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Trace gases are responsible for the atmospheric processes
underlying air pollution and global change. Analysis of the
distribution of stable isotopes in these gases is a way of
gaining additional knowledge that may not otherwise be
available. This approach requires knowledge of the isotopic
signatur e of emissions sour ces and chemical reactions. This
review focuses on the chemical physics of the processes
underlyingthedistribution of stableisotopesin atmospheric
gases.

1 Introduction

Many chemical and physical processes modify the distributions
of isotopic species in the atmosphere. Isotopologues are

molecules that differ according to the number of isotopic
substitutions, for example CH,4 and CH3D. Isotopomers differ
according to the position of the substitution, for example
symmetric and asymmetric ozone, 160180160 and 160160180
(constitutional isomers), or (2)- and (E)-CHzCH=CHD (stereoi-
somers). Analysis of the distribution of stable isotopes in
atmospheric trace gases is a way of gaining additiona
knowledge about a gas that may not otherwise be available.
However, specific knowledge regarding the isotopic signature
of emissions sources and chemical reactions is needed in order
to construct an isotope budget for a given compound. Trace
gases obey the mass balance eguation, i.e. the change in the
mass of a compound in the atmosphere over time must be equal
to the imbalance between production and loss. There are a
number of atmospheric phenomena that have been illuminated
by the study of the distribution of stable isotopes, including air

Matthew S. Johnson is an Associate Professor of Chemistry at
the Department of Chemistry of the University of Copenhagen.
He received a BA in Chemistry from Macalester Collegein .
Paul, Minnesota in 1989 and a PhD in Chemical Physics from
the California Institute of Technology in 1995. He has been
employed at the University of Copenhagen since 1998. His
research interests include atmospheric chemistry, spectros-
copy, reaction kinetics and isotope effects. He is the organizer
of the Nordic Network for Chemical Kinetics (http://kl5.ki-
.ku.dk/noneck/), a research network composed of 14 Uni-
versities in Scandinavia, England, Russia, Lithuania, Poland
and Germany, with the support of the Nordic Academy for
Advanced Study.

Karen L. Feilberg received a BA honors degree with special-
isation in chemistry from Cambridge University in 1997. She
received highest marks and a Master of Science degreefromthe
University of Copenhagen in 2001 for her thesis entitled, ‘A
theoretical and experimental investigation of thereaction CO +
OH — CO, + H. She is currently a PhD student at the
Department of Chemistry, University of Copenhagen, special-
ising in the areas of FTIR spectroscopy, molecular dynamics
theory and isotope effects.

Matthew S. Johnson Karen L. Feilberg

Philipp von Hessberg is a graduate student at the Department
of Chemistry, University of Copenhagen. He received com-
mendation for his Bachelor’ s thesis entitled, ' Determination of
the stratospheric sulfate source using stable isotope analysis'.
He has recently completed a term of study at the California
Institute of Technology and is continuing his research in the
area of atmospheric isotope effects.

Ole John Nielsen isa Professor in atmospheric chemistry at the
Department of Chemistry, University of Copenhagen. Pre-
viously employed as head of the Atmospheric Chemistry
division at Risg National Laboratory from 1990 until 1997, his
more than 20 years of working in atmospheric chemistry have
focused on laboratory investigations of chemical reactions of
relevance in atmospheric chemistry. His main interest is the
environmental impact of alternative CFCsand alternative fuels.
He has extensive collaborative projects with Ford Motor
Company on alternative fuels and prevention of particle/soot
formation. Heisinterested in Global Changeand isa part of the
Copenhagen Global Change Initiative (www.cogci.dk). He is
the coauthor on 140 reviewed articlesin international journals.
He is a member of the Danish Natural Science Research
Council.

Philipp von Hessherg

Ole John Nielsen

DOI: 10.1039/b108011n

Chem. Soc. Rev., 2002, 31, 313-323 313

Thisjournal is© The Royal Society of Chemistry 2002



pollution, global warming, ozone depletion and the history of
Earth’s climate. Thisreview will focus on the chemical physics
of the processes underlying the distribution of stableisotopesin
atmospheric gases.

Atomic nuclei consist of protons and neutrons. The number
of positively charged protons in the nucleus determines the
atomic number Z, and the sum of protons and neutrons
determines the mass number A. The atomic humber determines
the position of anuclidein the periodic table. The mass number
is given as a left superscript of the elemental symbol, e.g. 14C,
‘carbon-14." The most basic example of isotopic enrichment in
the Earth’s atmosphere is provided by the isotopes of the
element hydrogen, protium and deuterium. Deuterium was
discovered by Urey, Brickwedde and Murphey in 1932. Urey
proceeded to devel op the theory of isotopic fractionation that is
a cornerstone of isotope geophysics. 1H and 2H (or less
formally, H and D) were formed by nucleosynthetic reactionsin
the first few hot and dense minutes of the Universe following
the Big Bang. Relatively uniform D/H ratios of ca. 10—5 are
found throughout the interstellar medium, and on Jupiter and
Saturn, the gas giants. On Earth the main reservoir of hydrogen
is the ocean, and the D/H ratio is 1.5576 + 0.0005 x 10—4 for
Standard Mean Ocean Water (SMOW). The Earth was formed
by the accretion of chunks of ice and dust in the solar nebula.
Most of this original water is now in the oceans. The D/H ratio
in remnants of the terrestrial planet-forming material till found
in our solar system, such as meteorites and Comet Halley, is
close to that of SMOW.1

The question iswhy ocean water, derived from theicesin the
solar nebula, isenriched in D by an order of magnitude relative
to the Universe. A number of physica mechanisms may be
involved, such as the rate of escape of heavy and light
isotopologues from a planetary atmosphere (Section 2). But the
enrichment is impossible to explain without an underlying
chemical mechanism. First, we should consider isotope ex-
change reactions of the type:

H,O + HD & HDO + H, (R1)

At low temperature, equilibrium favors the right hand side, and
water becomes enriched in deuterium relative to molecular
hydrogen. Similar equilibria govern the partitioning of D/H in
methane and ammonia. It is a genera feature of equilibrium
isotope effects (Section 3) that the heavy isotope becomes
enriched in the more tightly bound species. It is necessary to
consider not just the position of chemical equilibrium, but also
the rate of reaction (Section 4).

Because of the activation barrier of the forward and backward
reactions in (R1), equilibrium may not have been established
within thelifetime of the solar nebula. The observed enrichment
could also be due to barrierless ion exchange reactions,

Hs* + HD — H,D* + H, (R2)
CHz* + HD — CH,D* + H, (RS)

known to be important in interstellar molecular clouds.
Reactions (R2) and (R3) are exothermic by 1.9 and 3.1 kJmol —1
respectively. As we will see below, reactions (R1)—(R3) are
driven by differencesin the zero point vibrational energy of the
reagents and products. There is an interesting and detailed

discussion of D and H fractionation in planetary atmospheresin
the monograph by Yung and DeMore.?

