro-
carbons emitted together with isoprene in a well-
defined ratio, but the isotopic hydrocarbon clock can
be uniquely applied assuming the isoprene source
signature is relatively constant. In order for uncer-
tainties in applying this method to be reduced, more
work is needed to characterize the natural variability
of the isotopic composition of isoprene emitted from
plants and to quantify the KIEs of reactions between
isoprene and all the major oxidants which may
remove it from the atmosphere.

6.2. Atmospheric Budgets

To understand the atmospheric budgets of VOCs,
it is critical to develop methods for determining the
relative contributions of different sources to the
atmospheric burden. Radiocarbon measurements pro-
vide an enticing opportunity to separate the sources
into two specific categories: (1) biogenically derived
VOCs from direct plant emissions, combustion of
fresh plant material, or secondary photochemical
production from primary emissions that contain 4C
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concentrations comparable to atmospheric CO,, and
(2) fossil-fuel-derived primary and secondary VOCs
that contain no measurable C. This differentiation
is typically assumed to separate biogenic from an-
thropogenic sources, but it could be misleading when
anthropogenic emissions are derived from recently
photosynthesized carbon such as burning biomass for
heat or cooking, or use of biogenic feedstock for
production of gasoline additives such as ethanol.118
Additionally, these radiocarbon measurements are
difficult due to analytical considerations ranging from
the sensitivity of accelerator mass spectrometry
(requiring microgram samples) to the ability to collect
and completely separate the compound or compounds
of interest and convert them to a measurable form
without contamination or fractionation.

Klouda et al. developed a method to quantify the
biogenic contribution to total atmospheric VOCs
using *C measurements and applied it in Atlanta,
Georgia,'” and in the South Coast Air Basin of
California, 46 km downwind of the Los Angeles urban
center.'® The upper limit of the percentage of VOCs
from biomass sources (percent modern carbon, pMC)
was reported for two measurements in Atlanta in
summer 1992, indicating 9% and 17% pMC in the
morning and evening hours, respectively. However,
the level of the process blank and the uncertainty for
these two measurements suggested that the percent-
age could be as low as zero and indicated the
importance of carefully evaluating all steps of the
analytical procedure for potential errors.’” A study
with more samples and more detailed quality control
was done in 1997 in Los Angeles. On the basis of
careful evaluation of each step of the analytical
procedure, substantial corrections to the measured
pMC were made for process blanks and for residual
CO, that was not removed from the atmospheric
VOCs samples (mean correction = 28 pMC). Percent
modern carbon was also measured on whole gasoline
samples, vegetation samples, and atmospheric CO,
samples in order to compare with and correct the
atmospheric VOCs measurements. The median frac-
tion of biogenic VOCs observed varied over the course
of a day from 7% (range of —9 to 24%, n = 5) from
0600 to 0900 hours (LT), to 27% (range of 11 to 39%,
n = 4) from 1300 to 1600 hours, to 34 4+ 7% for a
single sample from 1700 to 2000 hours.’® These
measurements suggest a substantial contribution of
biogenic VOCs to the total VOCs observed in the
afternoon in an area with extremely high air pollu-
tion levels.

Radiocarbon measurements have also been used to
determine the relative contribution of biogenic and
anthropogenic sources to atmospheric VOCs whose
dominant sources are secondary photochemical pro-
duction, such as formic and acetic acids and formal-
dehyde or a sum of aldehydes. Radiocarbon measure-
ments of these gases should provide information on
the origin of their precursor VOCs. Glasius et al.'?
measured samples from a rural and a semiremote
area of Denmark collected over 5—6-day periods in
winter and spring (method described in section 2.3).
They found that 80—100% of the formic acid was from
biogenic sources, even during winter when biogenic
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emissions were quite low. Glasius et al.*® published
a broader study with measurements at sites across
Europe. The biogenic fraction of formic acid ranged
from 56 to 99%, while the fraction for acetic acid
ranged from 64 to 100%. The minimum biogenic
contributions were observed in samples from the
urban areas of Oslo and Milan. In areas designated
as rural, semirural, or remote, the biogenic fraction
was typically 90—100%. In most cases there was a
slightly higher fraction of acetic acid, attributable to
biogenic sources, compared to formic acid. These
studies indicate that photochemical oxidation of
biogenic VOCs is the major source of both formic and
acetic acids in Europe, with the biogenic contribution
being greater than 50%, even in cities during winter.
Tanner et al.® measured the radiocarbon content of
formaldehyde in August 1993 at the southern tip of
Nova Scotia during periods of predominantly local
influence, periods of substantial pollutant influences
from continental air masses crossing eastern Canada
and the northeastern United States, and periods
when cleaner air masses were transported from
predominantly marine trajectories. For all of these
air mass trajectories, the pMC of formaldehyde
ranged from 74 to 96%, with a mean value of
approximately 80%. This study indicates that form-
aldehyde sources are dominated by biogenic emis-
sions, or secondary formation from biogenic com-
pounds, in summer at this site downwind of eastern
North America. Larsen et al.® collected the sum of
carbonyls (mainly formaldehyde, acetaldehyde, ac-
etone, propanal, and butanal) on DNPH cartridges
during late summer in a semirural site in Ispra, Italy.
They found that this sum of carbonyl compounds was
41—-57% biogenic and 43—59% anthropogenic.

