Reports

Trichlorofluoromethane in the Troposphere,
Distribution and Increase, 1971 to 1974

Abstract. Trichlorofluoromethane (CCIL,F) measurements in the troposphere
over the Atlantic in 1971 and over the Pacific in 1972 and 1974 were compared.
A rapid increase of CCLF in the troposphere is evident. The observed increase
of CCL,F between 1971 and 1974 is proportional to the increase of industrially
produced amounts of CCLF in the same time period.

Chlorofluoromethanes (for example,
(CCILF and CCLF,) are exclusively
man-made compounds. In the last 20
years they have been introduced into
the global atmosphere mainly through
their use as aerosol propellants (in
spray cans). Recent theoretical studies
(1) suggest a possible future reduction
of the earth’s ozone shield through re-
action products formed in the photolysis
of chlorofluoromethane molecules in
the stratosphere. The projected effects
on the ozone layer are based on the
assumptions that the industrially pro-
duced chlorofluoromethanes will initial-
ly accumulate in the troposphere (be-
cause of their inertness to conceivable
destruction mechanisms in this atmo-
spheric region) and then slowly migrate
to the stratosphere. We have examined
the question of a chlorofluoromethane
buildup in the troposphere by compar-
ing measurements of trichlorofluoro-
methane (CCl,F) made in 1971, 1972,
and 1974.

Our measurements were made by gas

Fig. 1. Trichlorofluoromethane (CCLF) measurements in the
troposphere in 1974 by the Naval Research Laboratory. O,
Shipboard: 20°S to 20°N, March and April 1974 between
Ecuador, Hawaii, Tahiti, and Panama; 46°N to 80°N, Septem-
ber 1974, during a cruise from Norway to 80°N (between
Greenland and Spitsbergen), then via a straight track south,
just west of Ireland and to Bordeaux, France. +, Aircraft
sampling, 39°N to 84°N, flight from Washington, D.C., to
Norway via Iceland. From Norway, three flights to about 84°N
between Greenland and Spitsbergen, January 1974. A, On land:
39°N, Washington, D.C. Sampling at ground level around the
metropolitan area on 9, 11, and 12 July 1974 (averages of 380,

200, and 160 ppt, respectively).
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chromatography with the use of an
electron capture detector that allows
absolute determinations of CCLLF (2).
Figure 1 shows the results of our 1974
measurements between 84°N and 20°S
latitude. Aircraft sampling was per-
formed in January 1974 between Wash-
ington, D.C. (39°N), and Norway
(70°N), and at 84°N between Green-
land and Spitsbergen (84°N) (3). We
obtained CCI;F data in the Pacific re-
gion between 20°N and 20°S aboard
the U.S.N.S. Hayes on a cruise between
Ecuador, Hawaii, Tahiti, and Panama
in March and April of 1974. On an
Arctic cruise of the Hayes in the Green-
land and Norwegian seas in the North
Atlantic, we determined CCIF be-
tween 80°N and 46°N in September
1974, In July 1974, we made measure-
ments at ground level in the Washing-
ton, D.C., area (39°N) under varying
meteorological conditions.

We observed generally higher con-
centrations of CCL;F in the Northern
Hemisphere than in the Southern Hem-
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isphere. This supports the theoretically
predicted global distribution of man-
made atmospheric constituents that are
mainly released in the temperate lati-
tudes of the Northern Hemisphere (4).
The variability of atmospheric CCIzF
in the Northern Hemisphere is consid-
erable, because the United States, Can-
ada, and Europe are the main sources
in the world for this volatile compound.
The atmospheric transport of CCI;F
from these source areas and the result-
ing CCLF concentrations are strongly
dependent on prevailing meteorological
conditions and air mass movements.
For instance, an average of 380 parts
per trillion (ppt; 1 part in 10'2 by vol-
ume) of CCI;F was observed in Wash-
ington, D.C., under air pollution condi-
tions on 9 July 1974. Two days later
an advancing cold front from Canada
swept the polluted air out over the
Atlantic and reduced the CCI3F con-
centrations to about 160 ppt (average)
in Washington on 12 July 1974. Similar
buildup of CCIF in urban source
areas was observed in Los Angeles by
Simmonds et al. (5). The great vari-
ability in different air masses is illus-
trated in our Arctic winter and summer
data. In the winter (the average for
CCL,F was 120 ppt at approximately
82°N), the big storms associated with
the Icelandic low can cause rapid trans-
port of European air to northerly lati-
tudes between Greenland and Spits-
bergen (3). In the summer, however,
the prevalence of well-mixed, clean
polar air for long periods in the same
region is reflected in the lower summer
average for CCI;F of about 80 ppt at
80°N. Large variations in the CCI;F
content of different air masses were
also observed by Lovelock over the
North Atlantic in 1973 (6). Therefore,
any assessment of CCI;F concentration
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trends in the troposphere should be
based on average concentrations ob-
tained over long transects from north
to south (7, 8) or, preferably, on data
obtained in remote ocean areas in the
Southern Hemisphere where no great
short-term variations of CCI3F have
been observed (Fig. 1) (7, 8).

