
UC Irvine
UC Irvine Previously Published Works

Title
A record of atmospheric halocarbons during the twentieth century from polar firn air

Permalink
https://escholarship.org/uc/item/8bw5s65w

Journal
Nature, 399(6738)

ISSN
0028-0836

Authors
Butler, James H
Battle, Mark
Bender, Michael L
et al.

Publication Date
1999-06-01

DOI
10.1038/21586

Supplemental Material
https://escholarship.org/uc/item/8bw5s65w#supplemental

Copyright Information
This work is made available under the terms of a Creative Commons Attribution License, 
availalbe at https://creativecommons.org/licenses/by/4.0/
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/8bw5s65w
https://escholarship.org/uc/item/8bw5s65w#author
https://escholarship.org/uc/item/8bw5s65w#supplemental
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/


© 1999 Macmillan Magazines Ltd
NATURE | VOL 399 | 24 JUNE 1999 | www.nature.com 749

articles

A record of atmospheric
halocarbons during the twentieth
century from polar ®rn air
James H. Butler*, Mark Battle²³, Michael L. Bender²³, Stephen A. Montzka*, Andrew D. Clarke§³,
Eric S. Saltzmank, Cara M. Sucher²³, Jeffrey P. Severinghaus²³ & James W. Elkins*

* National Oceanic and Atmospheric Administration, Climate Monitoring and Diagnostics Laboratory, Boulder, Colorado 80303, USA
² Graduate School of Oceanography, University of Rhode Island, Narragansett, Rhode Island 02882, USA

§ Cooperative Institute for Research in Environmental Sciences, University of Colorado, Boulder, Colorado 80309, USA
kRosenstiel School of Marine and Atmospheric Sciences, University of Miami, Miami, Florida 33149, USA

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Measurements of trace gases in air trapped in polar ®rn (unconsolidated snow) demonstrate that natural sources of
chloro¯uorocarbons, halons, persistent chlorocarbon solvents and sulphur hexa¯uoride to the atmosphere are
minimal or non-existent. Atmospheric concentrations of these gases, reconstructed back to the late nineteenth
century, areconsistentwithatmospherichistoriesderived fromanthropogenicemission ratesandknownatmospheric
lifetimes. The measurements con®rm the predominance of human activity in the atmospheric budget of organic
chlorine, and allow the estimation of atmospheric histories of halogenated gases of combined anthropogenic and
natural origin. The pre-twentieth-century burden of methyl chloride was close to that at present, while the burden of
methyl bromide was probably over half of today's value.

Chloro¯uorocarbons (CFCs) and other halocarbons have been used
as refrigerants, propellants and solvents since the early to middle
twentieth century. Both leakage and direct emission, in combina-
tion with long atmospheric lifetimes, have resulted in a steady
accumulation of these gases in the atmosphere, allowing them to
increase the burden of atmospheric chlorine (Cl) from
,0.5 nmol Cl mol-1 (that is, 0.5 parts per billion, p.p.b.) to a peak
of over 3.5 nmol Cl mol-1 by 1992±941,2. Suggestions that a build-up
of CFCs and long-lived halocarbons in the atmosphere could result
in the depletion of stratospheric ozone prompted the need for
systematic measurements3, but only in the mid-1970s were routine
atmospheric monitoring programmes begun4,5. Industrial produc-
tion and emission data, together with atmospheric lifetimes, have
been used to estimate the atmospheric burden of CFCs before their
detection and measurement6,7. Until now, however, no data have
been available for testing these early estimates.

Natural sources have been suggested for many of the halocarbons
involved in the depletion of stratospheric ozone8. Atmospheric
methyl chloride (CH3Cl), for example, is believed to be predomi-
nantly of natural origin, although it does have a few anthropogenic
sources and there appear to be unidenti®ed sources of this gas9. The
division of methyl bromide (CH3Br) emissions into natural and
anthropogenic components has generated considerable scienti®c
and regulatory controversy during recent years10,11. Some studies
have suggested that natural sources may be signi®cant for atmos-
pheric CCl4 (ref. 12). Detection of CFCs in air sampled near
volcanoes has lead to the suggestion that volcanism might be a
signi®cant source of these gases in air13. The general absence of CFCs
in the ocean's deep waters virtually precludes this possibility, but no
reliable measurements in air taken before the onset of anthropo-
genic emissions have been made to date. Air samples from ice cores
have been too small to obtain the precision necessary to address
these questions for halocarbons. Previous collections of ®rn air

either were contaminated during sampling14 or extended back no
more than a few years15.

Here we use samples of air collected from ®rn (unconsolidated
snow; Table 1) at the South Pole and Siple Dome in Antarctica and
at Tunu in Greenland to obtain high-precision measurements
spanning the full history of anthropogenic emission of most
halocarbons (data reported here are available; see Supplementary
Information). Samples of ®rn air from all three sites were analysed
for CCl3F (CFC-11), CCl2F2 (CFC-12), CH3CCl3, CCl4, N2O, SF6,
CBrF3 (halon H-1301), CBrClF2 (halon H-1211), CH3Br and
CH3Cl. Newly introduced hydro¯uorocarbons (for example,
CF3CH2F or HFC-134a), hydrochloro¯uorocarbons (such as
CH3CCl2F or HCFC-141b, CH3CClF2 or HCFC-142), an additional
CFC (CCl2FCClF2 or CFC-113), and other partially halogenated
methanes were measured in Tunu and Siple Dome samples only.
(CHClF2, or HCFC-22, showed signi®cant signs of contamination
in the upper samples, so have been omitted from this analysis.)
Results for N2O, CO2, CH4, O2/N2 and 15N at the South Pole already
have been published16. Depth pro®les from these sites have been
presented in two NOAA/CMDL data reports17,18. Owing to physical

³ Present addresses: Department of Geosciences, Princeton University, Princeton, New Jersey 08544, USA

(M.B., M.L.B.); ³ National Oceanic and Atmospheric Administration, Climate Monitoring and Diagnostics
Laboratory, Boulder, Colorado 80303, USA (A.D.C.); US Global Change Research Program, Washington

DC 20024, USA (C.M.S.); Scripps Institution of Oceanography, La Jolla, California 92037, USA (J.P.S.).

