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Atmospheric Lifetimes of
Long-Lived Halogenated Species

A. R. Ravishankara, S. Solomon, A. A. Turnipseed,
R. F. Warren*

The atmospheric lifetimes of the fluorinated gases CF,, C,F¢, c-C,Fg, (CF;),c-C Fe,
CsF, 2, CgF,4, CoF5Cl, C,F,Cl,, CF,Cl, and SF¢ are of concern because of the effects that
these long-lived compounds acting as greenhouse gases can have on global climate. The
possible atmospheric loss processes of these gases were assessed by determining the
rate coefficients for the reactions of these gases with O(' D), H, and OH and the absorption
cross sections at 121.6 nanometers in the laboratory and using these data as input to a
two-dimensional atmospheric model. The lifetimes of all the studied perfluoro compounds
are >2000 years, and those of CF,Cl, CF,CF,Cl, and CF,CICF,Cl are >300 years. If
released into the atmosphere, these molecules will accumulate and their effects will persist

for centuries or millennia.

Most of the chemicals released into the
atmosphere as a result of natural processes
or human activities are converted to other
forms or are completely removed from the
atmosphere within a few years. This hap-
pens because most of these molecules react
with the major oxidants in the atmosphere
or are photolyzed at wavelengths greater
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than 190 nm. A few species, however,
exhibit very low reactivities. We might ask:
What happens to molecules that do not
react with most of the oxidants in the
stratosphere and the troposphere? The an-
swer to this question is not only of funda-
mental interest but also of practical signif-
icance. If an industrially produced chemical
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has an atmospheric lifetime of a few thou-
sand years or more, it would accumulate in
the atmosphere for times longer than hu-
man civilization.

Fully fluorinated organic compounds are
chemically very inert and fall into the
above class of unusually long-lived atmo-
spheric constituents. Even when some of
the fluorine is replaced by chlorine, the
stability remains high. These gases will be
efficient greenhouse gases and, because of
their stability, they will persist in the atmo-
sphere. The atmospheric lifetime of each of
these species, a measure of its accumulation
tendency, is of particular importance be-
cause it is used in the calculation of the
global warming potential (GWP), an index
of global climate impacts used in policy
decisions. The GWP depends on the infra-
red absorption spectrum and the lifetime of
atmospheric gases [see (I)]. The GWP of
CF,, for example, is estimated (2) to be at
least as large as that for chlorofluorocarbon-
11 (CFC-11 or CFCl,).

Because of their stability and thermo-
physical properties, these long-lived mole-
cules have been and are being considered
for various industrial applications, includ-
ing fire extinguishing, foam blowing, and
refrigeration. The simplest molecule in this
class, CF,, is also a by-product of aluminum
production. Three such compounds, CF,
(3-5), C,F¢ (3, 5), and SF, (6), have been
observed in the atmosphere. The observed
vertical profiles of these molecules are con-
sistent with atmospheric lifetimes of hun-
dreds of years. All these molecules are
solely anthropogenic (human-made).

Cicerone (7) was the first to consider
what could happen to CF, in the atmo-
sphere. He concluded that this molecule is
nearly inert in the stratosphere and tropo-
sphere and has a lifetime of more than
10,000 years. He suggested that a likely
process that could destroy this molecule
would be photolysis by solar Lyman-a radi-
ation at 121.6 nm. A window in oxygen
absorption at this wavelength coupled with
a larger incoming flux make absorption of
Lyman-a radiation a potentially important
mesospheric loss process for tightly bound
molecules [such as H,O (8)]. As far as we
know, the atmospheric fate and lifetimes of
the other fully fluorinated compounds have
not been investigated.

We have examined the possible paths by
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which ten compounds, CF,, C,Fs, c-C,Fg,
(CF3),c-CFs  (perfluoro 1,2-dimethyl-cy-
Clobutane), C5F12) C6F14, C2F5Cl, C2F4Clz,
CF;Cl, and SFg, may be destroyed in the
atmosphere. We have explicitly considered
the following pathways for their destruction:
(i) photolysis by Lyman-a radiation (121.6
nm), (ii) reaction with O(*D), (iii) reaction
with OH, (iv) reaction with H atoms, and
(v) destruction by thermolysis or reactions at
high temperatures. In addition, on the basis
of earlier work, we have estimated that the
removal rates for most of these compounds
due to lightning, ion reactions in the meso-
sphere, and dissolution in liquid water are
unimportant. We have also estimated (on
the basis of analogy to the molecules studied
here) the atmospheric lifetime of C,F . In
this article, we use these approaches to
estimate atmospheric lifetimes of these com-
pounds and discuss the implications of our
findings to the GWP and other effects.