With the exception of hydrogen and helium, the interaction
between Earth and space has involved negligible amounts of
material compared to what is present in the Earth itself. The
elemental composition of the planet, with the exception of
transformations related to nuclear decay, is fixed. However the
partitioning of the elements and their isotopes within the
biogeochemical earth system continues to evolve. Many of
these processes, especially those relevant to geological isotope
distributions, involve phase equilibria and are discussed in
Section 3.

The Earth’s atmosphere however is far from chemical
equilibrium. It resembles a low temperature flame in which
solar radiation initiates chains of radical reactions. The rates of
chemica reaction, considered in Section 4, vary considerably
with isotopic substitution. The physical processes resulting in
isotopic enrichment are made to appear pedestrian by the wide
spectrum of behaviors shown by the chemical effects. As
detailed in Section 4, the rate of 160 + 180, + M — 160180, +
M is more than 50% faster than the rate of 180 + 160, + M —
180160, + M.2 In addition to powering photosynthesis, the sun
has a direct effect on the atmosphere through photolysis and
photochemistry, the subject of Section 5. Human activities such
as agriculture and industry also affect the composition of the
atmosphere; the isotopic signature of emissions sources are
considered in Section 6. This Section also describes how all of
thisinformation can be combined to produce an i sotope budget.
Knowledge of the isotopic fingerprint of a given process can be
used to measure highly reactive transient species by proxy, to
identify or exclude specific reactions in the atmosphere, and to
constrain the sources and sinks of greenhouse gases such as
nitrous oxide, methane and carbon dioxide.

2 Physical mechanisms

At the beginning of the twentieth century, some curious features
of the elements of Mendeleev’s periodic table had been noted.
To begin with, atomic mass did not alwaysincrease with atomic
number. For example, K islighter than Ar, even though it has a
larger atomic number. Other workers showed that lead samples
from different sources have different atomic weights, and that
different samples of thorium salts had different rates of decay.
In 1914 Frederick Soddy proposed that a single element of the
periodic table could comprise several isotopes. Thomson
modified his cathode ray tube to measure the charge to mass
ratio of heavier species. By 1919 the ‘mass spectrograph’ had
identified 212 of the 287 naturally occurring nuclides.3 This
Section will consider the physical mechanisms that can lead to
the separation of nuclidesin the atmosphere. | sotopic abundan-
ciesrelevant for studies of atmospheric trace gases are found in
Table 1.

2.1 The kinetic theory of gases

Thekinetic theory of gases assumesthat thetotal energy of agas
is determined only by the kinetic energy of the gas particles. To

Table 1 Fractional abundance of some isotopes found in atmospheric trace gases (CRC Handbook, 79t ed.)

Hydrogen H 0.999844 D(2H)
Neon 20Ne 0.9051 2INe
Carbon 12C 0.9890 13C
Nitrogen 14N 0.9964 15N
Oxygen 160 0.99763 170
Sulfur 325 0.9502 335
Chlorine 35C| 0.7577 37Cl
Argon 36Ar 0.00337 38Ar
Bromine 79Br 0.5069 81Br

0.000156 TEH)  Smal

0.0021 2Ne  0.0922

0.0110 14C Small

0.0036

0.000375 180 0.001995

0.0075 g 00421  3S 0.0002
0.2423

0.0063 oA 0.9960

0.4931
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a good approximation, the behavior of atmospheric gases is
‘ideal,” in that the kinetic theory of gases pertains. According to
the equipartition theorem, gas phase isotopic analogues in
thermal equilibrium have the same kinetic energy (Ex) in each
degree of freedom:

Eq = kaT/2 = mv2/2 )

Where kg is Boltzmann's constant, T temperature, m mass and
v velocity. Two species with different mass in thermal
equilibrium will have the same average kinetic energy, and
unique velocities. The ratio of the velocities is given by the
square root of the inverse of the ratio of the masses. According
to the kinetic theory of gases, the mean speed of a particle is
given by:

¢ = (8kgT/mm)v2 @)

The rate of a gas phase chemical reaction can be considered as
the rate of collision between the reagents times the probability
that a given collision will result in reaction. It follows from the
two previous equations that light species undergo collisions
more frequently. The collision rate is given by:

z = 2Y20cpl(ksT) 3

Here o isthe collision cross section and p pressure. Thusiif two
isotopic species have the same probability of reaction upon
collision, the ratio of their reaction rates is simply the square
root of the inverse of the ratio of their masses.

2.2 Jeans escape

In 1916 Sir James Jeans, a pioneer of atmospheric chemistry,
developed a theory to explain the absence of an atmosphere on
the moon. The escape of a molecule into space depends on the
ratio of the gravitational binding energy of the molecule (GMnv
rc) to its thermal kinetic energy ksTe:

A= GMm
kBTcrc

(4)

Here G isthegravitational constant, M the mass of the planet, m
the mass of the molecule, T, the temperature at the critical level
from which escape occurs and r the distance from this level to
the center of the planet. The flux of molecules from the
atmosphere into space (cm—2 s—1) is then given by:

F=n——(1+A)e™* )
T

NP

Where, n. is the number density (cm—3) of the species at the
critical level, and v = (2kgT/m)¥/2 isthe most probable speed of
aMaxwell distribution of moleculesat T... Jeans showed that the
moon is not sufficiently massive to retain an atmosphere. In
contrast Jupiter and Saturn are so massive that kgT is small
compared to the gravitationa binding energy, and atmospheric
escape is not important.

The terrestrial planets Venus, Earth and Mars are inter-
mediate cases, where some atmospheric evolution due to Jeans
escape has occurred. The D to H ratio on Mars is five times
higher than on earth. Since the mass of the planet is smaller,
much more material has escaped from the Martian atmosphere
into space. If we assume the hydrogen is present as water
distributed equally over the surface of the planet, and taking a
uniform escape rate over time, the observed ratio implies that
Mars originally had about 3.6 m of water, about 20 cm of which
is left today.t

2.3 Rayleigh distillation

In general, we may consider afractionation process with rates k
and K’ for the removal of isotopic species with concentrations

[X] and [X’]. For akinetic process the enrichment factor € = o
— 1, characteristic of agiven process, will depend on o« = k/K/,
thefractionation factor or relativerate. By convention o istaken
asthereaction rate of thelight species (X) divided by theratefor
the heavy species (X”). Note that it is not uncommon to define
thefractionation factor astheratio of the reaction rate of therare
to the common isotopologue, often in conflict with the light
over heavy definition. We use here the definition accepted by
IUPAC, light over heavy.

The ‘isotope ratio’ or mole fraction R of an isotopic species
isthe concentration of the isotopically heavy speciesdivided by
the concentration of the light species in a given sample. The
isotope ratio of the remaining species is governed by the
Rayleigh distillation formula,

R = Rofe (6)
where f is the fraction of the original quantity of isotopically
light sample remaining. If € is positive the heavy isotope will
become depleted in the remaining sample.

For an equilibrium process we may define the fractionation
factor o = R/R/, for example R could be the D/H ratioinice and
R the ratio in water vapor. The Rayleigh distillation formula
il pertains.