Table 1 General properties of ®rn at sampling sites

Site South Pole,
Antarctica

Siple Dome,
Antarctica

Tunu,
Greenland

.............................................................................................................................................................................

Location 908 S 818409 S,1488 499 W 788 019 N, 338 599 E
Elevation (m) 2,841 ,600 ,2,400
Sampling date Jan.1995 Dec.1996 Apr.1996
Lock-in zone depths (m) 114±122 48±56 58±68
Annual snow accumulation
(cmyr-1 ice equivalent)

8 15 10

Annual mean temperature (8C) -49.4 -25.4³ -29³
`CO2 age' at bottom* 1903 1953 1929²
.............................................................................................................................................................................

*CO2 age is de®ned as the year the atmospheric CO2 value33 matched the CO2 concentra-
tion in the deepest sample. This is a mean age for CO2 in the bottom air, which has
undergone considerable mixing. Mean ages of halocarbons are greater because of their
lower diffusivities. Once in the lock-in zone, they then age at the same rate. This value is
given to illustrate differences among the sampling sites; ®rn air at the South Pole records
atmospheric history over longer time than the other two sites.
² This value is approximate owing to the unknown evolution of the interhemispheric CO2

before 1972.
³ Temperatures from measurements made at the site at the time of sampling.
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effects, and in some instances chemical effects, the composition of
®rn air at any given depth does not correspond exactly to the
atmospheric composition at some time in the past. Nevertheless,
because the behaviour of each gas in the ®rn is governed primarily
by its own diffusivity and molecular mass, we are able to estimate
histories of both anthropogenic and naturally occurring halocar-
bons during a time of rapid population, agricultural and industrial
growth.

Concentration±depth pro®les of trace gases
Firn is a porous matrix in which constituent gases diffuse at rates
governed by both the structure of the ®rn and the nature of the
species in question. Pro®les of d15N values of N2 versus depth in the
®rn (Fig. 1) re¯ect the processes governing transport and storage of
air19,20. Below the in¯uence of seasonal temperature gradients and
other surface-related effects (roughly 30 m), d15N of N2 increases
linearly with depth, owing to gravitational settling. The linearity
indicates a porous column in which transport is governed pre-
dominantly by molecular diffusion21,22. The interval of constant
d15N of N2 at the base of the ®rn shows the lock-in zone23, where
dense winter layers substantially impede vertical diffusion, while
summer layers retain enough open porosity to allow sample col-
lection. Gases within the porous column atop the lock-in zone
communicate with the atmosphere through diffusion, creating a
smoothed record of atmospheric changes. In contrast, vertical
diffusion is considerably restricted within the lock-in zone, which
tends to isolate this air from the diffusive column. Thus, air in the
lock-in zone ages at approximately the same rate as the surrounding
ice. At Siple Dome and Tunu, where the diffusive column is
relatively short and smoothing is minimal, the composition of the
overlying atmosphere is recorded in the lock-in zone without
extensive diffusive mixing. At the South Pole, the deeper diffusive
column signi®cantly smooths the atmospheric history, but also
allows for collection of very old samples16. By comparing results
from these sites with different diffusive structures, we are able to
reconstruct robust atmospheric histories.

Variations in concentration with depth re¯ect both long-term
trends and recent perturbations of trace gases in the atmosphere
(Figs 2±4). Concentrations of compounds known to have sig-

ni®cant anthropogenic sources over the past few decades (for
example, CFCs, solvents and halons) decrease considerably with
depth, where the ®rn air is older. Concentrations of CFC-11,
CFC-12, CFC-113, H-1301, H-1211 and SF6 all decreased to levels
that did not differ signi®cantly from zero by the bottom of the depth
pro®les (Fig. 2). This indicates that these gases were not present in
the atmosphere during the early twentieth century and con®rms
their exclusively anthropogenic origin. Previously, the lowest values
reported for CFC-11 and -12, also from ®rn air measurements, were
16 and 18 pmol mol-1 (that is, parts per trillion or p.p.t.)14. The
earliest direct measurements of atmospheric CFC-11 and -12 date
from the early to mid-1970s, with values of roughly 50 and
200 pmol mol-1 (refs 12, 24±26). CFC-113 has been measured in
archived air from Cape Grim, Australia, as far back as 1978, for
which a value of 13 pmol mol-1 was reported27. Systematic SF6

measurements began in 1978 at levels of 0.6 pmol mol-1, or about
15% of the current atmospheric burden28, although the lowest
reported value was for 1976, at 0.24 pmol mol-1 (ref. 29). Early
measurements of the halons are also available since 1976, with
amounts of the order of 0.5 pmol mol-1 (ref. 30).