Reaction Rate Coefficients and
Absorption Cross Sections

Many of the reactions we studied are slow,
and some of the measured absorption cross

sections are extremely small. It is difficult to
measure such parameters accurately. Even
with a great deal of effort and attention to
sources of systematic errors, we were able to
obtain only upper limits for some of the
parameters. Yet, these upper limits are suf-
ficient to place firm constraints on the
lifetimes.

We measured the O('D) reaction rate
coefficients using the apparatus and meth-
odology described by Warren et al. (9). We
determined the rate coefficient for the re-
moval of O('D) and the fraction of O('D)
that is quenched to O(*P) by a given
compound. From these data, we derived the
rate coefficient for the reactive removal of
O('D). We assume that the rate coefficient
for the reactive removal of O(!D) is the
same as the rate coefficient for the removal
of the compound, which is needed for
calculations of the lifetimes. The results
(Table 1) show that the reactions of O(!D)
with perfluoro compounds are orders of
magnitude slower than those with hydro-
carbons, partially halogenated hydrocar-
bons, and even perchloro compounds (10).
Furthermore, even the observed O(!D) loss
is largely due to a physical quenching to
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O@P) rather than to a chemical reaction.
In Table 1 we have also listed rate coeffi-
cients for the reactions of O(*D) with CF,,
CF,Cl, and CF,CICF,Cl reported by other
investigators. The presence of undetected
small impurities in our samples of CF, and
SF¢ could have led to the apparent rate
coefficients. Therefore, our values should
be considered upper limits. In all of the
modeling calculations we used the values
reported in Table 1.

The apparatus that we used for studying
H atom reactions was the same as that used
for studying O(!D) reactions. We measured
the temporal profiles (11, 12) of H(2S)
produced by the 222-nm pulsed laser pho-
tolysis of CH,SH in the presence of various
concentrations of the fluorocarbons at 298
K. From the observed increase in the first-
order decay rate constant for H atoms in the
presence of the fluorocarbon over those in
their absence, the rate coefficients for the
reaction were evaluated. The results (Table
1) show that the reactions of H(®S) with
perfluorocarbons are extremely slow. The
upper limit for the rate coefficient for the
reaction of H with CF, is consistent with
the expected activation energy for this re-

Table 1. Summary of rate coefficients and Lyman-a absorption cross
sections measured during this study. Results from earlier studies on O(' D)
reactions are also shown. The numbers in the parentheses are the

exponents of 10; for example, 1.0 (—11) is 1.0 x 10='", All rate coeffi-
cients are in units of cm® molecule~" s~.

O('D) reactions* H(?S)
Molecule reactions abscl;ryprggg-gross
O('D) loss rate OFP) Rate coefficient for . rate . o
coefficient yield (%) molecule loss Earlier work coefficient section (cm?)t
CF, 1.98 = 0.10 (—14) 92+ 8 <3 (-15) 3.0+ 0.4 (-11)% <4 (-17) <8 (-22)
. , 1.8 0.1 (-13)§
C,Fq 1.50 = 0.30 (—13) 85+ 15 <45 (—14) <6 (-17) 9.87 + 0.35 (—21)
c'C,F 7.94 * 0.40 (—13) >85 <1(-13) <3 (-16) 8.76 = 0.49 (—18)
CFdf <5(=13) <2 (-18)
CsFia 3.94 = 0.30 (—13) 79 £ 12 <1.83(-13) 5.32 = 0.30 (—18)
CoF1s 9.70 * 0.40 (—13) 75+ 9 <3 (-13) <7 (-16) 9.82 + 0.53 (-18)
(CF3),c-C,Fq 2.75 + 0.20 (—13) 84 + 16 <1(-13) <6 (—16) 1.22 = 0.07 (=17)
CF,Cl 8.70 = 0.40 (—11) 31 =10 6.0 = 0.9 (—11) 1.1 %= 0.1 (-=10)1 8.12 = 0.54 (—18)
0.6 (—10)#
CF, CF.CI 50 =0.40(—-11) 70 7 1.50 = 0.37 (—11) 457 = 0.37 (—18)
CF,CICF,CI 1.32 = 0.07 (-10) 25+ 9 99 =13 (-11) 1.7 £ 0.2 (—10)9 3.60 £ 0.22 (—17)
1.7 £ 0.2 (—10)**
SFg 1.80 £ 0.26 (—14) 32 =10 <1.5(-14) F 1.76 £ 0.13 (—18)

