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Atmospheric Carbon Tetrafluoride: A Nearly Inert Gas 

Abstract. An analysis of existing thermodynamic, photochemical, and kinetic data 
indicates that the dominant sinks for atmospheric carbon tetrafluoride (CF4) are in 
and above the mesosphere. Theoretical calculations predict an atmospheric resi
dence time for CF.1 of over 10,000 years, about 100 times that for dichlorodijluoro
methane (CF2Cl2) and monofiuorotrichloromethane (CFCl3) . It is predicted that CF4 

will be well mixed through the stratosphere and mesosphere; only one or t1vo parts of 
hydrogen .fiuoride in 10 12 are predicted in the high stratosphere as a result of the 
decomposition of CF4 • Although natural sources of CF4 cannot be ruled out, there 
are several likely industrial sources that may account for its present concentration. 
The principal environmental effect of CF4 could be the trapping of out[?oing plan
etary infrared energy in its intense bands near 8 micrometers. 

Carbon tetrafluoride (CF4) was detect
ed in the air of several European coun
tries by Gassman in 1973 (/) and in both 
hemispheres of the troposphere by Ras
mussen et al. (2) in 1978. This compound 
is probably the most stable fluorocarbon 
gas. In this report I examine the potential 
of atmospheric and environmental pro
cesses to decompose CF4 and conclude 
that it has an atmospheric lifetime of 
over I 04 years. Its principal sinks are 
vacuum ultraviolet (UV) radiation in the 
high mesosphere and ionosphere, pos
sible (but unlikely) reactions with elec
tronically excited oxygen atoms and with 
vibrationally excited (v = 9) OH mole
cules in the stratosphere and above, sev
eral ionospheric processes, and pyroly
sis in high-temperature combustion. Its 
dominant sources are uncertain, but I 
identify several likely industrial process
es. Such a long lifetime (residence time) 
ensures that relatively small sources will 
increase the atmospheric CF4 burden 
and that CF4 will remain ubiquitous in 
the atmosphere. 

In an effort to understand the atmo
spheric behavior of CF4 as quantitatively 
as possible, l have used available data on 
its chemical properties , estimated cer
tain unknown parameters, and per
formed numerical calculations to simu
late its atmospheric transport and pho
tochemistry. Table I lists possible CF4 
sinks and the reaction rate parameters 1 
adopted. Solar vacuum UV photons with 
wavelength A. < 103 nm photodissociate 
and photoionize CF. (3). Although no 
absorption has been observed for 
A.> 103 nm (3), I have performed calcu
lations with photodissociation cross sec
tions, <:r, of 3 x 10-rn and 3 x 10- 20 cm2 

at .A. = 122 nm because of the intense so
lar 121.6-nm line and with CT (122 
nm) == 0. These data yield photodisso
ciation rates, J (per second) as follows 
(3): the total J above the entire atmo
sphere (altitude, z = oo) is 6.8 x I 0- 1 due 
to absorption over all wavelengths, that 
is, 122 nm and 60 nm < .A. < 103 nm. 
With the maximum CT at 122 nm , that is, 

3 x 1Q- 1!
1 cm2

, J (122 nm) = I0- 1 at 
z = oo. As a result of absorption by 02 
and N2 , the only significant photodisso
ciation below an altitude of 90 km is due 
to the solar lines at 122 and 103 nm. With 
the maximum a, J (122 nm) = 4.7 x 
IQ-~. 2.6 X 10- 8. J .5 x 10- n, and 3.6 x 
10- 14 at 90. 80, 70. and 60 km, respec
tively, when averaged diurnally ; J (103 
nm) = 9 x 10- 9

, 3 x 10- 11
, and 1.2 x 

10- i~ at z = :x:, 90, and 80 km, respec
tively. Consequences of these rates are 
discussed below. 

Chemical reactions between CF4 and 
atmospheric constituents are limited by 
C-F bond strengths. I estimated upper
limit bimolecular rate constants k 1 

through k 13 (Table I) as follows. Reac
tion I, an 0 atom insertion , should be 
slower than the observed (upper limit) 
rate (4) for 0 + CF3 H, an H abstraction. 
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Fig. I. Predicted altitude profiles for the mole 
fraction of CF. in the years 1965, 1980, 2015. 
and 2105 for the case when the sinks of Table 
I are presumed effective at their upper limit 
rates. The ground-level source of CF. was as
sumed lo begin in 1935 at 5.7 x IO" g year- • 
increasing (at about 6 percent per year) to 
4.8 x 1010 g year- • in 1975 and remaining con
stant thereafter at the 1975 rate. The 1980 pro
fic approximates available data (J, 2). Even
tually, the CF, mole fraction would rise to 4 x 
10-s. Also shown is (100 times) the predicted 
1980 HF profile due to CF. decomposition. 