The concentrations of two abundant chlorocarbons, CH3CCl3

and CCl4, also decreased rapidly with depth (Fig. 3). Both of these
gases reached concentrations near the bottom of the pro®les that
were at or near detection limits, suggesting that natural sources are
insigni®cant and that both gases were essentially absent in the pre-
twentieth-century atmosphere. The detection limit for CH3CCl3

was ,1.5 pmol mol-1, although for CCl4 it was ,5 pmol mol-1

because of a co-eluting peak on the gas chromatography/electron-
capture detection (GC/ECD) system (see Supplementary Informa-
tion). Thus natural sources, if they are signi®cant at all, could not be
responsible for more than 5 pmol mol-1 of CCl4 in the atmosphere.
Of course, this requires that CCl4 is stable in ®rn air, a question that
is raised in our attempts to reconcile an atmospheric history of CCl4
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Figure 1 Measured depth pro®les of d15N of N2. The results from the two boreholes

at the South Pole are indistinguishable from one another. Enrichments of 15N at

shallow depths re¯ect thermal fractionation associated with seasonal temperature
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the standard used here for all sites is contemporary tropospheric air.
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Figure 2 Measured depth pro®les of anthropogenic gases with `known'

emissions (Tunu, Greenland). These pro®les are similar to those obtained at

South Pole and Siple Dome. Depth pro®les at all sites show the CFCs, halons and

SF6 penetrating deeply into the ®rn and dropping to zero or near-zero at the

bottom, which implies no signi®cant sources before the introduction and use of

these gases by humans in the middle to late twentieth century. In general, gases

emitted for longer periods and with higher diffusivities penetrate most deeply. The

atmospheric increases of HCFC-141b and HFC-134a (de®ned in the text) are

recorded only in the diffusive zone of the ®rn, as these gases have not been

present long enough in the atmosphere to become locked in at depth.
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from both Siple Dome and South Pole pro®les. Although absolute
calibration was a concern for some of the early real-time measure-
ments of these two gases12,24, values from the late 1970s were
reported at around 60 pmol mol-1 for CH3CCl3 and 90 pmol mol-1

for CCl4, after normalizing to recent calibration scales2,31. Also
apparent in the data from Siple Dome (Fig. 3) and Tunu is the
1991±93 turnaround of CH3CCl3 in the atmosphere that resulted
from decreased anthropogenic emissions1,31. Those HCFCs and
HFCs that have been used only recently appear exclusively in the
upper layers of the ®rn, as they have not been present in the
atmosphere long enough to have been isolated in the lock-in
zone1 at concentrations above our detection limits (Fig. 2).

Concentrations of CH3Cl are signi®cant in the deepest samples,
and increase gradually toward the surface of the ®rn (Fig. 3). This is
evidence that this gas has both natural and anthropogenic sources or
at least sources that existed before the twentieth century. The
concentrations of CH3Cl in samples collected between 20 m and
45 m depth are similar to the mean annual concentrations at
Cape Grim, Tasmania, in recent years18. The decrease of 15±
20 pmol mol-1 observed in the upper 10±12 m of the ®rn is
consistent with the seasonal variability observed for CH3Cl in the
Southern Hemisphere, as lower mixing ratios are observed in
summer when atmospheric loss processes outweigh sources. Con-
centrations between 20 and 45 m depth are about 10% higher than
at the bottom of the pro®le. If we assume that CH3Cl is not being
degraded slowly over time in the ®rn, these results indicate that the

atmospheric mole fraction of CH3Cl has increased by about
40 pmol mol-1 over the past century.

The ®rn data for CH3Br are more dif®cult to interpret. At the two
Antarctic sites, CH3Br concentrations at the top of the ®rn air
pro®les are 20±25% higher than at the bottom, implying a sig-
ni®cant pre-twentieth-century source and an increase in the atmos-
pheric burden of this gas over the past 50±100 years (Fig. 4). Unlike
CH3Cl, however, the observed difference of 5±10% between the
surface samples and those below 10 m is not explained by seasonally
varying mixing ratios; no signi®cant seasonality is observed in the
atmosphere at sites in the Southern Hemisphere32. This anomaly
remains a mystery, as it was present at both Antarctic sampling sites
and appears not to be a sampling or analytical artefact. More
disturbing, however, are the samples from Tunu. At this seasonally
warm and coastally in¯uenced Greenland site, the concentration of
CH3Br was very high near the bottom of the pro®le, reaching
mixing ratios of nearly 50 pmol mol-1 at the ®rn±ice transition
(Fig. 4). We are con®dent that this increase in concentration at
depth is not an artefact of sample collection, storage or analysis.
CH3Br±depth curves were essentially identical in our two Tunu
®rn-air pro®les, although the second pro®le did not extend as
deeply as the ®rst. Tests of the sampling equipment showed no
evidence whatsoever of contamination by CH3Br (CFCs were
present in our equipment, but our sampling design and procedure
still allowed for concentrations of zero or nearly zero in deep
samples.) Samples in steel and glass ¯asks yielded similar pro®les
for CH3Br and CH3Cl, and chromatographic results, obtained by
both electron-capture or mass spectrometry, were independent of
analytical technique. This leads us to believe that the observed high
values (up to 48 pmol mol-1) for CH3Br in the ®rn at Tunu are real,
although not necessarily of atmospheric origin. Concentrations of
other marine, biogenic gases (such as CH2Br2 and CH3I) also
increased at depth in the Tunu ®rn, although the anomalies were
smaller than for CH3Br.