*Some of the rate coefficients reported here should be considered upper limits. See
below. The rate coefficient for the loss of the molecule was calculated from the
measured rate coefficient for the loss of O('D) and the fraction of O('D) quenched
to O(P). tAs a test case, we also measured the absorption cross section of O,
as a function of pressure. The measured absorption cross sections extrapolated to
zero pressure yield a value of o, = (1.04 = 0.04) x 10720 cm?, in excellent
agreement with the values of Carver et al. (23). The measured rate of variation of the
cross section with pressure, do/dp, was (2.0 = 0.2) x 10~23 cm? torr—1, also in
excellent agreement with the value obtained by Carver et al. $The reason for the
higher value obtained by Fletcher and Husain (24) is not clear. The presence of
impurities in their sample may not be the cause because very large amounts of
impurities (a few percent of very reactive compounds) would be needed to account
for such a large measured value. Even the much lower rate coefficients measured
here could be influenced by the presence of impurities. Therefore, our values are to
be considered upper limits. §Force and Wiesenfeld (25) also determined that
essentially all of the interaction proceeded through physical quenching. Thus, their
rate coefficient for the reactive loss of O(* D) with CF, would be essentially zero. Even
the overall O('D) loss rate measured by Force and Wiesenfeld may be too high
because of the presence of O, in their CF, samples. Therefore, our results are in
good agreement with those of Force and Wiesenfeld.
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coefficient for the reactive loss of C,F,, with O(' D) and its absorption cross sections
by comparing the molecules with the others listed in the table. These estimates were
chosen to minimize its lifetime and, hence, yield a lower limit for its, atmospheric
lifetime. YFletcher and Husain (24) measured the rate coefficient to be larger by a
factor of ~2.2 than that shown here. It has been corrected for the presence of a
systematic error in their measurements [DeMore et al. (10); Davidson et al. (26)]. This
value is in reasonably good agreement with those reported for the loss of O(* D) in the
present work. #Jayanty et al. (27) reported the rate coefficient for the loss of CF,Cl
by reaction with O(' D) to be 6.0 x 10~ cm3 molecule—"' s, in excellent agreement
with our value for the loss of CF,Cl in this reaction. [The value of 6.0 x 10~'" cm?3
molecule~' s~ was calculated using the currently recommended value for the rate
coefficient for the reaction of O('D) with N,O [DeMore et al. (70)] and the rate
constant ratio measured by Jayanty et al.]. **Pitts et al. (28) reported the ratio for
the rate coefficient for the loss of CF,CICF,Cl and N,O by reaction with O('D) to be
1.5 + 0.2; this ratio leads to a rate coefficient for the loss of CF,CICF,Cl by the O(' D)
reaction of 1.7 x 10='° cm® molecule~" s~, higher by a factor of 2 than that
measured here. ttDavidson et al. (26) used many-torr SF4 as a buffer gas in their
studies of O('D) reactions with no apparent change in the loss rate of the excited O
atoms. They did not specifically report a rate coefficient for the O('D) + SF reaction,
but their observations are consistent with the small rate coefficient reported here.
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action of at least 10 kcal mol~!. These rate
coefficients will be lower at the typical
atmospheric temperatures.

We did not explicitly measure the rate
coefficients for the reaction of OH with
SF. However, we have used SF as a bath
gas in OH reaction studies. The first-order
loss rate coefficients for OH loss in these
experiments at ~1 atm pressure were usu-
ally the same as those in N,. On the basis
of this observation, we confidently place
an upper limit of = 5 X 107 cm?®
molecule™! s~! for the reaction of OH
with SF¢ at temperatures less than 298 K.
The upper limit for the rate coefficient for
the reaction of OH with CF, was < 2 X
1078 ¢m3 molecule™! s~1. The reactions
of OH with other compounds were not
studied. On the basis of a lack of thermo-
dynamically allowed metathesis-reactive
pathways, we estimate that the rate coef-
ficients for all of the OH reactions with
the compounds we studied, including CF,,
are =<1 X 10718 cm? molecule™! s7! at
atmospheric temperatures.