A comprehensive approach is emerging for using
stable carbon isotopes to study the atmospheric
budgets of methyl chloride® and methyl bromide.
Thompson et al.® published the first paper to analyze
the atmospheric budget of CH3Cl using 6'°C mea-
surements. They measured 6'3C of CH3CI at 2- to
3-week intervals for slightly more than one full year
at Alert, Canada, for most of a year at Fraserdale,
Canada, for most of a year at Baring Head, New
Zealand, and from a few samples collected at other
locations. As CH;3ClI can be assumed well-mixed due
to its 1.5-year lifetime, they were able to determine
a global average 6'3C of —36.2 4= 0.3%o (error of mean)
on the basis of 78 measurements. They observed an
insignificant seasonal variation at Alert (0.69 =+
0.78%o (error of difference)) and a larger seasonal
variation at Fraserdale (3.47 £+ 1.61%o.), and found
that interhemispheric differences were insignificant
when samples that were likely impacted by local
emissions were excluded. These measurements all lie
within the larger range of values measured by
Tsunogai et al.'! in the remote maritime atmosphere
over the western North Pacific (—44 to —30%o), some
of which were assumed to be impacted by industrial
emissions, and the two ambient air measurements
reported by Rudolph et al.! A limited number of
measurements have been made to characterize 6*3C
of CH3Cl from several of the major source types,
including biomass burning (weighted mean —47%o;°
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range —38 to —68%0-%7), salt marshes (—62%.%®), fungi
(—43%0%), and industrial production (—41.9 and
—60%0111). However, the isotopic compositions of
emissions from the ocean (major source), higher
plants (source strength highly uncertain), coal com-
bustion (minor source), and incineration (minor
source) have yet to be measured, and the variability
of the measured source signatures is still poorly
constrained. The KIE of the dominant loss process,
reaction with OH in the troposphere, has not been
measured. The KIE of photolysis in the stratosphere
(minor loss) has also not been measured. The KIE of
uptake by soils (minor loss) has not been measured
directly, but the KIE associated with consumption
by three strains of methylotrophic bacteria!'* sug-
gests that the biological component of the soil sink
could have a KIE between 20 and 50%.. Although
there are several important unknown source and sink
signatures remaining in the carbon isotope budget
of atmospheric CH3CIl, Thompson et al.> used the
existing measurements, and an estimate of the OH
loss KIE of 5 + 5%, to constrain the average isotopic
composition of all sources whose isotopic composition
is unknown to be —41.6 + 7.8%.. This constraint will
be much stronger when isotopic effects associated
with major contributions to the budgets are quanti-
fied.