Interpreting concentration±depth data
Obtaining a representative atmospheric history of any gas from a
diffusion model and measurements of ®rn air requires some knowl-
edge of the diffusivity of gases in the ®rn. This can be derived from
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Information).
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density±porosity±diffusivity relationships19. These relationships,
however, are poorly constrained, so we prefer to calibrate diffusivity
with the measured atmospheric history of CO2 deduced from real-
time ¯ask samples and the Law Dome ice core33. We refrain from
modelling the Tunu pro®le because of the extensive convective zone
and the possibility that the ®rn-air CO2 pro®le at that site is
erroneously offset by covariance between seasonal convective
mixing and seasonal variations in atmospheric CO2 (`recti®er'
effects). To account for the effects of diffusion in the ®rn on each
species at the South Pole and Siple Dome, we use the simple one-
dimensional ®rn diffusion model described in detail by Battle et
al.16. As in that investigation, we infer a site-speci®c diffusivity±
depth relationship by adjusting diffusivity until the model repro-
duces the observed CO2 ®rn-air pro®le when driven by the atmos-
pheric CO2 history. We then calculate halocarbon±depth pro®les
using this adjusted diffusivity±depth pro®le in the diffusion model.
However, we examine these as halocarbon±CO2 rather than halo-
carbon±depth pro®les; the former are much less sensitive to errors
in the inferred pro®les of diffusivity versus depth. Our results
remain sensitive to errors in the diffusivities of halocarbons relative
to the diffusivity of CO2.

We apply the ®rn diffusion model with one of two goals,
depending on the halocarbon: (1) to test an independently derived
atmospheric history, or (2) to infer an atmospheric record for
species with uncertain or unknown histories. The ®rst approach is
suitable for gases such as the CFCs, halons and SF6, for which
atmospheric histories have been derived from emission estimates
and real-time measurements. We use these histories and the ®rn-air
diffusion model to predict concentration±CO2 pro®les for these
gases and to compare the predictions with observations in the
Antarctic ®rn. The second approach is used for those chlorocarbons
and methyl halides for which there is insuf®cient information to
estimate or calculate complete atmospheric histories. In this
approach we choose one or more suitably general mathematical
descriptions of concentration as a function of time, with considera-
tion given to recent direct atmospheric measurements as well as
®rn-air data. The free parameters of the mathematical expressions
are then adjusted using inverse methods to optimize agreement
between measured and modelled concentration±CO2 pro®les at one
or both sites.

We cannot eliminate the possibility that these gases are very
slowly produced or degraded in the ®rn. However, we have strong
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Figure 5 Histories of CFCs, halons and SF6 in the Southern Hemisphere. Data are

for Antarctic ®rn air only. Modelled values are shown as lines and measured mole

fractions are shown as points (p.p.t., pmol mol-1). Assumed Southern

Hemispheric histories (green lines) for each of these gases are obtained from

combinations of industrial emission models and real-time measurements1,35±37

(left panel). These histories are incorporated into the ®rn at both sites with the

one-dimensional ®rn diffusion model. Model results are then plotted as a function

of CO2 in ®rn air (right panel) for the South Pole (blue) and Siple Dome (red). (Note

offset scales for each site.) Diffusivities used in these models are calculated from

Wilke and Lee49, except for CFC-11 which was lowered by 10%, but still remains

within uncertainties. Lifetimes used for the gases are those given in the 1994

Scienti®c Assessment of Ozone Depletion38, except for H-1211, which was

lowered to 11 years to assure concordance with current atmospheric

measurements37. The good agreement between model results and measure-

ments at these two sites, which have different ®rn depths and diffusion pro®les,

indicates that the assumed histories are consistent with concentrations

observed in the ®rn. The detection limit for SF6 in the South Pole samples was

0.3 pmol mol-1, a value that was much improved for analysis of samples from the

other two sites.
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evidence that such production or degradation is not signi®cant for
most of them. Agreement of emission records with the ®rn model
for those gases with available data provides one level of assurance.
Consistent histories inferred from measurements at Siple Dome and
the South Pole provide additional assurance; Siple Dome and the
South Pole are sites suf®ciently different in ®rn properties that any
physical, biological or chemical effects on the gas concentrations
should be expressed differently at these two sites.

Tests of independently derived atmospheric histories
Concentration±CO2 pro®les predicted for CFCs, halons and SF6

based on emission histories6,34, real-time measurements1,35±37 and
®rn-air diffusion modelling are in good agreement with ®rn-air data
(Fig. 5). This agreement, together with zero or near-zero concen-
trations in the oldest samples, is consistent with solely anthropo-
genic sources of these gases. It also suggests that the emission
models used7,36 yield reasonably accurate estimates of the early
atmospheric histories.

The one signi®cantly inconsistent species is halon H-1211. Both
modern measurements and ®rn results suggest either a shorter
lifetime than that given solely by atmospheric chemistry models (11
compared to 20 years) or lower emissions37,38. The atmospheric
curve and model output in Fig. 5 incorporate the 11-year lifetime.
For the CFCs, for which signi®cant emissions began in the 1940s,
analyses of ®rn air provide data for long periods where few or no
real-time measurements are available36. For the halons, with sig-
ni®cant emissions beginning in the 1960s, real-time measurements
span a larger fraction of their atmospheric history, although
calibrations of earlier measurements are less certain30,37. For SF6,
with signi®cant emissions beginning in the 1970s, the concentration
history is derived almost entirely from direct atmospheric

measurements28,35, and thus is insensitive to errors in estimates of
emissions or lifetimes.

