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[1] Seven short-lived atmospheric trace gases were measured in 25 ice core samples from
Summit, Greenland. Samples were selected from contemporaneous sections of

fluid- and dry-drilled ice cores to examine what effects using n-butyl acetate as the drill
fluid would have on the measurements. The gases include three light alkanes, C,Hg, C3Hg,
and n-C4H,¢; two methyl halides, CH3Cl and CH3Br; and two sulfur compounds, OCS
and CS,, with gas ages from 125 to 325 years before present. Alkane levels are
comparable to measurements in modern Arctic air, although C,Hg exhibits greater
variability than expected compared with C3Hg and n-C4H;o. These results are not
consistent with the idea that the alkanes are primarily of anthropogenic origin, suggesting
that the ice cores may not truly record a paleoatmospheric signal with respect to these
gases. The CH;Br results are consistent with previous observations of “excess’” CH;Br in
Greenland firn air. In situ production processes appear to overwhelm the paleoatmospheric
signal of this gas. CH3Cl exhibits the same effect to a lesser extent. OCS levels are
similar to those in Antarctic ice cores and appear to reflect paleoatmospheric levels. CS,
results are similar to the limited database of modern atmospheric measurements. Only
C5Hg and n-C4H, exhibit clear evidence of contamination because of the presence of the
drill fluid. The results indicate that it is possible to analyze many trace gases in fluid- and

dry-drilled ice samples. However, it appears that in situ production may significantly
alter the levels of some trace gases in Greenland ice cores.

Citation: Aydin, M., M. B. Williams, and E. S. Saltzman (2007), Feasibility of reconstructing paleoatmospheric records of selected
alkanes, methyl halides, and sulfur gases from Greenland ice cores, J. Geophys. Res., 112, D07312, doi:10.1029/2006JD008027.

1. Introduction

[2] Air bubbles trapped inside ice cores are a valuable
archive of the ancient atmosphere. Although paleoatmo-
spheric histories of greenhouse gases like CO, and CHy4
have been reconstructed from ice cores, much less informa-
tion exists about the atmospheric variability of lower
abundance trace gases such as halocarbons, hydrocarbons,
and sulfur gases that have relatively short atmospheric
lifetimes, ranging from days to a few years. In this study,
we report measurements of C,-C4 alkanes (ethane, C,Hg;
propane, CsHg; n-butane, n-C4H;(), two methyl halides
(CH;CI and CH3Br), and two sulfur compounds (OCS
and CS,) in air extracted from Greenland ice cores. Thirty
samples were analyzed from B and D cores drilled to depths
of 200 and 3000 m, respectively, as part of the Greenland
Ice Sheet Project (GISP2) at Summit, Greenland (72.6°N,
38.5°W, 3200 m asl). The shallow B core was dry-drilled,
while n-butyl acetate (C¢H;,0,) was used as the drilling
fluid for the D core. The samples from both cores have
contemporaneous gas ages as they were chosen from similar
depths. The primary goal of this study is to assess the
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feasibility of reconstructing paleoatmospheric levels of
short-lived trace gases from dry- and fluid-drilled Greenland
ice cores.

[3] There have been two studies of low-molecular-weight
alkanes in firn air. C,Hg and CsHg results from an Antarctic
shallow firn [Kaspers et al., 2004] and C,Hs, C3Hg, and
C4H;( measurements in firn air from Summit, Greenland
[Worton, 2006], suggest that alkanes are stable in firn and
are not prone to in situ artifacts. It has also been shown that
there is no photochemical production of alkanes in Green-
land snow [Swanson et al., 2002]. The available evidence,
albeit limited, suggests that it may be possible to recon-
struct a paleoatmospheric record of alkanes from ice core
measurements.