Because Lyman-a radiation lies in the
vacuum ultraviolet (VUV) region of the
electromagnetic spectrum, normal UV
spectrometers cannot be used for the mea-
surements of the absorption cross sections
at 121.6 nm. The Lyman-a radiation was
produced by the passage of a mixture of
1.2% H, in ultrahigh purity He at 6 to 10
torr through a microwave discharge. This
radiation was passed through a 10-cm
absorption cell and into a 0.2-m VUV
monochromator. The 121.6-nm radiation
exiting from the monochromator was de-
tected by a solar blind photomultiplier

tube and its current measured with a
digital picoammeter. The spectral resolu-
tion of the monochromator was either 0.2
or 0.05 nm. (As expected, there was no
difference in the measured cross section
when the resolution was altered.) The
pressure in the absorption cell was mea-
sured by a capacitance manometer (using
either a 10- or 1000-torr head). The ab-
sorptions due to various amounts of the
test gas were measured, and the absor-
bances were found to vary linearly with gas
concentration in the absorption cell. Typ-
ically, the absorbances were measured at
ten concentrations of the gas and were
plotted against these concentrations. The
absorption cross sections were obtained
from the slope of such plots, which were
always linear and passed through the ori-
gin (within the error of the measure-
ments). The absorption cross sections ob-
tained (Table 1) increase with the size of
the perfluorocarbon and appear to be larg-
er for the cyclic compounds than for the
linear compounds. The main sources of
uncertainties in these determinations are
those in pressure measurements and in the
amount of absorbing impurities. The latter
problem is likely to be the limiting factor
in the measured cross section of CF,. The
impurity must be one that absorbs at 121.6
nm but does not react rapidly with O(*D).
Because of uncertainty about the amounts
of impurities in our sample, we report an
upper limit for this cross section. The
measured upper limit is sufficient for the
atmospheric lifetime calculations, because
absorption at 121.6 nm is unlikely to be
the principal process that removes this

Table 2. Calculated lifetimes, 7, in years for various processes, the best estimate, and the lowest
estimate for some fully fluorinated compounds and a few CFCs. The numbers in parentheses are the
exponents of 10; for example 1.0 (4) is 1.0 x 10%. We obtained the lower limit by assuming that
removal by combustion has the limit shown in the t(combust) column and the other processes are

as rapid as possible (see text).

Fractional loss due to

Pho- iy ’ ! T
Molecule . (com- H (lower
tolysis o('D) Other i (best)
at 121.6 reaction paths bust) atoms) limit)
nm
CF* >5.0(4) >1.7(5) >2.5 (4) >5.0 (4)
CFet >1.0@) >1.1(5) >1.0 (4) >1.0 (4)
c-C,Fq 0.99 0.01 0.00 >1.0@4) >22(@4) 1.0 (3) 3.2 (3)
CiFio >1.0 (4) 2.6 (3)
CqsFis 0.99 0.01 0.00 >1.0 (4) 1.9 (3) 4.1 (3)
CeF14 0.998 0.002 0.00 >1.0 (4) >1.0 (4) 1.0 (3) 3.1 (3
(CF,),c-C,Fg 0.99 0.01 0.00 >1.0 (4) >1.0 (4) 850 29 (3
CF,CI 0.13 0.80 0.07f >1.00) 380 640
CF,CF.CI 0.34 0.63 0.03f >1.0(04) 1.1 (3) 1.7 (3)
CF,CICF,Cl 0.03 0.40 057f >1.0(0) 90 300
SFg 0.24 0.00 0.76§ >1.0(4) >5.8 (2) 32 (3)

*The computed lifetime for loss by photolysis at 121.6 nm, the only recognized loss process, is >6.2 x 108 year.
We obtained the lower limit by assuming that the OH reaction proceeds at the upper limit given in the text and that

combustion contributes at the upper limit shown in the table.

121.6 nm and reaction with O('D) is 4.5 x 105 years.

absorption cross sections from Gillotay and Simon (29).
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1The computed lifetime for loss by photolysis at
$Photolysis by ultraviolet radiation from 180 to 220 nm;
§Reaction with free electrons in the mesosphere.
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Fig. 1. Relative noontime loss rates at mid-
latitude in the summer for CFC-115 (CF;CF,Cl)
due to photolysis at 121.6 nm (solid line), reac-
tion with O(* D) (dashed line), and photolysis in
the 180- to 220-nm reaction (dotted line) as
functions of altitude. For this molecule, the
losses due to 121.6-nm photolysis at ~75 km
and reaction with O(*D) in the stratosphere are
comparable. To derive the given loss rates, it
was assumed that the initial mixing ratio of the
compound was 1 ppbv. The calculated life-
times and the relative vertical profiles are inde-
pendent of this assumption.

molecule from the atmosphere.