l assumed an Arrhenius expression of 
the form A exp(- Ea!RT), where A is a 
constant, Ea is the activation energy, R is 
the gas constant, and T is the temper
ature. For a generous upper limit on k., I 
took Ea for 0 + CF3 H and 0 + CF4 as 
their respective 6.H (enthalpy of reac
tion) values (5), although generally 
Ea> 6.H. Multiplying this maximum k, 
by concentrations of 0 at each altitude 
from 10 to 110 km, one finds that !he 
maximum product, 10- 11 sec- 1

, occurs 
near the stratopause (50 km) (6). 

The only exothermic reaction of CF4 
with 0(1D) other than quenching to 0 (3P) 
is the insertion reaction in Table I ; for 
O('S), two exothermic paths exist. In my 
calculations I let k4 , k5 , and k6 = 0 and 
10- 12 cm3 sec-1 separately (7). Reaction 
with H atoms, although exothermic, re
quires at least I 0 kcal per mole of activa
tion energy (8). Reactions of ground
state OH with CF, are strongly endo
thermic and thus negligible. Vibra
tionally excited OH (v = 1,2, · · · 9) is 
present in the stratosphere and meso
sphere (9). It is possible for CF4 to react 
with OH (11 = 9); I estimated reaction 
rates k 11 and k 12 in Table I. Dissociative 
electron capture by CF4 is strongly en
dothermic (10) so that free electrons in 
the lower ionosphere are insignificant. 
Above 150 km ionospheric photoelec
trons with energies > 2 e V would dis
sociate CF4' but this process would be 
very slow globally because the CF4 avail
able for attack there is 10- '1 of that in the 
troposphere. 

The nonphotochemical processes in 
Table I were evaluated as follows. If all 
rainfall is saturated with CF4 with re
spect to its atmospheric partial pressure , 
pCF4, and I m of water falls annually, 
the ratio of annually precipitated CF4 to 
the atmospheric content is 2 x I o-s for 
any pCF4 , according to its solubility (5). 
Moreover, because the rate of hydrolysis 
of CF. is immeasurably smal l (/ /), the 
capacity of the oceans to assimilate CF4 

is limited by its solubility; if all ocean 
waters (surface and deep) were saturated 
with CF4 , less than 0.2 percent of the at
mospheric burden of CF4 at any time 
would be in the oceans. The removal 
time due to pyrolysis in Table I is based 
on annual 0 2 consumption rates in high
temperature combustion (// ). Finally, 
there are no indications of biological pro
cesses that can break C-F bonds in CF4 

(12). 
With the photochemical reactions of 

Table I, I performed numerical calcu
lations (13) for the time and altitude de
pendence of CF4 concentrations. A con
stant ground-level source of CF4 natural-
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Table 1. Bimolecular rate constants (in cubic centimeters per second) and process rates for the decomposition of atmospheric CF.,. Additional 
reactions between CF4 and NO. N02 , CO, 0 3 • H02 , S02 , Cl, ClO, HCI , other gases. and positive ions were considered but no exothermic paths 
exist. Although the reaction H2 + CF4 -> HF + CF3 H is exothermic, it is expected to have a prohibitive activation energy as is the case for 
N03 + CF. -> N02 + CF30F. Other natural sinks, for example, solar x-rays, ionospheric photoelectrons, lightning discharges, and surface 
reactions with atmospheric aerosols arc active but unimportant quantitatively(//). 

Candidate reaction 
or process 

Vacuum UV photodissociation 

0 + CF4 -> CF2 0 + F2 

0 + CF. -> FO + CF3 

0 + CF4 -> CO+ 2F2 

O('D) + CF.-> CF20 + F2 

O('S) + CF,,-" FO + CF3 

O('S) + CF4 -> F2 + CF20 
H + CF4 -> HF + CF.1 

OH + CF., -> FO + CF,1H 
OH + CF,.--> HOF + CF3 

OH + CF. -> other products 
OH* (v = 9) + CF,, -> FO + CF3H 
OH* (v = 9) + CF4 -> HOF + CF3 

Thermal e + CF., -> F- + CF3 
Rainout in the troposphere 
Biospheric or microbiological consumption 
Pyrolysis in high-temperature combustion 

ly leads to an eventual steady-state 
atmospheric equilibrium vertical concen
tration profile. A source of 2.4 x I 010g 
year- • (10" cm- 2 sec- 1) gives a steady
state CF4 concentration, f s (mole frac
tion), of 20 parts per billion (ppb) (2 x 
10-8