Inferred atmospheric records of chlorocarbons
CCl4 appears to be derived solely from anthropogenic sources,
but this conclusion must be tempered by the analytical uncertainty
of 65 pmol mol-1 for the lowest-concentration samples, owing to
an interfering peak in the GC/ECD system. This inference is based
primarily upon the longer South Pole ®rn-air record (Fig. 6),
although the concentration of CCl4 also does not differ from zero
at the bottom of the Tunu pro®le. The ®rn data do show that CCl4
has been present in the atmosphere for a longer time than the CFCs,
owing to its earlier industrial use. This earlier use also appears in the
deep ocean record where CCl4 is present in the relative absence of
CFCs39. Although our data from Siple Dome suggest that, before
1960, CCl4 was substantially lower in concentration than predicted
from estimated production and emissions40, the data from the
South Pole agree quite well with the emission prediction. Emission
estimates for CCl4, however, are much less certain than for the CFCs
or halons. The lowest value at Siple Dome, corresponding to the late
1940s or early 1950s, was 4±7 pmol mol-1, but the South Pole data
suggest a value of about 35 pmol mol-1 for 1950. In an early analysis
of CCl4 emissions, Galbally41 used a lifetime of 38 years to derive an
expected atmospheric mixing ratio of 40 pmol mol-1. More recently,
and using a lifetime of 35 years, Walker et al.40 suggest a value of
about 33 pmol mol-1 for CCl4 in the Southern Hemisphere in 1950.
Though uncertainties are large, both of these estimates from
emission records are reasonably consistent with our South Pole
data since the 1950s, yet are lower for earlier years. Unfortunately,
the inconsistency between Siple Dome and South Pole data suggests
that CCl4 is, to some extent, either consumed or absorbed in the
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Figure 6 Histories in the Southern Hemisphere of halocarbons with uncertain

emission records. Modelled (lines) and measured (points) mole fractions of CCl4,

CH3CCl3, CH3Cl and CH3Br are shown plotted against CO2 in ®rn air (left panel) for

the South Pole (blue) and Siple Dome (red) (note offset scales for each site). The

model results represent gas mole fractions (p.p.t., pmol mol-1) predicted in the ®rn

based on the atmospheric histories shown in the right panel (purple). These

histories are inferred by optimizing the data±model agreement for the South Pole

(blue lines) and then checking this for agreement with data from Siple Dome (red

lines). Also shown are real-time atmospheric measurements (in green) from the

ALE/GAGE/AGAGE network2,50,51 and from Khalil et al.9,52, normalized to NOAA/

CMDL South Pole measurements1. In the inversion model, real-time atmospheric

measurements have been used only to adjust the diffusivities49 of CH3Br (-20%)

and CH3CCl3 (-20%). The shapes of the inversion results are independent of

these measurements. Atmospheric concentration histories shown here follow

sigmoid curves, with parameters determined by the ®rn data. The use of other

functional forms for the atmospheric histories yields indistinguishable results.

Errors (shown as purple bars) correspond to a 68% con®dence envelope.
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®rn; thus, we cannot make an unambiguous reconstruction of its
concentration history.

Although the derived atmospheric record of CH3CCl3 is consis-
tent at the two Antarctic sites, which suggests that this gas is stable in
®rn air, two data points in the lower part of the South Pole record do
show measurable amounts of CH3CCl3. These, however, are most
probably caused by contamination. The lowest value at each of
the three sites, representing years from the 1890s to the 1940s, was
,2 pmol mol-1 (,2% of maximum atmospheric levels). Such
concentrations are very near or below our limit of detection (3±
5 j; see Supplementary Information) and probably result from low-
level contamination in the sampling apparatus. Note also that,
although the turnaround in atmospheric CH3CCl3 was recorded in
the ®rn at Tunu (Fig. 3), this was not the case at South Pole (Fig. 6).
This is because the South Pole was sampled only shortly after the
turnaround. There is a time lag of about one year in transporting
signals from the Northern Hemisphere to the Southern Hemisphere
and wind pumping causes some mixing in the uppermost part of
the ®rn, so the signal would be suppressed or absent in the South
Pole ®rn in early 1995.

Because the inferred temporal change in CH3Cl is small relative to
its variability in the ®rn air, a detailed history cannot be estimated
reliably from these data (Fig. 6). Nevertheless, the difference of 5±
10% between bottom and mid-hole samples remains signi®cant and
suggests that the atmospheric burden of CH3Cl has increased by
about this amount during the past century. CH3Cl is the most
abundant chlorine-containing gas in the atmosphere and is emitted
from the ocean42, from biomass burning43, and by fungi44. Its current
atmospheric budget remains uncertain. Real-time measurements of
atmospheric CH3Cl extend back only to 19809 and show wide
seasonal oscillations. The ®rn data represent a much longer time
span, and are compatible with the real-time measurements.

Methyl bromide
Methyl bromide measurements from the South Pole and Siple
Dome suggest a simple atmospheric history, with a rate of growth
increasing from 0.01 pmol mol-1 yr-1 in the early 1900s to 0.05±0.06
(60.01) pmol mol-1 yr-1 (90% con®dence limits) during the 1970s
and 1980s. These two sites differ in snow accumulation rate, ®rn
depth and temperature (Table 1). Thus the similarity of the two
CH3Br±CO2 pro®les suggests that the record in the ®rn is atmos-
pheric in origin. Taken at face value, such a record implies that the
concentration of CH3Br was increasing slowly in the atmosphere
through the ®rst half of the century, perhaps as a function of
increased biomass burning or some other global change. The
upturn in the mid-1960s coincides with the onset of CH3Br use as
an agricultural fumigant, which suggests that the increase since the
1960s could indicate the expected reduction, about 15±25%, from
the international ban on the use of this gas as a fumigant45. However,
the response of CH3Br in the atmosphere to a ban on agricultural
use is also dependent upon how other sources have changed since
1960. The budget of CH3Br for the modern atmosphere, calculated
from what is known of sources and sinks, is grossly out of balance.
Based upon current understanding46,47, there is a large source of this
gas that has not been identi®ed. From the atmospheric concentra-
tions implied by the deepest samples at the South Pole, it appears
that this `missing' source was also present at the turn of the century.
These results suggest that the unidenti®ed source is separate from
modern fumigation practices, or that the overall sink, calculated for
CH3Br from atmospheric reactions and loss to the oceans and soils,
is currently overestimated.