Our measured absorption cross section
for CF, at the Lyman-a region of the
spectrum is nearly an order of magnitude
smaller than that reported by Inn (13).
We attribute this discrepancy to the pos-
sible presence of impurities in his sample
even though he vacuum-distilled his sam-
ple before use. When we measured the
cross section using a 99.7% pure sample of
CF,, we obtained a value of 2.84 x 10~2°
cm?. However, a purer sample (>99.95%
pure) yielded the value reported in Table
1. Sauvageau et al. (14, 15) measured the
absorption cross sections of various fluoro-
carbons in the VUV region. Their spectra
indicate no absorption (o < 3 X 107%°
cm?) for both CF, and C,F, in agreement
with our values for these two molecules.
Doucet et al. (16) reported the absorption
cross sections for CF;Cl and CF,Cl, in the
VUV region. Our value for CF;Cl agrees
with their graphical value if it is assumed
that they are reporting the molar extinc-
tion to base e.

The fate of the excited molecule
formed after absorption of Lyman-a radi-
ation has not been experimentally deter-
mined. However, on the basis of the
continuous nature of these absorptions
and the energy available from a Lyman-a
photon, we assume that the molecule dis-
sociates. The ionization thresholds for
these molecules are larger than the Ly-
man-a energy. On the basis of energetics,
Lyman-a light absorption can lead to pro-
duction of F~ and the companion positive
ion; however, such a process also leads to
dissociation of the molecule. Hence, ab-
sorption of Lyman-a radiation in the at-



mosphere is assumed to lead to the de-
struction of the molecule.

Modeling Calculations
and Lifetimes

Our laboratory studies show that the major
identified destruction of these perfluori-
nated species will be confined mostly to the
mesosphere and thermosphere (that is,
above ~60 km). The lifetimes of these
species in the atmosphere therefore depend
on both photochemistry and atmospheric
transport processes, which control the rate
of transfer of material to the loss region. We
evaluated these processes with a detailed
model that couples chemistry and atmo-
spheric transport (17). The model extends
from 100 mbar (~16 km) to the lower
thermosphere (~116 km). It includes a full
treatment of the photochemistry of the
stratosphere, mesosphere, and lower ther-
mosphere, together with a coupled repre-
sentation of the influence of gravity wave
breaking on the mixing and advection of
the middle atmosphere. The model yields
seasonal variations in mesospheric temper-
atures, winds, and concentrations of species
such as O; and thermospheric atomic O
that are in general agreement with observa-
tions (17).

In the model calculations, we imposed
an initial uniform distribution for the com-
pounds considered here. We ran the model
for 10 years, during which time a seasonal
steady-state distribution was achieved (that
is, the densities of the compounds consid-
ered and their lifetimes changed by less
than 5% over the entire model domain
compared to the previous year). The result-
ing lifetimes, T, attributable to various de-
struction pathways are shown in Table 2.
Also shown are the fractional contributions
of the individual loss processes to the cal-
culated overall lifetime, denoted by 7(best).
It is clear from Table 2 that photolysis at
121.6 nm (Lyman-a) contributes signifi-
cantly to the destruction of all the mole-
cules, except CF,CICF,Cl. For fully fluori-
nated species, 121.6-nm photolysis is the
major loss process. For the CFCs, reaction
with O('D) and UV photolysis are also
important. For SF, some loss may occur as
a result of electron attachment (with an
adopted reaction rate constant of 10~° cm3
molecule™! s71) in the mesosphere. We
assumed that, upon attachment of electrons
by SF,, the molecule is destroyed, even
though it is not clear that this is the case.
The assumption that electron attachment
leads to destruction gives us a lower limit
for the lifetime of SF4. Electron attachment
to other perfluorocarbons was neglected
because the electron affinities of these mol-
ecules are negative and thermal electrons
will not dissociate them.

As shown in Figs. 1 and 2 for CF;CF,Cl
and (CF;) ,c-C,F, respectively, the relative
loss rates of the molecules vary as functions
of altitude. These are relative values only
and are intended to represent the shapes of
the loss rate profiles rather than their abso-
lute values. The figures also show how the
contributions of the three most important
loss processes, photolysis at 121.6 nm, re-
action with O(!D), and UV photolysis,
vary with altitude and illustrate where in
the atmosphere dominant losses occur.
Compounds such as the CFCs (for example,
CFC-11 or CFC-12) are destroyed mainly
between 20 and 40 km, whereas the species
considered here decompose in the 80-km
range. The figures show that calculation of
the lifetimes of these species requires a
model that extends to the lower thermo-
sphere.