In isotope ratio mass spectroscopy the difference in the
isotope ratio between two substances can be determined with
great accuracy. The ‘deltavalue' is defined as follows:

— Rx — Rstd
Ry

Delta is most often given in units of per mil. For sufficiently
small enrichments one may use the approximation:

S = &+ eIn(f) 8

(Remembering that ¢ is the enrichment factor and f the fraction
of isotopically light sample remaining.) It is important to
emphasize that the enrichment factor is independent of the
extent of reaction and is characteristic of the transformation
processitself, and is thus of great use when discussing reaction
mechanisms. On the other hand environmental samples have a
certain composition characterized by 6, which will vary
depending on € and f.

0.

X

)

2.4 Diffusion

At a given gas temperature, the diffusional velocity of a light
speciesis higher than that of a heavy species. Consideration of
eqgn. (1) alows the derivation of Graham's law of diffusion:

Vil = (mp/my)% 9

In the previous subsection we noted that the gravitational
potential energy of a given gas depends only on the molar mass
m of the gas. The barometric formula,

P2 = p(0)exp(—2zH) (10)
indicates that each gas should have a unique scale height H =
ks T/(mg) in the atmosphere. In egn. (10), p(0) is the pressure at
the bottom of the atmosphere, and p(z) the pressure at altitude z.
The scale height of the Earth’slower atmosphereisca. 7.4 km;
at this atitude the pressure has dropped to 1/e of the pressure at
the surface. It was once suggested that CFCswould never reach
the stratosphere, that because of their high molecular weight
relative to atmospheric N, and O,, and consequent low scale
height, they would be concentrated near the surface of the
planet. However, CFCs do reach the stratosphere, and further,
the composition of the atmosphere is remarkably uniform from
the surface to the homopause, about 100 km altitude. The
mechanism of the separation of gases according to their
individual scale height is diffusion, and below the homopause
turbulent mixing is more rapid than diffusional separation.
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Above the homopause separation takes place, for example the
mixing ratio of O, decreases with altitude. For the same reason
that CFCs are uniformly mixed in the lower atmosphere,
turbulent mixing driven by advection and convection is not a
mechanism that produces isotopic fractionation. It can however
blur the signatures of other processes, for example by mixing
enriched and unreacted gas parcels.

Given a suitable environment, isotopic species will be
fractionated by diffusion in the atmosphere. For example,
snowfall results in the glaciers that cover Antarctica and
Greenland. At a certain depth the snow is changed into ice,
trapping bubbles of atmospheric air. Thisair is enriched in the
heavy isotopologues of N, O, and other gases because of their
relatively dower rates of diffusion. As another example, the
overadl rate of a heterogeneous reaction may depend on the
diffusion of areagent moleculeto an aerosol surface, or into the
bulk of the condensed phase. In addition, the differing rates of
diffusion of water isotopologues in a droplet can lead to
concentration gradients when water is evaporating from or
condensing on the surface. For an in-depth discussion of
isotopic fractionation in liquid/vapor water systems, the reader
is referred to the monograph by Criss.3

2.5 Nuclear decay

A thorough discussion of nuclear chemistry isbeyond the scope
of this review but a few pertinent features can be mentioned.
Following the Big Bang, most matter was (and still is)
hydrogen, a small fraction deuterium and an even smaller
fraction helium. The synthesis of the heavier nuclides in the
periodic table occurs inside stars. Nuclel have inherent
stabilities, and some genera trends are apparent. For example
nuclei with even atomic numbers are about ten times more
common than those with odd atomic numbers. There is also a
preference for mass numbers that are a multiple of four. The
four nuclides 160, 24Mg, 28Si and 56Fe make up 85% of the mass
of Earth.3 Unstable nuclides of many of the elementsare known,
and the fission of these nuclel can be used to study atmospheric
processes.

Wewill give one example.4 Soils emit 222Rn, anuclide which
decays to 210Ph with a half life of 3.8 days. In the atmosphere
lead atoms quickly condense onto existing aerosol particles.
Analysis of this lead indicates that the particles have an
atmospheric lifetime of 8 days, determined by deposition. Inthe
stratosphere and upper troposphere, 7Be is formed by the
collision of cosmic rays with nitrogen nuclei, and it also
condenses onto preexisting aerosol particles. Consideration of
the mass balance of 7Be indicates that these aerosols are
removed from the atmosphere with a lifetime of 24 days.
Analysis of these two radioactive isotopes gives an interesting
picture of atmospheric aerosol deposition rates. Aerosols near
the surface, where humidity and rainfall are greater, arefound to
have a shorter lifetime.

3 Chemical equilibrium

Equilibrium isotope effects have proven themselves to be of
great use in earth system science, forming the basis of isotope
geochemistry. The pioneering work of H. C. Urey showed how
13C and 180 enrichments in carbonate shells can be used as a
pal eothermometer, recording the temperature of the ocean when
the shell was formed.3 Subsequent work has examined a large
variety of systems.

According to the Born—Oppenheimer approximation, we may
separate nuclear and electronic motion. Electrons move fast
relative to the massive nuclei, so it is a good approximation to
treat them as if they move in a potential determined by fixed
nuclei. Accordingly, achange in the mass of the nuclel will not
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change the potential energy surface of a system. A change in
mass will however change the vibrational frequencies of the
system. In Fig. 1 we see that while the potentia energy surface

Activated complex

Em)*

E(th

Vahv(il)

(D) I [

Y — — —

Reactant

Reaction coordinate

Fig. 1 Diagram of the stretching vibration of RH in an unperturbed state, and
upon formation of the activated complex in reaction RH + X — R + HX.
Zero point energies of hydrogen and deuterium substituted molecules are
shown as well as the activation energies for reactions involving both
compounds.

of a molecule or reaction system may remain invariant to
isotopic substitution, the frequencies of the system’'s normal
vibrational modes do change. Thisin turn affects the zero point
energy of the system. As we will see, changes in zero point
energy are a central feature of equilibrium isotope effects.

Restating, isotopic substitution does not change the force
constant f of abond, but it does change the vibrational frequency
v. For aharmonic oscillator the frequency of vibration is given
by Hooke's Law:

v = (127m)(flu)v2 (11)

Here u is the reduced mass of the system. For example the
reduced mass of a diatomic AB is given by:

Upg = MaMy/(Ma + Mg) 12)
From quantum mechanics we know that even at the absolute
zero of temperature, a molecule is still vibrating, and that each
normal mode contains half avibrational quantum of energy. The
zero point energy is the sum of the vibrational energy in each
mode at zero Kelvin:

n

1
Ep ZEZV,. (13)

i=1

Heren = 3N — 5 for the number of normal modes of alinear
molecule, or 3N — 6 for anonlinear molecule. N is the number
of atomsin the molecule. The zero point energy isuniquein that
itisafundamental property of agiven molecule. As opposed to
trandational, vibrational, rotational and on occasion electronic
energy states, it cannot be in therma equilibrium with its
surroundings.