The main problem in interpreting the CH3Br data comes from the
Tunu site, where concentrations of CH3Br increased with depth
(Fig. 4). The Tunu record does not appear to re¯ect past atmos-
pheric changes, and it casts some doubt upon the utility of
the Antarctic data. The simultaneous occurrence of CH3Br at
50 pmol mol-1 in the Northern Hemisphere and 5 pmol mol-1 in

the Southern Hemisphere is highly improbable, as it would require
an atmospheric lifetime of 0.1 year or less for CH3Br. All evidence
today points to a lifetime of 0.5±1.2 years (ref. 47). Locally increased
atmospheric concentrations are possible, but unlikely at these levels
in remote areas. The most logical explanation is that CH3Br has
been injected into the ®rn air at Tunu, perhaps by desorption or in
situ production. Tests with our ®rn diffusion model indicate that
one can account for the anomalous enrichments only by invoking
net injection of CH3Br at or near the ®rn±ice transition (see
Supplementary Information). We know of no physical, chemical
or biological mechanism that could easily explain this injection.
Simple adsorption followed by subsequent release during densi®ca-
tion would have injected CH3Br into the ®rn air at all three
sites. Abiotic chemical transformation at such cold temperatures
(-45 8C) cannot be ruled out, although attempts to identify possible
source materials are speculative. Tunu has signi®cant marine
in¯uence and is located in an area affected by arctic haze, which is
known to contain signi®cant amounts of bromine48. There is no
evidence to date suggesting that organisms grow at the low tem-
perature of the ®rn, but it is possible that loosely bound material
could be slowly released from enzymes or cell surfaces. Whatever the
source of the anomalous CH3Br, we cannot prove it to be absent in
Antarctica. However, if the process is driven at the ®rn±ice tran-
sition zone, as it most probably was at Tunu, then it could not have
been signi®cant at the South Pole or at Siple Dome, which yield
observed pro®les of concentration decreasing monotonically with
depth to the bottom of the holes. Even a very low net production at
the lock-in zone would have changed the shape of the pro®les
noticeably, and also would have elevated the bottom concentrations
substantially. Competing, unknown production and degradation
processes throughout the ®rn might have altered the ®rn-air
concentrations of CH3Br, but the probability is low that these
processes would produce similar pro®les at the two physically
dissimilar Antarctic sites.

Summary
Antarctic and Greenland ®rn can provide reliable archives of many
atmospheric halocarbons dating back to the late 1800s, extending
records of gases that have been measured in real time only during
the past two decades. Robust records of CFCs, halons and SF6

extracted from the measurements of ®rn air agree with real-time
estimates in the later parts of the pro®les, corroborate emission
models for some species and are useful in evaluating lifetimes and
emission estimates for others. Although there are still important
uncertainties, our data re®ne halocarbon histories and give experi-
mental evidence about their pre-anthropogenic concentrations. It
appears that for many species the cold, dry air in the ®rn preserves
the gases. Except for CH3Cl and CH3Br, which have signi®cant
natural sources, all of the halocarbons studied appear to have been
derived entirely from emissions during the twentieth century.
CH3Br and perhaps CCl4 are, for unknown reasons, not always
conserved in ®rn air, and other reactive halocarbons could
conceivably behave similarly. M
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Methods

Two holes were drilled at each site. At the South Pole, both boreholes reached

the ®rn±ice transition; at Tunu and Siple Dome the second holes ended in the

diffusive zone. We only consider data from the ®rst hole at Siple Dome for our

model because of inconsistencies in the sampling protocol. Low-pressure

samples (,120 kPa) were collected into duplicate, 2.5-litre glass ¯asks at all

three sites. Higher-pressure samples (,380 kPa) were also collected into single

or duplicate 2.4-litre stainless-steel ¯asks at Tunu and Siple Dome. Details on

drilling and ¯ask ®lling can be found in Battle et al.16. Glass ¯asks were ®lled at

all three sites with a pump (MB-158, Metal Bellows, Senior Flexonics, Sharon,

Massachusetts) attached to nylon or Dekabon tubing, and analysed by GC/ECD

for 11 trace gases. CO2 and d15N of N2 also were measured in air from

the glass ¯asks. Surface air was excluded from the borehole by in¯ating a
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natural rubber bladder with stainless-steel end-caps. After the bladder was

in¯ated, ,500±1,500 litres of ®rn air was extracted and pumped to waste,

followed by ¯ushing of the sample ¯asks with 10 volumes of ®rn air. Stainless-

steel ¯asks ®lled with a pump (KNF Neuberger, Princeton, New Jersey) at Tunu

and Siple Dome were analysed for over 20 halocarbons by GC/ECD and by gas

chromatography with mass spectrometric detection (GC/MS). Measurements

were calibrated with gravimetrically prepared standard gases, typically

spanning a range of 20±150% of current atmospheric values. GC/MS calibra-

tion curves were linear in all cases and no zero-corrections were required; those

for GC/ECD were predominantly linear. Zero air, a 20/80 mixture of puri®ed,

synthetic O2 and N2, was analysed to con®rm values obtained at the bottom of

the pro®les and to establish detection limits for both instruments. Detection

limits for the CFCs typically were within 1 or 2 pmol mol-1 of zero and, for SF6

and the halons, within 0.1 and 0.2 pmol mol-1 of zero.

Received 18 December 1998; accepted 28 April 1999.

1. Montzka, S. A. et al. Decline in the tropospheric abundance of halogen from halocarbons:

Implications for stratospheric ozone depletion. Science 272, 1318±1322 (1996).

2. Cunnold, D. M. et al. GAGE/AGAGE measurements indicating reductions in global emissions of
CCl3F and CCl2F2 in 1992±1994. J. Geophys. Res. 102, 1259±1269 (1997).