We did not investigate the individual loss
processes for perfluoro n-butane (C,F,,), a
molecule of current interest, because a sam-
ple of this compound was not available.
However, on the basis of analogy with other
perfluoroalkanes, we estimated the Lyman-a
absorption cross section and O('D) reaction
rate coefficients for C,F,, (Table 1). For
these estimates, the atmospheric lifetime of
this compound was calculated (Table 2).

Discussion and Implications

Reaction with OH. The reaction of these
molecules with OH, in either the ground
state or the vibrationally excited states,
cannot be important and hence has been
neglected. The reaction

OH + CF,; — CF; + HOF

is endothermic by 78 kcal mol~!. There-
fore, excitation of OH up to at least the
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Fig. 2. Relative noontime loss rates at mid-
latitude in the summer for (CF,),c-C,Fg due to
photolysis at 121.6 nm (solid line) and reaction
with O('D) (dashed line) as functions of alti-
tude. For this molecule, the losses due to 121.6-
nm photolysis at ~75 km dominate over all
other processes. To derive the given loss rates,
we assumed that the initial mixing ratio of the
compound was 1 ppbv. The calculated life-
times and the relative vertical profiles are inde-
pendent of this assumption.
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tenth vibrational level of the ground elec-
tronic state is needed for this reaction to be
thermodynamically allowed. More impor-
tantly, in a reaction in which OH is ab-
stracting another atom from a molecule,
the vibrational excitation of OH would be
inefficient in promoting the reaction.
Therefore, the above reaction is likely to be
negligible for CF, and for other perfluoro-
carbons. In the case of perfluorocarbons,
OH could react by a different route, as
shown below for CF,,

OH + CF; — CF;O + HF

This reaction needs to proceed through a
four-centered complex or a more complicat-
ed addition followed by rearrangement. We
measured the upper limit for the overall
reaction of OH with CF, to be <2 x 10718
cm™> molecule™ s~!; this complex reac-
tion could not be enhanced by vibrational
excitation of OH. Therefore, we conclude
that the reaction with OH is a negligible
loss process in the atmosphere.

In addition to the removal pathways
that we considered explicitly, the perfluoro
compounds could be removed by (i) passage
through high-temperature combustors, (ii)
lightning, (iii) uptake by soil and plants,
and (iv) uptake by oceans. We consider
each of these factors separately in what
follows.

- High-temperature combustors. A fraction
of all of the constituents in the lower
atmosphere is processed through high-tem-
perature combustors such as power plants,
incinerators, and internal combustion en-
gines. (Biomass burning takes place at low-
er temperatures and, hence, probably will
not lead to the removal of the fluorocar-
bons. Therefore, this process has been ne-
glected.) We can estimate the fraction of
the tropospheric constituent that may be
destroyed by passing through combustors by
knowing the amount of air passing through
such systems. This amount can be quanti-
fied by the rate of O, consumption, which is
indicated by the CO, production, as was
done in a report by the National Academy
of Sciences (18). The current input of CO,
to the atmosphere is ~3 parts per million by
volume (ppmv) per year [deduced from (1)
and Boden et al. (19)]. This value translates
into an O, consumption of 4 ppmv per year
or aremoval rate of ~2 X 107> year~ 1. Not
all combustors are run with stoichiometric
mixtures of fuel and O,; some are run under
fuel-lean conditions (that is, there is more
O, in these combustors than is necessary to
convert all the C to CO, and H to H,0).
Therefore, not all the O, that passes
through a combustor is rtemoved. Assuming
that only 20% of the O, is used up while all
of the constituent of interest is destroyed,
we estimate that the removal rate is 1 X
10~# year~!. Therefore, the shortest life-
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time attributed to combustion is about
10,000 years, and this value would apply to
compounds that are completely removed by
a single pass through the combustors.