[4] Measurements of CH5Cl in firn air from Greenland and
Antarctica suggest that this gas is preserved in the polar firn
air from both hemispheres [Butler et al., 1999; Kaspers et al.,
2004; Trudinger et al., 2004]. Trudinger et al. [2004] argue
that subtle discrepancies exist between certain Antarctic firn
records, which may implicate in situ chemistry. A 300-year
atmospheric history of CH3Cl was developed based on
measurements in Siple Dome ice cores from Antarctica
[Avdin et al., 2004]. CH;CI has also been measured in a
limited number of samples from another Antarctic ice core
[Saito et al., 2006]. The results indicate that CH3Cl is stable
in polar ice matrices over centennial timescales.
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[s] CH;3Br exhibits different behavior in firn air from the
two hemispheres. Antarctic firn air appears to record paleo-
atmospheric CH3Br levels. Firn air profiles from several
Antarctic sites show CH;Br levels increasing through the
twentieth century in reasonable agreement with estimates of
anthropogenic emissions [Butler et al., 1999; Sturges et al.,
2001a; Trudinger et al., 2004]. Antarctic ice core measure-
ments in Siple Dome demonstrate that CH3Br is stable in
Antarctic ice on timescales of hundreds of years and
exhibits levels consistent with those in firn air [Saltzman
et al., 2004]. In contrast, results from Tunu, Greenland, and
Devon Island, Canada, indicate enrichment of CH3Br in firn
air relative to atmospheric levels [Butler et al., 1999;
Sturges et al., 2001a]. So far, the enrichment observed in
the Northern Hemisphere firn sites has not been explained,
but Swanson et al. [2002] observed photochemical produc-
tion of CH;3Br in Greenland surface snow, providing the
first direct evidence of possible artifacts because of in situ
chemistry.

[6] OCS is the only sulfur gas that has been measured in
polar firn air and ice cores. Firn air results from Antarctica
and Canada suggest that an atmospheric OCS record is
preserved in both hemispheres [Sturges et al., 2001b]. More
recently, Antarctic ice core and firn air measurements have
been used to reconstruct the atmospheric history of OCS
over the last 400 years [Aydin et al., 2002; Montzka et al.,
2004]. To date, there are no published measurements of CS,
in firn air or ice cores.

2. Methods
2.1. Ice Core Dating

[7] At polar glacial sites, the vertical transport of gases in
firn is determined primarily by molecular diffusion, gravi-
tational settling, and to a lesser degree by wind pumping
and convection [Schwander et al., 1993]. The aging of
various gases in the firn occurs at slightly different rates that
can be estimated from their respective molecular weights
and diffusivities [Schwander et al., 1993, 1997]. Below the
bubble close-off depth, all gases age at the same rate,
determined by the snow accumulation rate. A gas age at
bubble close off is not a true age but rather a mean diffusive
age that is always younger than the surrounding ice at close
off. Lighter, more diffusive gases have a younger mean age
and a narrower gas age distribution profile than heavier, less
diffusive ones. In the calculation of the mean gas ages in
this study, we determine an ice age-gas age difference (delta
age) specific to each gas at pore close-off depth and subtract
this delta age from the ice ages through the length of the
core.

[8] The ice core samples analyzed in this study are from a
depth range of 98.7—-137.1 m for GISP2 B and 112.9-
145.9 m for GISP2 D. At the D core site, the pore close off
is at 72 m, and the mean methane age at this depth is 9 years
with a standard deviation of 5.5 years for the age distribu-
tion [Schwander et al., 1997]. The species-specific gas ages
and the standard deviations of the age distributions at pore
close off are calculated by scaling the mean methane age
with the diffusivity of each gas relative to methane
[Schwander et al., 1997]. Subtracting these gas ages from
the ice age at close off yields delta ages of 194, 191, 188,
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193, 191, 192, and 189 years for C,Hg, C3Hg, n-C4H,
CH;Cl, CH;3Br, OCS, and CS,, respectively. The standard
deviations of age distributions are 8, 11, 12, 9, 11, 9, and
12 years for these gases in the same order. The gas ages at
sampling depths for the length of the core are calculated by
subtracting the delta ages from the ice ages for the GISP2 D
core determined by layer counting [Alley et al., 1993; Meese
et al., 1994; Meese et al., special CRREL report, 94-1 US],
resulting in a slightly different mean age for each gas
species at the same depth. The ice ages for the GISP2 B
are calculated by adding a 5-year offset to the ice ages of the
D core at the same depth. This offset is based on a
comparison of ice ages determined for both cores by
continuous measurements of various major ions [Mayewski
et al., 1990, 1997; Taylor et al., 1996; Yang et al., 1995].
Calculated gas ages are reported as years before present
(BP) referenced to the calendar year 2000.