3. Molina, M. J. & Rowland, F. S. Stratospheric sink for chloro¯uoromethanes: Chlorine atom catalyzed

destruction of ozone. Nature 249, 810±814 (1974).

4. Miller, J. M. Summary Report 1972 (Rep. No. 1, Geophysical Monitoring for Climate Change, National

Oceanic and Atmospheric Administration, Boulder, CO, 1974).
5. Prinn, R. G. et al. The Atmospheric Lifetime Experiment 1. Introduction, instrumentation, and

overview. J. Geophys. Res. C 88, 8353±8367 (1983).

6. Gamlen, P. H., Lane, B. C., Midgley, P. M. & Steed, J. M. The production and release to the atmosphere

of CCl3F and CCl2F2 (chloro¯uorocarbons CFC-11 and CFC-12). Atmos. Environ. 20, 1077±1085

(1986).
7. Fisher, D. A. & Midgley, P. M. Uncertainties in the calculation of atmospheric releases of

chloro¯uorocarbons. J. Geophys. Res. 99, 16643±16650 (1994).

8. Gribble, G. W. Natural organohalogens. J. Chem. Educ. 71, 907±911 (1994).

9. Khalil, M. A. K. & Rasmussen, R. A. Atmospheric methyl chloride. Atmos. Environ. 33, 1305±1321

(1999).
10. Butler, J. H. Scienti®c uncertainties in the budget of atmospheric methyl bromide. Atmos. Environ. 30,

R1±R3 (1996).

11. Penkett, S. A. et al. in Scienti®c Assessment of Ozone Depletion: 1994 (eds Albritton, D. L., Watson, R. T.

& Aucamp, P. J.) Ch. 10 (World Meteorological Organization, Geneva, Switzerland, 1995).
12. Lovelock, J. E., Maggs, R. J. & Wade, R. J. Halogenated hydrocarbons in and over the Atlantic. Nature

241, 194±196 (1973).

13. Isidorov, V. A., Zenkevich, I. G. & Ioffe, B. V. Volatile organic compounds in solfataric gases. J. Atmos.

Chem. 10, 329±340 (1990).

14. Schwander, J. et al. The age of the air in the ®rn and the ice at Summit, Greenland. J. Geophys. Res. 98,
2831±2838 (1993).

15. Sturges, W. T., Penkett, S. A., Barnola, J.-M. & Chappellaz, J. A. in Chemical Exchange between the

Atmosphere and Polar Snow (eds Wolff, E. W. & Bales, R. C.) 617±622 (Springer, New York, 1995).

16. Battle, M. et al. Histories of atmospheric gases from the ®rn at South Pole. Nature 383, 231±235

(1996).
17. Elkins, J. W. in Summary Report 1994±1995 (eds Hofmann, D. J., Peterson, J. T. & Rosson, R. M.) 84±

111 (Rep. No. 23, Climate Monitoring and Diagnostics Lab., US Dept of Commerce, Boulder, 1996).

18. Butler, J. H. et al. in Summary Report 1996±1997 (eds Hofmann, D. J., Peterson, J. T. & Rosson, R. M.)

91±121 (Rep. No. 24, Climate Monitoring and Diagnostics Lab., US Dept of Commerce, Boulder,

1998).
19. Schwander, J., Stauffer, B. & Sigg, A. Air mixing in ®rn and the age of the air at pore close-off. Ann.

Glaciol. 10, 141±145 (1988).

20. Bender, M. L., Sowers, T., Barnola, J.-M. & Chappeallaz, J. Changes in the O2/N2 ratio of the

atmosphere during recent decades re¯ected in the composition of air in the ®rn at Vostok Station,

Antarctica. Geophys. Res. Lett. 21, 189±192 (1994).
21. Craig, H., Horibe, YT. & Sowers, T. Gravitational separation of gases and isotopes in polar ice caps.

Science 242, 1675±1678 (1988).

22. Sowers, T., Bender, M. & Reynaud, D. Elemental and isotopic composition of occluded O2 and N2 in

polar ice. J. Geophys. Res. 94, 5137±5150 (1989).

23. Martinerie, P., Raynaud, D., Etheridge, D. M., Barnola, J.-M. & Mazaudier, D. Physical and climatic
parameters which in¯uence the air content in polar ice. Earth Planet. Sci. Lett. 112, 1±13 (1992).

24. Lovelock, J. E. Methyl chloroform in the troposphere as an indicator of OH radical abundance. Nature

267, 32 (1977).

25. Singh, H. B., Salas, L. J., Shigeishi, H. & Scribner, E. Atmospheric halocarbons, hydrocarbons, and

sulfur hexa¯uoride: Global distributions, sources, and sinks. Science 203, 899±903 (1979).
26. Rasmussen, R. A. & Khalil, M. A. K. Atmospheric trace gases: Trends and distributions over the last

decade. Science 232, 1623±1624 (1986).

27. Fraser, P. et al. Lifetime and emission estimates of 1,1,2-trichlorotri¯uorethane (CFC-113) from daily

global background observations June 1982 June 1994. J. Geophys. Res. 101, 12585±12599 (1996).

28. Maiss, M. & Levin, I. Global increase of SF6 observed in the atmosphere. Geophys. Res. Lett. 21, 569±
572 (1994).

29. Singh, H. B., Salas, L., Shigeishi, H. & Crawford, A. Urban-nonurban relationships of halocarbons,

SF6, N2O, and other atmospheric trace constituents. Atmos. Environ. 11, 819±828 (1977).