An assessment of tropospheric CCI;F
changes should take possible environ-
mental sinks and sources into account.
A likely sink for CCI3F is the ocean,
and Lovelock (7) reports its presence
in surface waters of the Atlantic in
1971 and its rapid decrease with depth.
Our own determinations in the central
equatorial Pacific in 1974 show that
CCI4F is confined to the upper 200 m
—the well-mixed surface waters—with
no CCIF detectable below that depth
(9). These measurements and theoreti-
cal considerations (I0) indicate that at
this point only a small fraction of the
tropospheric CCI3F has migrated into
the oceans.

Stoiber et al. (11) reported the oc-
currence of chlorofluoromethanes in
volcanic emanations without assessing
volcanism as a potential source. We had
the opportunity to take samples of the
air within 500 m of erupting Kilauea
volcano in Hawaii on 18 March 1974.
In hot gas samples taken from the
cracks of a lava flow the CCI;F content
was 86 and 91 ppt. One day later, we
sampled at the Mauna Loa observatory
on the dormant volcano next to Kilauea
whose eruption had subsided. Three
samples taken at the observatory
showed that the CCI3F content of clean
marine air was 75, 81, and 86 ppt, con-
centrations not significantly different
from those collected during the erup-
tion. These data imply that volcanoes
most likely are not major sources or
sinks of CCI3F. To our knowledge, no
other information regarding tropo-
spheric sinks and sources or transport

of CCI3F to the stratosphere is now

available.

In order to assess any increase of
CCIF in the troposphere, we have
plotted, in Fig. 2, the third-degree poly-
nomials best fit to measurements ob-
tained in the three surveys: Lovelock’s
1971 data between 60°N and 60°S in
the Atlantic (7), our Pacific data of
1972 between 20°N and 78°S (8),
and our 1974 Pacific data (Fig. 1) be-
tween 20°N and 20°S. In our 1972 and
1974 surveys, several hundred measure-
ments were made aboard ship over peri-
ods of 2 months. The data of the three
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Fig. 2. Third-degree polynomial best fit
to trichlorofluoromethane (CCLF) mea-
surements in 1971, 1972, and 1974. Plotted
are values from 20°N to most southerly
latitudes only. ----, Lovelock (7) No-
vember 1971, Atlantic. , Naval Re-
search Laboratory (8) November and De-
cember 1972, Pacific. ...., Naval Re-
search Laboratory (Fig. 1) March and
April 1974, Pacific.

surveys were obtained with the use of
the electron capture detector as an ab-
solute way of CCI3F determination. Re-
finements in equipment and procedures
have improved the achievable precision
(aboard ship) from = 15 percent and
=+ 20 percent in the 1971 and 1972
surveys to = 8 percent in the 1974 sur-
vey (Fig. 1). Thus, there is no reason
to suspect the relative CCI3F increases
shown in Fig. 2 within the limits of
error discussed. The absolute values of
the CCI3F measurements may be sub-
ject to future revision within a range of
* 15 percent because the functioning
of the electron capture detector as an
absolute device has some uncertainty
associated with it (2). Up to now no
extensive intercalibration with a certi-
fied standard of any sort between the
different CCI3F measuring groups has
been performed.

On the basis of the mean aerial val-
ues for CCIF in the 1971, 1972, and
1974 data, which are 50, 61, and 80
ppt, respectively, we calculate an in-
crease in the atmospheric level of 22
percent from November 1971 to No-
vember 1972, of 31 percent from No-
vember and December 1972 to March
and April 1974, and of 60 percent be-
tween November 1971 and March and
April 1974. The use of the mean CCI3F
values for this purpose is somewhat
arbitrary, because the surveys start and
end at different northerly and southerly
latitudes. Data from remote ocean areas
in the Southern Hemisphere provide a
less arbitrary, more reliable basis to
assess tropospheric CCI3F trends, as
discussed earlier. We have selected data