Next, consider equilibrium in a system involving the
exchange of isotopes X and Y between two chemical reservoirs
A and B:

AX + BY © AY +BX (R4)
Which has an associated equilibrium constant:
AY | BX
- [av]Bx] ”

- [AX]BY]
Statistical thermodynamics tells us that

K = PavOex -, /i

15
Oaxy )



where Q is the partition function of a given species, the product
of the trandational, rotational, vibrationa and electronic
partition functions. We have taken advantage of the fact that for
isotopic exchange reactions, changes in the volume of the
system can be ignored. We have not included changes in the
internal energy of the reaction as part of the (classical)
vibrational partition function. Instead, this is included in the
final term of the equation. The term AE, is the change in the
internal energy of the reaction evaluated at O K, that is, the
change in the zero point energy of the reaction. In many
systems, at atmospheric temperatures, the vibrational partition
function tends not to change very much with isotopic substitu-
tion. Instead the main effect is due to the change in the quantum
zero point energy of the reaction. We have written egn. (15) to
emphasize this distinction. The effect of isotopic substitution on
equilibrium constants was considered by Bigeleisen and Mayer
in 1947.5

In the same year, Urey described isotope exchange reactions
by considering each molecule relative to the separated atoms.
He derived an eguation for the ratio of the partition function of
a substituted molecule (Qy) relative to the unsubstituted one

(Qx):
QX QX,I'ot ; 1- e*l/y,‘ e’”x,. /2 (16)
i=

Several terms appear on the right hand side of this eguation.
Starting from the left, we have the ratio of the rotationa
partition functions. For a linear molecule this can be approxi-
mated as Q,ot = kg T/(chcB) where cisthe speed of light, B the
rotational constant and o the symmetry number of the species
(one for heteronuclear diatomics, two for homonuclear dia-
tomics, threefor NH3, etc.). Therotational partition function for
other types of molecules can easily be found in any number of
textbooks. The continued product ranges over the number of
vibrational normal modes of the system. Theterm U istheratio
of vibrational to thermal energy, U = hv/kgT. The classical
vibrational partition function is /(1 — e-V). Findly, the
vibrational zero point energy is contained in the term e-Y/2,

The partition functions depend on temperature, and so do the
equilibrium constants. In fact, the distribution of stable isotopes
between different reservoirs at equilibrium is an almost perfect
thermometer. This has allowed an accurate reconstruction of the
climate history of the earth to be assembled, using for example
the 4180 of carbonate shells in the ocean, and the 680 of
ancient water in the Antarctic and Greenland glaciers. The first
example depends on the equilibrium between agueous and
carbonate CO,, and the second, on the difference in the
chemical potential of H,O and H»80 in the liquid and gas
phase.

4 Reaction kinetics

Chemical reaction rates are affected by isotopic substitution. 1t
is helpful to categorize the effects according to the mechanism
of the reaction, whether it be via abstraction, the formation of an
adduct, association, or the assistance of biological enzymes.

4.1 Abstraction

In an abstraction reaction, an atom is taken away from one
species by another. When considering the effect of isotopic
substitution on the rate of an abstraction reaction, it is
reasonable to use the Born—Oppenheimer approximation, in
which the electronic and nuclear motions are considered to be
separable. Then, isotopic substitution in a chemical reaction or

equilibrium changes the zero point energy of the substituted
species but not the potential energy surface of the reaction.

Consider the first step in the oxidation of a typical
atmospheric hydrocarbon:

R-H + ‘OH — R* + H,0 (R5)

The potential energy of the reaction coordinate for such a
reaction is shown in Fig. 1. Transition state theory is a useful
theoretical model for the rate of a chemical reaction. In this
theory, the rate constant can be obtained from the physical
properties of the reactants and the ‘transition state’ The
transition state is the activated complex formed during reaction
and from which the products are formed. The object is to
calculate the concentration of the activated complex and therate
with which the system goes through the transition state
configuration. At the transition state the RH bond is con-
siderably weakened compared to the reagent RH. Thisreduction
in the force constant of the RH bond means that the vibrational
frequency is much lower. Now, consider the effect of deuterium
substitution on the hydrocarbon. According to egn. (11), the R—
D stretching frequency is 1/(2v2) of the R—H frequency. As
shown in Fig. 1, while the potential energy surface of the
reaction is the same, the activation energy for deuterium
abstraction is larger than that for hydrogen abstraction.

To illustrate, consider atypical C-H stretching frequency of
3000 cm—1. The change in the activation energy for D
abstraction will depend on the change in the vibrational zero
point energy of the bond. Since this bond is weakened in the
transition state, we will assume that the change in the zero point
energy upon deuterium substitution is zero (alower limit to the
true change). In all the apparent change in the activation energy
could be aslarge as (% x 3000) — (% x 3000/2%) = 440 cm—1
= 5 kJ mol—1. The resulting decrease in reaction rate for
deuterated compounds is known as a primary kinetic isotope
effect, primary because the substituted atom is adjoining the
bond being broken or formed in the reaction.®

Nielsen and coworkers have measured the rate of reaction of
aseries of isotopically labeled aldehydes.” The properties of the
transition state were cal culated using ab initio techniques. From
generalized transition state theory, the rate of reaction is given

by:

K(T)

_ kT O°(@) [ (Eoe
h QN(T)

Where the superscript ‘TS refersto the transition state and ‘R’

to the reagent. Egec IS the electronic energy, and Eg the

vibrational zero point energy. The fractionation factor (cf.

Section 2.3) is then given by:

_ K1) _0"(M)-0™(T)
k(T QNT)-Q"(T)

xp| S =B = (BT E%)

kgT

- EcSec') + (E(;rs - Eé{)
T (17)

a(T)
(18)

A clear paralel exists between these equations and those
appearing in Section 3, namely the contribution of vibrational
zero point energy to the isotope effect. It is interesting to note
that from a theoretical standpoint, these isotope effects are far
from being well-understood. For example, for adehydic
hydrogen abstraction by Cl from CHzCHO and CHsCDO at 298
K, tiheo = 1.639, whereas e = 1.343 + 0.023. Even more
strikingly, for the Cl reaction rate of CH,O and CD,0, using
egn. (18) diheo = 2.50, while e = 1.302 £ 0.014. The
discrepancy may be due to the formation of a weak adduct
between the atom and the aldehydic oxygen.”

An additional consideration should be made when consider-
ing the rate of a chemical reaction. Quantum mechanical
particle-wave duality introduces wavelike behavior, especially
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as mass decreases. The proton is the lightest nucleus, and
possesses the greatest quantum wave-like character of any
nuclide. One feature of quantum mechanicsis that a wavefunc-
tion can tunnel through a potential barrier that it would not
classically be alowed to cross. Thus, the phenomenon of
tunneling through the reaction barrier accelerates a reaction
involving the proton, relative to the analogous deuterium
reaction. Examples include hydrogen abstraction reactions, and
the CO + OH — CO, + H reaction discussed in Section 4.2 (see
ref. 26).

Methaneisthe most important atmospheric hydrocarbon, and
it isremoved from the atmosphere by abstraction reactions. The
OH radical is the most important reaction partner, and Cl can
also play an important role, especidly in the stratosphere.8 The
13C and D isotope effects have been characterized in the
laboratory. These reactions have aso been examined using
variational transition state theory, however the agreement with
experiment is not satisfactory.