Even less data is currently available to analyze the
global budget of CH3Br using 6*3C measurements.
The only atmospheric measurements for 6'3C of
CH3Br to date were collected in Berkeley, California
by Bill et al.*?* These measurements demonstrate the
feasibility of the analytical approach and provide a
first look at atmospheric values, but do not provide
information on their temporal or spatial distribution.
On the basis of seven measurements, an average 6**C
of —43.1 £ 1.5%0 (standard deviation) was deter-
mined. This isotopic value is enriched compared to
the directly emitted anthropogenic source signature
(—54.4%0*) and the majority of emissions from agri-
cultural field fumigations (—52.8 to —42%. depending
on the fraction of applied CH3Br that escapes to the
atmosphere®), but it is indistinguishable from mean
salt marshes emissions (—43%.%), the only natural
source whose isotopic signature has been measured.
The isotopic compositions of emissions from the ocean
(major source), non-salt marsh plants (source strength
highly uncertain), and biomass burning (major source)
have yet to be measured. The KIE of the photochemi-
cal loss processes in the atmosphere (reaction with
OH in the troposphere is dominant) and uptake by
the ocean have also not been measured. The KIE of
soil uptake for CH3Br in fumigated fields has been
measured at 12%o,% although this may not represent
the KIE which occurs during soil consumption at
background atmospheric concentrations, and this
sink is minor compared to oxidation by OH. Although
there are several important unknown source and sink
signatures remaining in the carbon isotope budget
of atmospheric CH3Br, Bill et al.»?! used the existing
measurements, and the assumption that anthropo-
genic sources are currently 25—-50% of the total
source, to predict that the effective KIE of all loss
processes combined should be in the range 2—4%o,
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that the expected change in 6'3C of atmospheric
CH3Br should be 0.07%. per % change in anthropo-
genic contribution to the total source (so a total
phaseout should result in a 2—4%o. increase in 6°C
of atmospheric CH3Br), and that this change would
be difficult to detect, given the 1—2%o. precision of the
current analytical method. These predictions could
be incorrect if the atmospheric measurements are not
broadly representative, or if the current knowledge
of source signatures is not representative of the mean
anthropogenic or natural values.

7. Conclusions and New Directions

Advances in analysis techniques for compound-
specific measurements of C isotopes in small samples
have opened a new method of inquiry for scientists
interested in atmospheric chemistry and biogeochem-
istry. Information on source signatures for a wide
variety of fossil-fuel-derived VOCs has been available
for decades, but its application to the study of
atmospheric photochemical processes has just begun.
Since 1997, characterization of the isotopic signatures
for a much wider variety of VOCs sources has
occurred, new measurements of the isotopic composi-
tion of atmospheric VOCs have been made, and new
theoretical approaches have been developed to utilize
this information. In evaluating the potential utility
of stable isotopes for studying VOCs in the atmo-
sphere, it is important to identify areas of research
where isotope measurements can teach us more than
concentration measurements alone. For example,
studies on photochemical processing would be a more
useful application than source apportionment for
compounds for which the source signatures are
similar but loss KIEs are large (i.e., biogenic and
anthropogenic NMHCs). However, source apportion-
ment studies would be appropriate for compounds
whose source signatures vary more widely (due to
larger variety of source types), such as the methyl
halides and possibly oxygenated VOCs.

The rapid development of the use of carbon isotopes
to study atmospheric VOCs has highlighted the
power of isotopic information to constrain atmo-
spheric budgets and provide information on atmo-
spheric processing. However, we are currently quite
limited by the minimal amount of data available. For
most compounds, insufficient data exist to provide a
solid statistical representation of the natural vari-
ability in time and space of their atmospheric isotopic
composition, or of the isotopic signatures of their
sources and sinks. Furthermore, studies of the de-
pendencies of these source and sink signatures on
controlling factors, such as temperature, are ex-
tremely sparse. These gaps in our current knowledge
base represent important areas of research op-
portunities.

Advancement of isotopic hydrocarbon clock and
atmospheric budget studies will require further
measurements or estimates of KIEs associated with
atmospheric loss processes. A few comprehensive
laboratory studies have been performed to determine
the KIEs for reaction of series of NMHCs with OH
and Os, but KIE measurements for reactions such as
oxygenated VOCs and methyl halides with OH are
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still needed. Measurements of the KIE for reaction
between VOCs and other oxidants are needed to
determine whether the signature from OH oxidation
is unique. No KIE measurements of VOCs with NOj
or Cl have been published, but some will undoubtedly
be available soon.*?? Theoretical ab initio calculations
of KIEs for the relevant reactions of VOCs with OH,
O3, NOg, and ClI, and their comparison with measure-
ments, might be an interesting approach for improv-
ing our general understanding of isotope effects in
the oxidation of VOCs, but we know of no work being
done in this area. However, it should be noted that
previous ab initio calculations for reaction of methane
with both OH and CI resulted in KIE values that
were up to a factor of 2 different than measured
values,'® indicating that the accuracy of this method
might be insufficient for interpretation of atmo-
spheric stable isotope ratio measurements.