30. Ehhalt, D. H. et al. in Report of the International Ozone Trends Panel, 1988 (ed. Watson, R. D.) 543±570

(Rep. No. 18, United Nations Environmental Programme, Nairobi, 1988).
31. Prinn, R. G. et al. Atmospheric trends and lifetime of trichlorethane and global average hydroxyl

radical concentrations based on 1978±1994 ALE/GAGE measurements. Science 269, 187±192 (1995).

32. Wingenter, O. W., Wang, C. J.-L., Blake, D. R. & Rowland, F. S. Seasonal variation of tropospheric

methyl bromide concentrations: Constraints on anthropogenic input. Geophys. Res. Lett. 25, 2797±

2801 (1998).
33. Etheridge, D. M. et al. Natural and anthropogenic changes in atmospheric CO2 over the last 1000 years

from air in Antarctic ice and ®rn. J. Geophys. Res. 101, 4115±4128 (1996).

34. McCulloch, A. Global production and emissions of bromochlorodi¯uoromethane and bromotri-

¯uoromethane (halons 1211 and 1301). Atmos. Environ. A 26, 1325±1329 (1992).
35. Geller, L. S. et al. Tropospheric SF6: Observed latitudinal distribution and trends, derived emissions

and interhemispheric exchange time. Geophys. Res. Lett. 24, 675±678 (1997).

36. Elkins, J. W. et al. Decrease in the growth rates of atmospheric chloro¯uorocarbons 11 and 12. Nature

364, 780±783 (1993).

37. Butler, J. H., Montzka, S. A., Clarke, A. D., Lobert, J. M. & Elkins, J. W. Growth and distribution of
halons in the atmosphere. J. Geophys. Res. 103, 1503±1511 (1998).

38. Sanhueza, E., Fraser, P. J. & Zander, R. J. in Scienti®c Assessment of Ozone Depletion: 1994 (eds

Albritton, D. A., Watson, R. T. & Aucamp, P. J.) 2.1±2.38 (World Meteorological Organization,

Geneva, 1995).

39. Krysell, M. & Wallace, D. W. R. Arctic Ocean ventilation studied with a suite of anthropogenic
halocarbon tracers. Science 242, 746±749 (1988).

40. Walker, S. J., Weiss, R. F. & Salameh, P. K. Reconstructed histories of the annual mean atmospheric

mole fractions for the halocarbons CFC-11, CFC-12, CFC-113 and carbon tetrachloride. J. Geophys.

Res. (submitted).

41. Galbally, I. E. Man-made carbon tetrachloride in the atmosphere. Science 193, 573±576 (1976).
42. Moore, R. M., Groszko, W. & Niven, S. J. Ocean-atmosphere exchange of methyl chloride: Results

from NW Atlantic and Paci®c Ocean studies. J. Geophys. Res. 101, 28529±28538 (1996).

43. Rudolph, J., Khedim, A., Koppmann, R. & Bonsang, B. Field study of the emissions of methyl chloride

and other halocarbons from biomass burning in western Africa. J. Atmos. Chem. 22, 67±80 (1995).

44. Harper, D. B. Halomethane from halide ionÐa highly ef®cient fungal conversion of environmental
signi®cance. Nature 315, 55±57 (1985).

45. Report of the Ninth Meeting of the Parties to the Montreal Protocol on Substances that Deplete the Ozone

Layer (Montreal) (United Nations Environmental Programme, New York, 1997).

46. Butler, J. & Rodrigues, J. in The Methyl Bromide Issue (eds Bell, C., Price, N. & Chakrabarti, B.) 27±90

(Wiley and Sons, London, 1996).
47. Yvon-Lewis, S. A. & Butler, J. H. The potential effect of oceanic biological degradation on the lifetime

of atmospheric CH3Br. Geophys. Res. Lett. 24, 1227±1230 (1997).

48. Rasmussen, R. A. & Khalil, M. Gaseous bromine in the arctic and arctic haze. Geophys. Res. Lett. 11,

433±436 (1984).

49. Wilke, C. R. & Lee, C. Y. Estimation of diffusion coef®cients for gases and vapors. Ind. Eng. Chem. 47,
1253±1257 (1955).

50. Prinn, R. G. et al. The Atmospheric Lifetime Experiment 5. Results for CH3CCl3 based on three years

of data. J. Geophys. Res. C 88, 8415±8426 (1983).

51. Prinn, R. et al. Global average concentration and trend for hydroxyl radicals deduced from ALE/GAGE

trichloroethane (methyl chloroform) data from 1978±1990. J. Geophys. Res. D 97, 2445±2461 (1992).
52. Khalil, M. A. K., Rasmussen, R. A. & Gunawardena, R. Atmospheric methyl bromide: Trends and

global mass balance. J. Geophys. Res. D 98, 2887±2896 (1993).

Supplementary information is available on Nature's World-Wide Web site (http://www.nature.com) or
as paper copy from the London editorial of®ce of Nature.

Acknowledgements. We thank those responsible for drilling at South Pole (D. Giles and J. Kyne), Tunu
(J. Kyne and B. Bergeron) and Siple Dome (E. Ramsey, J. Brown, and S. Root). We also thank R. Myers for
preparation of standards used in this work. This research was supported by the NSF Of®ce of Polar
Programs, the National Institute of Global Environmental Change (NIGEC), the Atmospheric Chemistry
Project of NOAA's Climate and Global Change Program, and the Methyl Bromide Global Coalition.

Correspondence and requests for materials should be addressed to J.H.B. (e-mail: jbutler@cmdl.noaa.
gov). Data for gases at all sampling sites are available at http://cmdl.noaa.gov/noah or by anonymous ftp
at ftp://ftp.cmdl.noaa.gov/noah.

articles

NATURE | VOL 399 | 24 JUNE 1999 | www.nature.com 755