The standard kinetic isotope effect considers that the
activation energy of areaction includes a contribution from the
internal zero point energies of the molecules. However, some
reactions that have no apparent reaction barrier exhibit isotope
effects, for example the reactions of OH with H,O,, D,O, and
CO. These adduct-forming reactions are discussed in the
Section 4.2. Taatjes and Klippenstein have used variational
transition state theory to model kinetic isotope effects in
barrierless recombination reactions.®

4.2 Reactions forming adducts and unimolecular
dissociation

Some seemingly simple reactions, in particular those with long
lived reaction intermediates, display isotope effects than cannot
be explained using the ideas presented in the previous
subsection. Adduct forming reactions are characterized by small
or negative activation energies and curved Arrhenius plots. As
noted by Mozurkewich and Benson, the activated complex is
often more likely to fall apart into reagents than products.1° The
process can be described as a competition between two
unimolecular dissociation pathways, one forward giving prod-
ucts, and one backwards in which the adduct dissociates into
reagents.

To illustrate, consider the atmospheric oxidation of carbon
monoxide, the prototypical adduct-forming reaction. The reac-
tion OH + CO — CO, + H removes 90% of atmospheric CO,
70% of OH, and generates 1/6 of atmospheric CO,. The
reagents form an adduct, the carboxyl radical. There is a
competition between vibrational gquenching and two unim-
olecular pathways, one to form products and one reagents:

OH + CO —» HOCO* k,

HOCO* - OH + CO k, (back reaction)

HOCO* - H + CO, k, (forward reaction, chemical
activation)

HOCO*+ M — HOCO + M k, (association)

HOCO + M — HOCO* + M
HOCO + 0, - CO, + HO,

k, (reactivation)

k, (abstraction)

RRKM (or ‘unimolecular’) dissociation theory gives us a way
of predicting the lifetime of a system with enough interna
energy to dissociate. It can be described as microcanonical
transition state theory, as it considers the statistical probability
that the system will find itself in the critical configuration that
divides the adduct from the exit channel.

The RRKM rate constant isgiven by k(E) = N(E)/(hp(E,)).6
Here N(E;) denotes the sum of states for the active degrees of
freedom in the transition state and p(E,) is the density of states
for the active degrees of freedom in the reactant. E; is the sum
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of the vibrational and translational (along the reaction coor-
dinate) energy of the transition state and E, is the total energy
minus the rotational energy. If we consider the competition
between forward and back reactions, using the RRKM equation
we can derive the expression: ko/k 1 = Now/Nip, i.€. theratio of
the sum of states of the critical configuration in the exit and
entrance channels.

Golden and coworkers have incorporated available rate
constant measurements and new experimental work to construct
an optimized RRKM model of this reaction.1® This model
shows that at room temperature the ratio of the forward to back
rate is 1.3 in the low pressure limit (i.e. absence of k3). For a
given total reaction energy, the sum of states of the exit critical
configuration is greater than for the entrance critical configura-
tion. For DOCO the situation is reversed, the ratio of the
forward to backward reaction rate is 0.053 (low pressure limit).
Itisinteresting to note that the ratio of the forward to backward
unimolecular dissociation rates drops by a factor of 25 for the
deuterated reaction. Associated with the critical configuration
of the entrance or exit channel isazero point energy (ZPE); this
energy comes from the total energy of the adduct. An
examination of the species involved reveals that for CO + OH,
the zero point energy of the entrance critical configuration (CC)
is greater than that of the exit CC by about 130 cm—1. For CO
+ OD the situation isreversed, the ZPE of CC;,, being about 100
cm—1 |ess than the ZPE of CC,y. For a given total energy, a
greater zero point energy means that there is less energy
available with which to distribute among the available interna
states, leading to a smaller sum of states (assuming arelatively
small change in the density of states). The sum of states N(E;)
includes al rovibrationa states from the ground state to energy
E;, the sum of vibrational and translational energy for thecritical
configuration. Thereason that ko/k_1 = No/Ni, decreases upon
deuteration is that due to the relative change in internal energy
of 230 cm—1, the sum of statesin the forward CC becomes much
smaller than the sum of states in the CC for back reaction.
Accordingly kon + co'kop + co ~ 4.

In order to provide a conceptual framework for the effect of
isotopic substitution on the competition between unimolecular
product channels, we have considered a system with a specific
total energy. In the laboratory a given reaction rate may
represent a thermal distribution of reagent energies, and k(T) is
the pertinent function, not k(E). Several authors have devel oped
RRKM models of isotope effects in atmosphericaly relevant
systems, including OH + CO and OH + SO,.11.12 A secondary
kinetic isotope effect (KIE) is observed when the substituted
atom is not adjacent to the bond being broken or formed. We
note that in the CO reaction the secondary kinetic isotope effect
(C180) is equal in magnitude to the primary KIE (8OH or
13CO).13'14

A series of studies have brought the importance of non-
methane volatile organic carbon species to the attention of the
atmospheric community. Several intriguing examples have
recently been reported in the literature. Rudolph et al. have
determined the carbon kinetic isotope effect for OH reaction
with a series of non-methane hydrocarbons.1> The kinetic
isotope effect is seen to depend on the number of carbon atoms
inthe molecule. For alkenes, e-values ranging from roughly 2%o
for carbon numbers >5, to quite high values for smaller
compounds (propene = 12%. and ethylene = 16%o.). These
effects are much larger than can be explained by the variation of
collision frequency with mass.

The magnitude of the observed kinetic isotope effect differs
between saturated and unsaturated hydrocarbons—as a group
unsaturated hydrocarbons exhibit €' s that are a factor of 2 to 3
higher than saturated hydrocarbons. The OH KIE is thus linked
to the mechanism of the reaction, addition for unsaturated
systems vs. abstraction for saturated hydrocarbons.The kinetic
isotope effect in the reaction between ethane and hydroxyl
radicals has been proposed as an explanation for the observed



difference in isotopic composition of ethane from urban air
samples vs. remote locations.’6 Rudolph has developed a
method using isotopic fractionation as an ’isotopic hydrocarbon
clock’ for determining the extent of photochemical processing
of VOCs.15

4.3 Association reactions and ‘mass independent’ isotopic
fractionation

The mechanism of an association reaction resembles that of an
adduct forming reaction, except that the adduct itself is the
product. Again, there is the possibility that the nascent adduct
will decomposeinto reagentsor possibly via adifferent channel,
and a competition with the rate of collisional quenching.