There is evidence for the combustion of
perfluorobutanes in flames (20, 21). Howev-
er, CF, is unlikely to be destroyed as rapidly
as the larger fluorocarbons, which can un-
dergo C-C bond fission. The main pathway
for the destruction of CF, in a combustor is
probably reaction with H atoms, rather than
thermal decomposition, because the main
chain-propagating radicals in combustion
systems are OH, O, and H and the reactions
of OH and O are much more endothermic
than those with H. Considering the concen-
trations of H atoms in combustor systems
and estimating the rate coefficients for the
reaction of H atoms with CF,, we suggest
that less than 10% of the CF, would be
destroyed in combustion processes. If so, the
CF, lifetime would be ~100,000 years.
Therefore, we place a conservative limit of
>50,000 years for CF, loss by combustion
(Table 2). The conservative lower limit for
the lifetime attributed to combustion for the
other molecules we consider would be
>10,000 years (Table 2).

Lightning. Tropospheric constituents
may also be removed by lightning. The
National Academy of Sciences report (18)
also considered the extent of removal of
tropospheric constituents by lighting. On
the basis of this calculation, the lifetime
resulting from this process would be ~1 X
108 years. This removal process is so slow
compared to the others that we consider it
negligible.

Uptake by soil, plants, and ocean. We
know of no information on the uptake of
perfluoro compounds by living organisms
in the soil or by plants. Because all of
these molecules contain only C-F bonds,
which are much stronger than C-H bonds,
it is unlikely that they will be taken up to
any significant extent. In the case of the
CFCs, which are much shorter lived, this
process will not contribute. However, the
uptake .need not be very rapid to affect
significantly the lifetime of CF,. On the
basis of the analogy with the CFCs (18)
and noting that all the compounds consid-
ered here are less soluble in water than
CFCs, we have not considered loss by
uptake into oceans.

The atmospheric lifetimes of the species
considered depend not only on the indicat-
ed chemical loss processes but also on the
transport processes used in the model cal-
culations. Mesospheric chemical destruc-
tion can decrease the mixing ratios of gases
at high altitudes, thereby decreasing the
loss rate and increasing the lifetimes. Ob-
servations and model calculation of the
densities of water vapor in the mesosphere
suggest that its chemical destruction (which
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depends prominently on photolysis at the
Lyman-a region of the spectrum and subse-
quent photochemistry) is indeed too fast to
allow a well-mixed distribution; thus, it is
reasonable to expect that the perfluoro
compounds examined here should behave
similarly. The model-calculated profiles for
the perfluoro compounds are essentially
well mixed in the stratosphere but decrease
at mesospheric altitudes as chemical de-
struction becomes rapid (see Figs. 1 and 2).
We calculated the best estimates of the
lifetimes (Table 2) using the processes that
we have now identified as loss processes
(that is, neglecting the conservative limits
for processes that are not quantified) and
explicitly calculating mesospheric transport
and corresponding vertical gradients for
each compound. In addition, we computed
lower limits for the lifetimes (1 lower limit
in Table 2) by assuming that the gradient
of the mixing ratios of the molecules
above 50 km is essentially zero (that is, by
assuming that the true mesospheric verti-
cal mixing is much faster than that ob-
tained in the model) and combining the
calculated lifetimes with that estimated for
combustion.

The lifetimes of CF;CF,Cl and CF,-
CICF,Cl presented in Table 2 are longer
than those reported in earlier studies such as
the World Meteorological Organization re-
port (22). This difference is due to the fact
that the reaction rate constants for break-
down by O('D) measured and used here are
considerably slower than those adopted in
that study. These reactions had not previ-
ously been measured in the laboratory, and
so the earlier studies were based only on
estimates of the rate coefficients. Using the
kinetic data presented here, we find that
destruction by reaction with O(!D) and
photolysis at wavelengths from 180 to 220
nm dominate the destruction of all these
CECs (CF,Cl, CF;CF,Cl, and CF,CICF,
Cl), but photolysis by Lyman-« radiation is
significant, especially for CF,CF,Cl.

Many of these molecules are rapidly
destroyed in the mesosphere. The large
absorption cross section for Lyman-a radi-
ation for (CF;),c-C,Fq results in a local
lifetime of only a few days for this species
near 75 km. However, the atmospheric
pressure at this altitude is only about 0.04
mbar; thus, only 2 X 1073 of the Earth’s
atmosphere lies above. this level. Air must
therefore cycle through these altitudes some
20,000 times in order to process the entire
atmospheric burden. This leads to a lower
limit for the atmospheric lifetime of ~800
years. A short lifetime at these altitudes
therefore cannot by itself result in a short
overall lifetime for atmospheric species. In
the case of molecules whose lifetimes could
be 10* years or longer, very slow losses at
lower altitudes could be important in deter-
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mining the lifetimes (for example, combus-
tion could play a crucial role in their de-
struction). Experiments that can determine
the extent of destruction, such as the spik-
ing of combustor fuel with fluorocarbons in
model systems and measuring their concen-
trations in the exhaust plume, could be very
useful in reducing the uncertainties in the
estimated lifetimes for those compounds.
Any information on the uptake by soils or
plants would also be beneficial.