) when all photochemical losses are 
maximized as in Table I. In this case the 
atmospheric residence time, 7, defined as 
(total atmospheric CF4 content)/(CF. in
put flux) , is 14,000 years. With the same 
source and maximum photodissociation 
but k 1, k2 , ••• k rn = 0, 'T = 38 ,000 years 
andf, = 56 ppb. When er ( 122 nm) = 3 x 
10- 20 cm2 , that is, 0. I times maximum 
photodissociation and k 1> k2 , ••• k ,3 are 
maximized, 'T = 23,000 years and/s = 34 
ppb. Talcing <T ( 122 nm) = 0 and k ,, kz, 
. . . k,,, = 0, one finds r = 17 x 10r. 
years, but this is unrealistic because non
photochcmical processes such as com
bustion would limit the CF4 residence 
time (at least until fossil fuels are deplet
ed). 

I also performed calculations in which 
a time-varying, presumably industrial 
CF4 source was used. Figure I shows al
titude profiles of the C F4 mole fraction at 
four dates. All photochemical destruc
tion rates for CF4 in Fig. I were the max
imum values of Table I. The present at
mospheric burden of CF4 , about 10'2 g 
(mole fraction = 6 x 10- 11 ) , could have 
materialized thus. Because the CF4 sinks 
are in the mesosphere and above except 
for O('D) and OH"' (minor compared to 
122-nm photodissociation), only about 
10- a to 10- 2 of the atmospheric CF. is ex
posed to the sinks at any time. The local 
photochemical removal processes have 
characteristic time constants of over I 00 

60 

Adopted reaction 
rate parameter 

Refer
ence 

Bond dissociation energy is 129 
kcal mole- • (A = 220 nm) 

<r(A) for A < 103 nm 
o-( 121nm) < 3 x 10- 19 cm2 

(3) 
(3) 

+ 10.8 
+77. I 

k , < 2.0 x 10- 13 exp(-5000/T) 
k2 = 0.0 

(4 , 5.7) 
(4-6) 
(4-6) 
(5-7) 
(5-7) 
(5-7) 

+ 137.1 k3 = 0.0 
- 34.4 
- 19.1 
- 85.4 

k. = 0.0,k,, = 10- 12 

k . = 0.0.k. = 10- •2 

k6 = o.o.k. = 10- 12 

- 6.6 
+ 73.0 
+ 70.2 

k1 < 3.0 x 10- 11 exp(-5000/T) 
ks = 0.0 

(8) 
(5) 
(5) 
(5) 
(6) 
(6) 

(10) 
(I/) 
(12) 
(I/) 

kg= 0.0 
>+77 k,0 = 0.0 

- 3.1 ± 10 k11 :s 10· 12 

- 5.9 ± 10 k 12 s 10- 11 

+ 50 k 13 s 5.0 x 10- 1 exp(- 25,000/T) 
Removal time, 500.000 years 
None 
Removal time, > 50,000 years 

years, and 'T = 14,000 years. Thus the 
CF. concentration increases with time, 
and the altitude profile approaches a 
straight line. At steady state, the ratio of 
the 90-km mole fraction to the 0-km mole 
fraction is 0.97. Thus the release of four 
F atoms in CF4 decomposition leads to 
very little HF (Fig. 1). The dominant in
organic F compound in the stratosphere 
and mesophere should be HF (14). If CF4 

is a recent addition to the air, its mole 
fraction , f , will be less in the strato
sphere and above than at z = 0, for ex
ample, the 1980 profile in Fig. I. If, in
stead , CF, was injected into the air over 
100 years ago, it should be well mixed 
(like the A.O. 2105 profile). In any case, 
an atmospheric residence time of 
> 14,000 years implies that, even with 
no sources , a given CF4 profile will 
decay by only 7 percent in 1000 years 
(e- 11 14) , as l have confirmed by additional 
numerical computations. 

With such a long atmospheric lifetime, 
CF4 concentrations will grow because 
CF4 has industrial sources, for example. 
CF4 released in the electrolytic reduction 
of alumina (15). Indeed, the liberation of 
CF4 is not entirely limited to relatively 
brief anode-effect intervals. Japanese 
studies (15) suggest that the estimate of 
Rasmussen el al. (2) of 6 x 109 g of CF. 
per year released during electrolytic cell 
anode effects are supplemented by CF. 
released during normal cell operation. 
Release of as much as 1010 g year- 1 is 
easily possible, but changing inqustrial 
practices, technology' and output imper
il such estimates; direct measurements 
are needed. Several other industrial pro
cesses are likely sources of CF,, either 

because CF. has been detected in the 
process or because C, F, and heat are 
available: the electrolytic generation of 
F2 , especially in carbon or graphite elec
trode systems , the analogous reduction 
of UF4 or UF6 (16) , the use of fl uorspar 
in steel making (17, p. 298; 18) (although 
CF. production from CaF2 seems dis
favored thermodynamically), the burn
ing of polyfluoroethylenes, rocket fuel 
combustion (18) , and inadvertent pro
duction in fluorocarbon manufacture. Di
rect, intentional industrial production of 
CF4 amounts to only 10 to 60 tons per 
year. 