Source apportionment of trace gases with a com-
bination of primary and secondary sources to the
atmosphere, such as aldehydes and ketones, which
cannot be separated by concentration alone, provides
a particularly interesting and challenging opportu-
nity for the use of isotopes. It is currently impossible
to separate direct emissions and formation by oxida-
tion in the atmosphere using stable isotopes because
no information is available on the fractionations
associated with photochemical production of these
compounds, nor with their loss by photolysis. More
research is needed on these signatures. Particularly
interesting compounds to start with might include
relatively abundant species whose atmospheric bud-
get is poorly constrained, such as acetone, acetalde-
hyde, methanol, and ethanol.

In addition to their use in studying trace gas
budgets and local to regional photochemical pro-
cesses, it is likely that atmospheric stable isotope
measurements and kinetic isotope effects can be used
to study larger scale photochemistry. Seasonal cycles
of the isotopic composition of VOCs in rural to remote
areas of the atmosphere as a function of latitude
could serve as indicators of OH concentrations,
integrated over the spatial domain relevant to the
lifetime of each compound. Seasonal cycles in mixing
ratio of C,—Cs VOCs have been used to infer latitu-
dinally resolved seasonal changes in OH concentra-
tions,'** and it is likely that isotopic information
would be of use to improve those estimates.

All of the published measurements for isotopic
composition of atmospheric VOCs have focused on the
C isotopes. Given the capabilities of commercially
available instrumentation for also measuring H, N,
or O in continuous-flow mode following chromato-
graphic separation, there is an opportunity for sig-
nificant further development in the measurement of
isotopes for other elements in VOCs. Combinations
of isotopes, such as C, H, O, N, CI, or Br, would likely
provide additional constraints on source or sink
apportionment. Application of this multi-element
isotope approach has thus far been restricted to less
reactive trace gases. Schoell’?®> demonstrated that
D/H ratios can be used to verify suspected bacterial
sources of methane in natural gas reservoirs deter-
mined from 3C/*°C ratios. In the atmosphere, both
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D/H and *3C/*2C ratios have been successfully used
as independent tracers of the methane budget.126-128
Thus, the carbon and hydrogen data can provide
useful complementary information when investigated
simultaneously.

The most likely non-carbon candidate element for
immediate further isotopic study in atmospheric
VOCs is hydrogen. Much larger differences between
various source signatures or loss KIEs would be
expected in hydrogen isotopic signatures as compared
to those of larger atomic weight elements (i.e., N or
Cl), as discussed in section 1.3. It should be noted
that current measurement precision limitations on
hydrogen isotopes are at best 1—2%o,%°113 and larger
samples may be required compared to those used for
studies on carbon. Assuming that differences between
source signatures or sink KIEs are large compared
to this precision, combining carbon and hydrogen
isotope information should result in useful data for
distinguishing between the various VOC cycling
processes.

Similarly, intramolecular isotope distributions may
provide another layer of information for elucidating
VOCs cycling processes. This technique has been
applied to the study of atmospheric N,O,*?%130 but no
published work has addressed intramolecular isotope
distributions in atmospheric VOCs.
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9. Appendix

Data shown in Figures 2—5 were obtained from the
identified references using information in tables
when available, or directly from figures when neces-
sary. The definition of a treatment, or grouping of
data, was taken from the original authors where
possible, and thus the representation of data from
all references could not be treated consistently. For
example, in biomass burning experiments, data
shown may represent different burning stages, such
as flaming and smoldering, and a range of biomass
types burned. However, all atmospheric measure-
ments were taken as individual treatments due to
the potential for high temporal and spatial vari-
ability. Similarly, all field sample replicates in VOC
biodegradation studies were taken individually, and
laboratory cultures of different species were taken
as separate treatments, but replicate laboratory
cultures of a given species were averaged. The
average values reported for each treatment were
represented in our figures, while errors or precision
measurements, such as standard deviations, were not
included. The number of resulting data points is
presented on the figures, along with the averages,
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medians, standard deviations, and 25th and 75th
percentiles of the treatments. If information was
reported in the references not as original data, but
as a mean and standard deviation of multiple treat-
ments, we also report the data as such.

These figures were created with the goal of provid-
ing a concise but representative summary of the
available isotopic data for atmospheric VOC and to
highlight areas in need of further research. As
expected, summarizing the data produces results
with tight deviations around the average values and
evenly distributed percentiles with a median near the
average when numerous similar treatments were
reported. However, there are other cases where our
methodology of bulking data minimizes the presenta-
tion of information contained in the original data.
Thus, we recommend that the reader should always
return to the original references for detailed descrip-
tions and analysis of measurements before using this
dataset.
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