Most of the processes that have been considered up to this
point have a simple mass relation. For these mechanisms, the
relative effect of say an 180 substitution will be twice the effect
of a 170 substitution. Because of this relationship, these effects
are sometimes termed ‘ mass dependent.” In contrast, puzzling
‘mass independent’ effects have been observed in severa
reactions. The first such reaction was discovered in 1981 by
Mauersberger, who noted that 17O and 180 are about equally
enriched in samples of stratospheric 0zone (see Mauersberger et
al., and references therein).1? Subsequent laboratory experi-
ments by Thiemens' group confirmed the unexpected enrich-
ment of oxygen isotopes in ozone.l8 For small chemical
fractionations (<20%0) the isotope ratios in a three isotope
system are an approximate linear function of the differencesin
reciprocal masses of the isotopomer species. Looking at
molecular oxygen we have the following mass dependent
relationship between isotopomers 160170 and 160180:;

1 1

5]70 372_5
5180 :i—OSIS (19)

32 34

Depending on molecular mass the mass dependent isotopic
fractionation of oxygen containing molecules thus varies
between 6170/6180 = 0.529 for atomic oxygen and 6170/ 580
= 0.5 for high molecular mass species. For a more thorough
discussion, the reader is referred to the recent paper by Y oung,
Galy and Nagahara.1®

Examples of mass dependent fractionation processes can be
found almost everywhere, for example diffusion-limited reac-
tions, and equilibrium across a phase boundary. The isotopic
composition of terrestrial oxygen (O, in air, ocean water,
basdltic rock...) in most cases closely follows the distribution
that would be expected from a solely mass dependent
processes.

Mass independent fractionation (MIF) denotes processes that
giveriseto changesin isotopic compositionin away that is not
mass dependent as outlined above. For example in the Allende
meteorite there have been observed C and Al inclusions with
670 = 6180.18 The departure from mass-dependence is
expressed in quantitative terms (e.g. for O);14.19

AY0 = 670 — 0.52680 (20)

As soon as A0 departs significantly from zero, MIF istaking
place. In the literature a number of systems with mass
independent fractionation have been described, including the
formation of O3,217.20 the reaction of CO with OH,1314 the
photolysis of N,O,21 and the photolysis of CO, and its reaction
with O(1D).17.22 some of these processes are discussed in the
recent review by Weston.20

The first laboratory results showed that the ozone formation
reaction (recombination of oxygen atoms and O, molecules)
gives rise to an enrichment in the heavy isotopes in ozone that
is about equal for 17O and 180. The latest experimental results
on the ozone formation reaction show highly variable rate

coefficients for the individual isotopologues of O, and O.2 The
results showed that light oxygen atoms react quickly with heavy
O, and that 180 atoms react more slowly with the different O,
species (see Table 2). The overwhelming effect is that the

Table 2 Rates of recombination for ozone isotopomers?

Some relative rate coefficients for different
ozone formation processes:

Reaction Rate coeff.
160 + 160160 1

170 + 160160 103

180 + 160160 093

160 + 180180 153

180 + 160180 1.01

recombination rates are correlated with the zero point vibra-
tional energy of the oxygen molecule.

These experiments demonstrate that the recombination
reaction itself is responsible for the isotopic enrichment.
Further, for 160 and 180, the reaction 160 + 160180 may form
symmetric (160180160) or asymmetric (160160180) molecules,
and it has been suggested that the missing rotational levelsof the
symmetric species will play arole in the product distribution.
Sehested et al. werethefirst to show that symmetry alone could
not explain the observed relative recombination rates.23 Sub-
sequent experiments have confirmed this finding, and demon-
strated how the relative recombination rates are dependent on
the temperature and pressure of the reaction, and the nature of
the bath gas.

Recently Gao and Marcus published a detailed theoretical
analysis of the reaction that can explain the observed isotopic
distributions.24 The model emphasizes two aspects in order to
explain the unconventional isotopic fractionation. First, RRKM
theory is used for recombination reactions, with an empirical
correction for nonstatistical behavior that is larger for symmet-
ric isotopomers. The correction factor models the proposed
difference in the accessibility of states that are coupled to the
exit channels depending on whether the triatomic excited
molecule is symmetric or asymmetric. Because there are fewer
dynamical coupling termsin the symmetric triatomic molecule
than in the asymmetric one, the speed of reaching the exit
channels is supposedly higher in the symmetric case. Second,
the model includes a partitioning effect for the dissociation of
vibrationally excited asymmetric ozone molecules formed from
the recombination. The dissociation channel displaying the
lower zero point energy will have agreater probability of being
employed. Conversely, a system entering from the low energy
side of the potential has a longer lifetime over which to be
collisionally quenched.

The anomalous isotopic composition of ozone can be
transferred to other atmospheric molecules, and used to measure
the extent of interaction of agiven specieswith stratospheric air.
For example:17. 22

O3+ hv — O(*D) + O, (R6)

O(1D) + CO, — COz* — CO, + O (R7)

The oxygen isotope signature is likely to be found in chemical
systems tightly coupled to ozone, like NO,, CIO, and HO,.
Rdckmann and coworkers have noted that the signature in NOy
may also be transferred to stratospheric nitrous oxide through
the reaction NH, + NO, — H>0 + N,0.25

Another example of aprocesswith MIF isthe reaction of OH
radicals with CO. The A7O vaue has been shown to be
inversely correlated to the CO concentration in ambient air.14.18
The extent of mass independent fractionation of CO can
therefore be used as a measure for local OH radical concentra-
tions4 Relative rates for a number of the isotopologue
reactions were recently determined.13
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4.4 Dynamical models

In addition to the statistical models that have been discussed
(transition state and RRKM theory), dynamica models of
chemical reactions can be constructed. Theoretical calculations
of chemical resction rates can be made on the basis of a
statistical or a dynamical approach. Dynamical models rely on
calculating collision trajectories along the potential energy
surface of the reaction. The reacting species are treated as hard
spheres that collide, which leads to reaction if the energy of the
system has the minimum value and any orientational require-
ments are met. In this type of model the dynamical differences
between isotopomers are taken into account but changes in the
PES that arise from isotopic substitution are not taken into
account. Isotope effects that originate in tunneling through the
reaction barrier can however be treated if the theory extends to
these effects, for example in the CO + OH reaction. This
requires at least some of the degrees of freedom in the system to
be treated quantum mechanically.26

4.5 Callisional transfer of energy

It has been noted that the chemical composition of the
atmosphere is not at equilibrium. In addition, due to the
absorption of light or chemical reaction, non-equilibrium
distributions of trandlational, rotational, vibrational and elec-
tronic states can occur, especialy in the upper atmosphere.
These non-thermalised distributions can have important im-
plicationsfor chemical reactivity. Isotopic substitution can play
an important role not only in the reactivity, but also in the
lifetimes of these states. For example, the rates of processes
involving intermolecular energy transfer depend on the match
between the energy levels of the two systems. Isotopic
enrichment resulting from collisional transfer of vibrational
energy has been discussed by Coletti and Billing.27 1t is
important to note that collisional quenching of vibrational states
is rapid in the lower atmosphere, producing thermal distribu-
tions of vibrational states.