Sources of CF4 , especially anthropo
genic, require measurements to quantify , 
as does the possible CF, photoabsorp
tion at 122 nm. With these data, more ac
curate predictions of CF4 concentrations 
and effects will be feasible. 

Note added in proof: A recent strato
spheric measurement by Goldman et al. 
(19) found 7.5 x 10- 11 (mole fraction 
CF4) at 25 km, as is roughly predicted by 
the curve for 1980 in Fig. I. 

RALPH J . CICERONE 

Scripps Institution of Oceanography , 
University ofCa/ij(irnia, San Diego , 
La .Jolla 92093 
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Deciphering the Scattering Code Contained in the 

Resonance Echoes from Fluid-Filled Cavities in Solids 

Abstract. From the echoes <~{elastic ll'ttves incide111 on inclusions in solids. one 
may exlract c<'rlai11 resonanc(•f'eat11res. These "spec1ral lines" and their wid1hsfor111 
a code identifying 1he ma1erial composi1ion of 1he inclusion in a way 1hat resembles 
spec1roscopy. This idea finds applications in geophysics, rna1erials science, and any 
field dealing 11·i1h m(l{erials con1ai11ing inclusions. 

The amplitudes of backscattered 
waves returned by inclusions in vis
coelastic solids, when plotted as a func
tion of frequency. exhibit so many rapid 
oscillations and complicated features 
that until very recently it was not pos
sible to extract the physical information 
contained in them. The amplitudes of 
these waves can be analyzed in light of 
our new resonance theory of scattering 
from cavities in solids (I. 2) and can be 
used to identify, for a given shape of the 
cavity_ the material composition of the 
filler substance. When a (spherical) filler 
is set into oscillation by elastic (say. 
compressional) waves incident upon it, a 
set of modal resonances (fundamental 
and overtones) gets excited in ii; these 
resonances characterize the fi ller as if 
they were its signature. Since incident 
shear waves excite the same resonances 
in the filler. we will limit this analysis 10 

incident compressional waves and we 
shall consider fluid fillers only. From the 
usual spectral plots of the backscattered 
wave amplitudes versus nondimensional 
frequency x =: k .. a. it is possible 10 obtain 
these resonances. which manifest them
selves as narrow lines or wider ··spikes" 
(k11 == w/ c: ... where w is the circular fre
quency of the incident wave. <"d is the 
speed of the compressional waves. and a 
is the cavity radius). These plots display 
a quantity which. for simplicity. we will 
call "the echo.·· The way the resonances 
of an unknown filler are thus being 
used for purposes of material discrimina
tion resembles the way chemical ele
ments are identified from their optical 
spectra. The resonances obtained from 
the (heretofore physicall y incomprehen-

sible) echo plot lead directly 10 a deci
phering of the code. indicating the com
position of the filler material that is con
tained in the echo. 

Plane p (that is. compressional) elastic 
waves incident on fluid-filled spherical 
cavities in solids produce two scattered 
waves. one compressional and the other 
shear (that is. s). The scattering ampli
tudes /"" or/'" of both these scattered 
waves could be analyzed, but. since all 
the main points of this report can be 
shown from either one of these. we 
choose .f''''(8). This nonmode-converted, 
normalized amplitude can be shown (/) 
to be 

f''''(O) = 

{/ 

~ .1;,''''(()) 
,, _ n a 

~ (2n + I) 
11 = I) ikc(l/ 

A,,P,,(cos 0) ( I ) 

where the coefficients A,, are given by ra
tios of two 3 x 3 determinants whose 
elements contain products of the filler
to-matrix density ratio (that is, p1/ p) with 
various spherical Bessel and Hankel 
functions and their derivatives. of argu
ments k .. a and k,a. and of order n. These 
elements are determined from the 
boundary conditions of the problem and 
are given in(/). In the backscattering di
rection (J = 1T, the Legendre poly
nominals are simplified by means of the 
relation P,, (COS7T) = (- 1)". Figure I 
shows the plot of the modulus of this 
summed backscattered amplitude for a 
cavity filled with ethyl alcohol in an 
aluminum matrix. This is the "echo" 
containing the rapid oscillations and 
complex features mentioned above. 
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