[9] In the discussion of OCS results, GISP2 measure-
ments are compared with previously published results from
Siple Dome, Antarctica. The Siple Dome gas ages were
obtained with a similar approach to what is used in this
study. Details of the age calculations for that core are given
in the works by Aydin et al. [2002] and Montzka et al.
[2004]. Those gas ages are used unchanged in the current
study.

2.2. Ice Core Extraction

[10] The air is liberated from the ice core samples using a
dry-extraction technique, in which ice is mechanically
shredded under vacuum [Etheridge et al., 1988; Sowers
and Jubenville, 2000]. The extraction chamber is a cylin-
drical electropolished stainless steel tube, which is 14.5 cm
in diameter and 20 cm in length. The chamber ends are
conflat flanges sealed by copper gaskets, and a bellows
valve is welded to the flange on one end for transferring gas.
A flat stainless steel grater is mounted lengthwise in the
chamber. Since dry-extraction requires that the samples stay
frozen during extraction, the chamber is mounted inside a
chest freezer and connected to a motorized piston providing
a linear motion of 13 cm at 1 Hz. When not in motion, the
extraction chamber is connected to a stainless steel vacuum
line via a flexible stainless steel bellows. All valves on the
vacuum line are stainless steel bellows valves with alloy or
copper valve tips.

[11] In preparation for the extraction, the ice core sample
and the extraction chamber are precooled to —40 or —50°C.
We found that the extraction process worked successfully at
either temperature for the gases presented here. The outer
2—3 mm are shaved off, and the sample is placed on the
grater inside the chamber. After loading the sample, the
chamber is pumped down to 1072 torr and repeatedly
flushed with clean N, to remove residual air. The chamber
is then disconnected from the vacuum line, and the motor-
ized piston is operated for 15 min. The ice core shreds as it
slides back and forth over the grater, liberating 70—80% of
the air trapped in the sample. The GISP2 samples were
300-600 g, yielding 30—60 cm® standard temperature and
pressure (STP) of air. After extraction, the chamber is
reconnected to the vacuum line, and the air is condensed
into a 76-cm long, 1/4” outside diameter (OD) stainless
steel tube immersed in liquid helium. It takes about 4 min to
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cryogenically pump >95% of the sample into the tube. The
analysis of the extracted air starts 10 min after recovery.

2.3. Gas Analysis

[12] The air extracted from the ice cores is analyzed using
gas chromatography (GC) with mass spectrometric detec-
tion (HP 5890/Micromass Autospec Ultima). The sample is
cryogenically focused on a 1/8” OD glass bead trap
immersed in liquid nitrogen. The size of the sample is
determined by measuring the pressure change on a calibrated
volume downstream of the cryotrap. An aliquot of isotope-
labeled gas standard (30 cm® STP) is added to the cryotrap to
provide an internal reference for quantitation. The mixture of
condensable gases from the sample and the internal standard
are then transferred in a helium stream to a fused silica loop in
liquid nitrogen and thermally injected onto the GC column.
The GC oven is programmed to stay isothermal at —50°C for
3 min, ramp to —40°C at 5°C/min, followed by a 15°C/min
ramp to 30°C and a 30°C/min ramp to 120°C.

[13] The mass spectrometer is operated in selected ion
mode at a mass resolution of 6000 (M/AM at 5%), using
ion fragments of deuterium (D-) labeled dodecane as the
lock masses. At this mass resolution, halocarbons are fully
resolved from hydrocarbons at the same mass to charge
ratio [Engen et al., 1998, 1999]. D-labeled dodecane is
used because its ion fragments do not interfere with frag-
ments from undeuterated atmospheric hydrocarbons, from
3C-labeled hydrocarbons used as internal standards, or
from halocarbons.