The lifetimes of various halogenated
compounds considered here are very long.
The perfluoro compounds have lifetimes of
tens of centuries, that is, on the same order
of magnitude as human civilization and
much longer than the industrial period.
The global warming potentials for perfluo-
rocarbons, which depend on their lifetimes,
would be very large; probably, much larger
than that for CFC-11. Therefore, replace-
ment of CFCs with perfluorocarbons would
not diminish the greenhouse forcing in the
atmosphere and would be highly likely to
increase it substantially over long time ho-
rizons. Input of these perfluorocarbons into
the atmosphere would lead to their accu-
mulation, and, even if their input were to
be curtailed, it would take a long time for
the atmosphere to recover to its initial
state. The long lifetimes and the possible
atmospheric impacts of these compounds
are key components of the scientific input
to public policy decisions regarding the use
of such compounds.
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A 100-Year Average Recurrence
Interval for the San Andreas Fault
at Wrightwood, California

Thomas E. Fumal, Silvio K. Pezzopane, Ray J. Weldon I,
David P. Schwartz

Evidence for five large earthquakes during the past five centuries along the San Andreas
fault zone 70 kilometers northeast of Los Angeles, California, indicates that the average
recurrence interval and the temporal variability are significantly smaller than previously
thought. Rapid sedimentation during the past 5000 years in a 150-meter-wide structural
depression has produced a greater than 21-meter-thick sequence of debris flow and
stream deposits interbedded with more than 50 datable peat layers. Fault scarps,
colluvial wedges, fissure infills, upward termination of ruptures, and tilted and folded
deposits above listric faults provide evidence for large earthquakes that occurred in A.D.
1857, 1812, and about 1700, 1610, and 1470.

The next large earthquake on the southern
San Andreas fault could affect 10 million
people or more in the developed areas of
southern California (Fig. 1). Forecasting the
time and location of such an event requires
an estimate of how often large earthquakes
have occurred in the past and the sections of
the fault that ruptured during these events.
The recurrence times of large earthquakes

T. E. Fumal and D. P. Schwartz are with the U.S.
Geological Survey, Menlo Park, CA 94025. S. K.
Pezzopane and R. J. Weldon are at the University of
Oregon, Eugene, OR 97403.

Fig. 1. Map -of southern California showing
major faults (heavy lines) and urban areas
(patterned). Locations of paleoseismic sites
along the San Andreas fault northeast of Los
Angeles are shown as solid circles. Southern
part of the 1857 rupture and inferred 1812
rupture are indicated by hatchured lines. Loca-
tions of missions active in 1812 are shown as
solid squares. The 1812 earthquake was report-
ed at San Diego but not at Santa Barbara; strong
shaking was reported at San Buenaventura and
San Fernando; damage was most severe at San
Gabriel and San Juan Capistrano (77).

are most accurately determined from histor-
ical records and ‘geologic site investigations
of paleoearthquakes. However, sites with
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well-dated records of more than a few events
are rare. For the southern San Andreas fault,
Pallett Creek (Fig. 1) has been the best
documented site; it records 12 events since
about the early second century A.D. (1-3).
From a single site, though, it is impossible to
evaluate the length of rupture for individual
events or completeness of the earthquake
record. These uncertainties are best an-
swered by studying additional paleoseismic
sites. Although some data are available from
Cajon Creek (4) and Indio (5), neither of
these sites has recorded as many events as
the Pallett Creek site nor are the events as
precisely dated. In this article we present the
most recent 500 years of a paleoseismic
record comparable to and potentially longer
than that at Pallett Creek from near the
town of Wrightwood (Fig. 1). This site
contains evidence for 12 large earthquakes
during the past 1300 years (6-9); we discuss
the evidence for the latest five events at
Wrightwood, which are the most precisely
dated.

Stratigraphy and structure. Our paleo-
seismic site is located where the active
traces of the San Andreas fault zone
(SAFZ) cross Swarthout Creek and a small
tributary, Government Canyon, 3 km
northwest of Wrightwood (Fig. 2). Two
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