4.6 Enzyme-catalysed reactions

Unique isotopic signatures are often associated with enzyme-
catalysed reactions. Examples include photosynthesis and the
microbia production of nitrous oxide in the ocean and soils.
Photosynthesis prefers 12CO,, and leadsto an enrichment of 13C
in the remaining CO, gas, and a depletion in the stored carbon.
Biomass therefore has a negative 63C value and the 613C value
of marine carbonates is similar to that of atmospheric CO..
Carbon stored in coal and oil is also depleted in 13C. Plants can
be categorized as C; plants, which include most trees or C4
plants, such as common marsh grasses and crops like corn and
millet. The C3 and C,4 labels refer to how these classes of plants
assimilate carbon dioxide. As C3 and C, photosynthesis are two
biochemically different processesthe carbon stored in the plants
has different isotopic signatures; C; photosynthesis leads to a
larger depletion of 13C in the stored carbon than does C,
photosynthesis.28

The 613C value of atmospheric CO, can therefore be used to
trace the source, as CO, from a fossil fuel source will be
depleted in 13C relative to CO, from plant respiration.2®
Likewise, 6'3C can provide clues about the sinks of CO, and
their seasonal variations. Photosynthesis leads to an enrichment
of 180 in the residual CO, compared to CO, originating from
fossil fuels which means that these two sources can be
distinguished.

In methane, the 63C value can likewise be employed to
differentiate between methane from biomass burning and
methane from biological sources, as the methane from plant
sources such as rice paddies is depleted in 13C relative to the
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methane from biomass burning. Atmospheric 43C values are
lower than the 813C values of biological methane because of a
fossil fuel contribution and because methane oxidation leads to
an enrichment of 13C.

The greenhouse gas nitrous oxide is produced by bacteriain
the soil and oceans that are involved with nitrogen fixation and
release. N,O produced by agricultural soil isdepletedin 5N and
180 relative to other sources.25.30.38

5 Photolysis

Photolysis is an important sink for many atmospheric trace
gases. The stratospheric ozone layer largely prevents sunlight at
wavelengths shorter than 300 nm from reaching the tropo-
sphere. Tropospheric photolysis of molecules such asH,CO, O3
and NO, therefore involves visible and UV-A radiation.
Molecules that are slightly more photostable such as the CFCs,
N>O, OCS and O, are dissociated in the stratosphere, often in
the UV window,’ aregion around 205 nm where agap between
the absorptions of O, and Os alows energetic solar photons to
penetrate into the lower stratosphere (see for example Min-
schwaner in ref. 31). Thus regions of the electromagnetic
spectrum important to trace gas photolysis are characterized by
rapid changes in the actinic flux with wavelength. When thisis
convoluted with the relatively small shifts in photolysis cross
section resulting from isotopic substitution, significant changes
in the photolysis rate of an isotopically substituted compound
can result.

The photolysis rate j (molecules cm—3 s—1) of a molecule
over the wavelength interval A; to A, depends on the number
density of the gas n (molecules cm—3), the spectral flux I(4)
(photons cm—2 s—1 nm—1), the absorption cross section of the
molecule o(A) (cm2) and the photolysis quantum yield ¢(A).

A,

j=n _[aum(z)l(z)d/l (21)
AI
Some processes have more than one product channel, for
example the molecular and radical product channels in the
photolysis of formaldehyde. For many small atmospheric
molecules, the photolysis quantum yield is unity.

Herzberg described the effect of isotopic substitution on the
origin of an electronic transition between two bound electronic
states. Since the potential energy surfaces themselves are not
affected by isotopic substitution, the shift in the spectrum of an
isotopic species is determined by shifts in the rovibrationa
energy levels of the lower and upper potentials. Since most
excited states are more weakly bound than the ground state, this
will typically result in larger shifts for the ground state levels.
The upper limit for the shift, in the absence of other effects
depending on nuclear mass, is simply the change in zero point
vibrational energy on the lower surface. Thus labeling a
molecule with a heavy isotope will result in a shift in the
absorption spectrum to higher energy.

The transition intensity can be characterized by the square of
the transition dipole matrix element. The dipole operator is used
to determine the intensity of the electromagnetic transition
between two potentials. If thetransition dipoleis assumed not to
change with nuclear coordinates then the spectrum can be
described by Franck—Condon factors or the ‘reflection princi-
ple’ The usual effect is for the absorption band to be blue
shifted for heavy isotope substitution. To give some examples,
as summarized by Kaye,32 the absorption of CH,4 at 140 nm is
shifted to 136 nmin CD,4, and the absorption of H,O at 185 nm
isshifted to 180 nmin D,O. In contrast, no discernable shiftsare
seen in the UV spectra of the pairs CH3Br/CD3sBr and CoHa/
C,Dg4, systems in which the chromophore is not as tightly
coupled to the site of substitution.



An interesting example is given by nitrous oxide. In the mid-
1990s it was noted that the sources of nitrous oxide were
isotopically light compared to the mean atmospheric composi-
tion, and, that photolysis of nitrous oxide did not result in
isotopic enrichment. It was proposed that the imbalance in the
isotope budget was the result of in-situ photochemical sources
of nitrous oxide, for example OH* + N, — N,O + H. In 1997
Yung and Miller estimated the change in absorption cross
section of the isotopic species of nitrous oxide using the zero
point energy theory. This work demonstrated that significant
photolytic enrichments were to be expected, and that for
photolysis in the stratosphere heavy isotope anologues and
isotopomers have a longer lifetime than light species, thus
balancing the isotopic budget.33 Subsequent experiments dem-
onstrated that the true enrichments were a factor of two larger
than predicted by the ZPE theory.

There are a number of reasons why the zero point energy
model under predicts the observed enrichments.2! The most
important concerns the variation of the transition dipole
moment with nuclear coordinates. The main transition in the
183 nm band of N,O is from the sigma ground state to a delta
excited state. This transition is forbidden, but becomes weakly
allowed asthe molecule bends. Further, the excited state surface
has a steep slope along the bending coordinate, thus, bending of
the ground state molecul e gives more favorable Franck—Condon
factors. The overall effect is that the transition dipole surface
slopes upward as the molecule bends. The bending vibrational
wavefunction of alight isotopomer has a larger amplitude than
a heavy isotopomer, giving the electronic absorption a larger
intensity over the whole absorption band. Instead of shifting the
absorption spectrum in energy, it is shifted in intensity. A first
principles model has been constructed based on the absorption
cross section of each isotope analogue in each of the first three
bending vibrational states, and achieves reasonable agreement
with the available laboratory and stratospheric enrichment
data.2® The budget of nitrous oxideisdiscussed in greater detail
in Section 6. Isotope effects in atmospheric photolysis is the
subject of arecent paper by Miller and Y ung.33 Recent work has
considered the photolysis of isotopic analogues of water and
carbony! sulfide.33.34

Many atmospheric photolysis processes involve predissocia-
tion. In these systems, the lifetime of the excited state is long
enough to give rise to a structured absorption spectrum,
showing for example vibrationa progressions. The lifetime of
the metastable state is controlled by curve crossings onto
dissociative potential energy surface(s). The rate of this decay
depends on the proximity of the system to the curve crossing.
For some systems, for example CS,, the fluorescence lifetimes
of individual rovibrational states are known to vary by afactor
of 105. Since isotopic substitution changes the energy levels,
some may become closer or farther away from the curve
crossing, resulting in dramatic changes in the lifetime. The
phenomenon is described for example in the work of Govers et
al. on N,* from 1975.35 This effect has been exploited in recent
research on CO; in the atmosphere of Mars and early Earth by
Thiemens and coworkers.22 Recent work on CS, suggests that
the mass independent fractionation of sulfur isotopes is due to
Franck—Condon and vibronic coupling effects on nonradiative
decay and intersystem crossing rates for the lowest excited
states.36