from 10°S because they are available
in the 1971, 1972, and 1974 surveys
and especially because well-mixed, very
clean marine air was encountered in
each case. At 10°S, 147°W in 1972
very low levels of atmospheric car-
bon monoxide, radon, and continen-
tal aerosol particulates were the cri-
teria for clean air (8, 12). In 1974
these measurements were repeated at
10°S, 152°W, and the results indicated
clean air conditions nearly identical to
those in 1972. Low CO concentrations
in the atmosphere measured by Seiler
(13) at 10°S, 31°W simultaneously
with CCLF (7) confirm the presence
of clean marine air during that period.
The average clean air concentrations of
CCILF at 10°S in the three surveys are
43, 53, and 72 ppt, respectively. Cal-
culated CCI3F increases based on these
values are 23 percent (1971 to 1972),
36 percent (1972 to 1974), and 67
percent (1971 to 1974). These in-
creases agree well with those obtained
by using the mean aerial concentrations.
This agreement between the two dif-
ferent approaches may be fortuitous.
We conclude that CCI;F has been in-
creasing in the troposphere at a rather
rapid rate in the period from 1971 to
1974.

Comparison of these observed in-
creases with worldwide production esti-
mates is instructive, although the uncer-
tainties associated with those estimates
may be as much as = 25 percent (I4).
Between 1950 and (including) 1971,
the total world production was esti-
mated to be 1.49 X 108 metric tons
(14). During 1972 and 1973, this fig-
ure increased to 1.76 X 106 and 2.02
X 108 metric tons, respectively (14). If
the amount produced in 1974 is sim-
ilar to that produced in 1972 and 1973,
then the overall increase since 1971
would be about 54 percent (based on
an estimated total of 2.30 X 106 metric
tons in 1974). This is approximately
the same magnitude as the measured
increase in atmospheric concentration
during the same period. We conclude,
therefore, that industrially manufac-
tured CCIF is quickly released to the
atmosphere. The evidence provides no
indication that significant sinks exist
within the troposphere for the destruc-
tion or disappearance of CCI,F.

P. E. WILKNIsS, J. W. SWINNERTON

R. A. LAMONTAGNE, D. J. BRESSAN
Ocean Science Division,

Naval Research Laboratory,
Washington, D.C. 20375

833



References and Notes

=+ M. J. Molina and F. S. Rowland, Nature
(Lond.) 249, 810 (1974); R. J. Cicerone, R.
S. Stolarski, S. Walters, Science 185, 1165
(1974); P. J. Crutzen, Geophys, Res. Lett.
1, 205 (1974).

=+ D. Lillian and H. B. Singh, 4nal. Chem. 46,
1060 (197==+ J. E. Lovelock, J. Chromatogr.
99, 3 (1974).

3. P. E. Wilkniss, J. W. Swinnerton, D, J.
Bressan, R, A. Lamontagne, R, E. Larson,
J. Atmos. Sci., in press.

4. L. Machta, preprint, “Global scale atmo-
spheric mixing,”” Second International Union
of Theoretical and Applied Mechanics and
International Union of Geodesy and Geo-
physics (2nd IUTAM-IUGG) (Charlottesville,
Va., 8 to 14 April 1973), abstract; R. E.
Newell, G. J. Boer, J. W, Kidson, Tellus 26,
1 (1974).

=+ P. G. Simmonds, S. L. Kerrin, J. E. Love-
lock, F. H. Shair, Atmos. Environ. 8, 209
(1974).

=+ J. E. Lovelock and S. A. Penkett, Nature
(Lond.) 249, 434 (1974).

=+ J. E. Lovelock, R. J. Maggs, R. J, Wade,
ibid. 241, 194 (1973).

=+ P. E. Wilkniss, R. A. Lamontagne, R. E.
Larson, J. W. Swinnerton, C. R. Dickson,
T. Thompson, ibid. 245, 45 (1973).

9. W. D. Smith, R. A, Lamontagne, J. W.
Swinnerton, unpublished data.

=+ P, S, Liss and P. G. Slater, Nature (Lond.)
247, 181 (1974).

=+ R. E. Stoiber, D. C. Leggett, T. F. Jenkins,
R. P. Murrmann, W. 1. Rose, Geol. Soc.
Am. Bull. 82, 2299 (1971).

=+ P. E. Wilkniss, R. E. Larson, D. J. Bressan,
J. Steranka, J. Appl. Meteorol. 13, 512 (1974).