6 Stable isotope analyses of the biogeochemical
cycles

The recently issued Intergovernmental Panel on Climate
Change (IPCC) report has examined the available literature to
assembl e source and sink budgets for atmospheric gases such as
methane, nitrous oxide and carbon dioxide that are involved

with global change.3” These budgetsform the basis of any effort
to regulate the emission of greenhouse gases, but they contain
significant uncertainties. For example according to the report
the total emission of nitrous oxide is somewhere between 6.7
and 36.6 Tg N yr—1. One method for decreasing this uncertainty
is to construct an isotope budget, based on the mass balance
equation, dN/dt = P — L. The changein the mass of agasinthe
atmosphere is equal to the imbalance between production and
loss. This method will depend on characterizing the ‘isotopic
signature’ of the sources and the sinks of a given gas.
Atmospheric models of al levels of complexity are used to
model physical and chemical fractionation processes, from
zero-dimensional ‘box’ models, to one and two dimensional
models,8:33 to three dimensional models.38 We will now briefly
consider several sources of isotopologues and isotopomers of
atmospheric trace gases, and conclude this Section by giving
several examples of isotopomer budgets of atmospheric gases.

6.1 Carbon

The stable isotope ratios of carbon and oxygen can provide
clues about the biogeochemical cycles. Biogenic CH, and CH,4
from biomass burning have different ratios of 13C to 12C so
methane from these sources can be traced by isotopic analysis.
Enzymatic reactions favor lighter isotopes, so methane that is
biological inoriginisdepletedin 13C relativeto the 13C standard
(carbonate in Pee Dee Belemnite). Methane from biomass
burning has a relatively higher content of 13C. The most
common application of methane isotopic tracing is to dis-
tinguish biological sources from fossil sources. 13C from
combustion sources corresponds to the distribution in fossil
fuels, which is similar to the standard. 180 is enriched by of
23.5%0 relative to 160 in oxygen containing compounds
originating from combustion. The methane budget in the
atmosphere has been improved considerably by consideration
of the isotopic signature of the reactions with OH, O(1D) and
Cls

Whilethe atmospheric carbon cycleisessentially a12C cycle,
the minor isotopes 13C and 14C (see Table 1) can be used to
show the effects of physical and chemical processes.2® Fossil
fuelshavelow §13C compositions, biasing the 63C observed in
atmospheric CO,. A significant fraction of CO, is removed
from the atmosphere by plants during photosynthesis. This
process is more rapid for 12CO, than 13CO,, and 13C becomes
enriched in the CO, |eft in the atmosphere. CO, isalso removed
from the atmosphere by solvation in the oceans—this process
does not have a strong isotopic signature. Therefore 13C/12C
ratios provide agood way of determining the partitioning of the
atmospheric CO, sink between the terrestrial biosphere and the
ocean. During the twentieth century the relative concentration
of 13C in atmospheric CO, has decreased, as more CO, from
13C-poor fossil fuelsis added to the atmosphere. About 1/6 of
atmospheric CO, originates from the oxidation of CO by OH
radicals so the isotope effect in this reaction as well as the
isotopic composition of atmospheric CO makes a significant
contribution to the CO, signature.

14C is a rare isotope produced by the interaction of solar
particles with atmospheric nitrogen. About 10 g of 14C are
produced each year. In addition large quantities of 14C were
produced in the 1960s by nuclear bomb testsin the atmosphere.
The half life of 14C is 5730 years, and thus it is absent from
fossil carbon. The decreasing ratio of radioactive 14C to 12C in
atmospheric CO, and CO is evidence of the introduction of
large amounts of fossil fuel CO,.

6.2 Sulfur

As shown in Table 1, severa stable sulfur isotopes occur in
nature. We will consider the stratospheric sulfate aerosol layer,
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known as the Junge layer named after Christian Junge who
discovered it. These particles are important to global change
because they reflect incoming sunlight. An increase in sulfuric
acid aerosol increases the albedo, cooling the planet. At the
same time, these particles contribute to mid-latitude ozone
depletion by changing the partitioning of species within the
chemical families that destroy ozone. It is therefore germane to
determine whether anthropogenic activity perturbs the Junge
layer. In 1976 Paul Crutzen identified the photolysis of OCS as
asource of stratospheric sulfate. In addition, SO is transported
into the stratosphere by convection in the tropics. Intense
volcanic eruptions periodically inject large amounts of SO, into
the stratospherethat is converted into sulfuric acid by a series of
reactions beginning with oxidation by OH.

Leung et al. have characterised the isotopic signature of the
SO, + OH reaction using an RRKM model of the reaction.12
This study results in an accurate determination of &34S
throughout the Mt. Agung volcanic eruption. In addition, in
analogy to nitrous oxide it is expected that the photolysis of
carbony! sulfide will result in an isotopic signature that can be
observed in the end product sulfate.2 The distribution of OC34S
in the stratosphere has been determined by Toon and cowork-
ers.24 Experiments are necessary to determine the photolysis
cross section of the OCS isotopologues, and to confirm the
theoretical predictions concerning the isotopic signature of the
SO, oxidation reaction.

7 Conclusion

Isotopic analysis has resulted in significant advances in our
understanding of atmospheric chemistry and global change.
Many examples have been given, including CO,, N,O and CO.
We anticipate further progress with for example characterizing
emissions and transformations of biogenic volatile organic
carbon species. Another use of stableisotope analysisthat holds
great promise is the analysis of the historical isotopic enrich-
ments of trace gases contained in air trapped in glaciers. In this
way, a historical record of the emissions sources of for example
carbon dioxide, methane and nitrous oxide can be con-
structed.

This review has discussed the effect of isotopic substitution
on gas-phase reaction rates, while largely ignoring their effect
on condensed phase reaction rates, beyond the effect of isotopic
substitution on the rate of diffusion. Heterogeneous reactions
are known to be of great importance in the atmosphere. We
anticipate that this subject will be addressed by experimentalists
in the near future.

The anomalous enrichment of oxygen isotopes in strato-
spheric ozone discovered by Mauersberger hasinspired workers
inthisfield for many years.217.18 |t isinteresting to note how the
field has advanced from a state in the 1980s where isotope
effects in stratospheric ozone were perhaps a curiosity, to the
1990s where the phenomenon was the subject of intense
theoretical debate,20.24 to the current state of knowledge, where
we are starting to apply knowledge of the unique isotopic
signature of oxygen in ozone to analyse the interaction between
ozone and other atmospheric gases, like CO,, N,O, and
NO,.17.25 Some of the features of the ozone formation reaction
can be found in the CO + OH reaction, where the exit and
entrance barriers of the HOCO adduct are of similar
height.13.14.26 This gives rise to anomalous isotope effects
arising from small changes in the zero point energy in the
entrance or exit channel. The isotope effects in alarge number
of reaction systems, especialy photolysis and adduct-forming
and association reactions, have yet to be explored.
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