13. W. Seiler, Tellus 25, 116 (1974).

14, R. L. McCarthy, E. I, duPont de Nemours
& Co., private communication,

15. We thank D, W. Peterson, scientist in charge
at the Hawaiian Volcano Observatory, for
taking us to Kilauea during the eruption. We
also thank the crews of the NRL aircraft
for invaluable support. Gene Bugg assisted
in sampling and analysis,

12 December 1974 "

Deep Seismic Reflection Results from the

Gulf of Mexico: Part I

Abstract. Deep sounding seismic reflection data show undeformed reflectors at
depths down to 11 kilometers beneath the continental rise and abyssal plain and
7 kilometers in basins of the lower slope. Weak reflectors are visible beneath the
salt of the Sigsbee Scarp and within salt ridges separating the lower slope basins.

We report here results of a deep
sounding common-depth-point (CDP)
seismic reflection survey across a por-
tion of the lower slope, Sigsbee Scarp,
continental rise, and abyssal plain in the
northern Gulf of Mexico. This power-
ful tool for the investigation of deep
geologic structure has heretofore been
used almost exclusively by the petro-
leum industry. It promises much to the
marine geologist and geophysicist.

The CDP method was adopted by the
petroleum industry in the early 1960’
because this technique made it possible
to attenuate multiple reflections and
random noise. With the CDP technique
it is possible to achieve an increased
signal-to-noise ratio by summing several
reflectors from what are theoretically
common points in a vertical plane. The
shot point and receiver geometry de-
termine the number of reflection rec-

ords to be summed. Typically, the num-
ber of summed input records is 6, 12,
or 24, or, in some instances, 48 or 96.
In industry terminology, the number of
input traces is denoted as 6-fold, 12-
fold, and so on, or 600 percent cover-
age, 1200 percent coverage, and so on,
respectively.

Digital recording of marine seismic
data was introduced into the petroleum
industry at about the same time as the
CDP method. By 1966, 85 percent of
U.S. marine seismic data were digitally
recorded (I), which facilitated CDP
processing and simultaneously provided
a mechanism for the application of
sophisticated noise suppression techni-
ques.

The CDP method and ancillary digi-
tal signal enhancement techniques have
proved to be powerful tools for ob-
taining data on deep, detailed geological

Table 1. Layer velocities, layer thicknesses, depths beneath the sea floor, and expected reflection
arrival times calculated from seismic refraction data (7) for the northern Gulf of Mexico.

Layer Calculated Layer Depth
velocity reflection time thickness (km
(km/sec) (sec subbottom) (km) subbottom)

1.9 0.0 0.5 0.0

22 0.53 2.0 0.5

3.2 2.34 2.5 2.5

38 3.91 2.0 5.0

4.8 4.96 4.0 7.0

6.6 6.63 5.0 11.0
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structure on land and offshore. On the
continental shelves, multichannel digital
seismic reflection instrumentation has
yielded reflections from depths of 8 to
10 km, depths which are significantly
greater than the depths of penetration
of single-channel analog instrumenta-
tion. The petroleum industry, however,
has shown little interest in areas of
deeper water. The industry also tends
to consider seismic reflection data con-
fidential. As a result only a few deep-
water CDP cross sections have been
published (2, 3).

The geologic structure of the deeper
parts of the Gulf of Mexico is well
suited for CDP investigation. Little is
known about details of structure and
stratigraphy below depths of about 2
to 3 km beneath the sea floor, the
maximum penetration of single-channel
seismic reflection analog instrumenta-
tion. Multiple bottom reflections ob-
scure primary reflections deeper than
2 to 3 km subbottom on the slope and
deeper than S5 to 8 km subbottom in
the abyssal plain. Seismic refraction
investigations (4) have provided in-
formation on the gross framework of
the region but no detailed structural
information. Salt underlies some areas
of the Gulf such as the lower slope off
Texas and Louisiana (5). Single-chan-
nel reflection data have provided little
information about the nature of salt
deformation and possible subsalt reflec-
tors because of the poor quality of
deeper reflectors.

Our investigation consisted of two
CDP lines resembling in plan an in-
verted “V” (Fig. 1). The survey was
conducted on board the University of
Texas Marine Science Institute R.V.
Ida Green, and the data were processed
at the University of Texas Medical
Branch, Galveston.

Penetration was excellent. The deep-
est observed reflector was located near
the southern end of line SS-2. It was
received 6.5 seconds after the bottom
reflection. A relatively strong deep re-
flector was recorded 4.5 to 5.0 seconds
after the bottom reflector beneath all of
the abyssal plain—continental rise por-
tions of both lines. Sediment-filled ba-
sins separated by salt ridges (5, 6) un-
derlie the lower slope. The usefulness
of the CDP method is evident in this
region. Multiple reflections which inter-
fere with primary reflections deeper
than about 2 seconds subbottom are
strongly attenuated, permitting resolu-
tion of the primary reflections at depths
of 4 to 5 seconds in some cases (Fig.
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