[14] The primary standards used for the calibration of
the system are prepared at University of California,
Irvine (UCI), in Aculife-treated aluminum cylinders (Scott
Specialty Gases) pressurized with dry N,. Each standard
cylinder contains a parts per billion (ppb)- level mixture of
all the unlabeled trace gases, which are added into the
cylinders by volumetric injection of commercially purchased
pure compounds. One exception is CS,. Since pure CS,
is in liquid phase at laboratory temperature and pressure,
it is prediluted to parts per thousand levels in a separate
aluminum cylinder, which is used in the preparation of
the ppb-level standards. Currently, there are three of these
primary standards that were prepared in 2003, 2004, and
2005 calendar years. All three cylinders are used to
calibrate a fourth standard cylinder, prepared at ppb-level
in the same manner as the primary standards but containing
the isotope-labeled analogues of the same trace gases. The
isotope-labeled gas standard contains '*C-labeled C,Hs,
CsHg, n-C4H;, OCS, and CS, as well as fully deuterated
CH;Cl and CH;Br. CFC-12 is also measured but not cali-
brated by isotope dilution. The stability of the trace gases in
the pressurized cylinders is monitored by cross calibrating the
standard tanks twice a year.

[15] System calibration and routine analyses with isotope
dilution are carried out, using parts per trillion (ppt)- level
working standards. Both the unlabeled and labeled working
standards are prepared at near ambient levels by diluting the
ppb-level primary standards with humid N, in electropol-
ished stainless steel flasks. New working standards are
prepared every 3—4 weeks to avoid compromising their
stability in the flasks. The use of isotope-labeled internal
standards compensates for drift in the mass spectrometer
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response and run-to-run variations in chromatographic peak
shape.

3. Data

[16] Thirty ice core samples were analyzed as part of this
project with 15 samples each from the GISP2 B and D cores.
All data are corrected for gravitational effects that act to
enrich the air in the bottom of the firn with respect to gases
that have higher molecular weights than air. In the order of
size, the gravitational corrections are 0.04%, 0.5%, 0.7%,
1.0%, 1.1%, 1.7%, and 2.3% for C,Hs, CsHg, CH;5CI,
n-C4Hyp, OCS, CS,, and CH;Br, respectively. In addition
to the gases presented here, CFC-12 was also measured as
an indicator of contamination by modern air due either to air
trapped in fractures in the ice sample or to the leaks during
the handling of the gas sample. Three GISP2 B and two
GISP2 D samples had exceptionally high mixing ratios of
CFC-12 (>10 ppt) and were not included in this data set,
lowering the total number of samples to 25. The average
CFC-12 level is 2 £ 3 ppt (10) for the 12 GISP2 B samples
and less than 1 + 2 ppt (10) for the 13 GISP2 D samples.
Nitrogen blank runs were always CFC-12 free, and baro-
metric leak checks did not indicate any problems with the
integrity of the vacuum systems during extraction and
analyses. We suggest that the low levels of CFC-12 mea-
sured in most ice core samples may reflect diffusion of air
along small fractures in the ice core, with the presumption
that the preindustrial atmosphere was CFC free.

[17] Since CFC-12 currently measures over 500 ppt in the
atmosphere [Walker et al., 2000] and potentially higher in
storage freezers where ice cores are stored, even a minute
amount of modern air trapped in a fracture can cause a
nonzero CFC-12 measurement. For example, 100 ul STP of
modern air at 500 ppt mixed with 50 cm?® STP of CFC-free
air from an ice core will result in a 1 ppt measurement. If the
ice core and modern air mixing ratios were 100 ppt and
1000 ppt, respectively, for a given gas, the same amount of
intrusion would result in a 101.8 ppt measurement. Thus
gases with large anthropogenic components should be the
most sensitive to contamination by modern air. In this study,
none of the gases, including the alkanes, display any
correlation with the nonzero CFC-12 measurements. We
conclude that the existence of CFC-12 in some ice core
samples has no significant impact on the data presented
here.

[18] Analytical uncertainties for all mixing ratios in the
subsequent sections and tables are reported as +1o. One
factor that contributes to the analytical uncertainty is the
variability in the background levels of each trace gas in the
ice core extraction system as determined by N, blank runs,
acquired before and after an ice core sample is shredded. For
this purpose, about 30 cm® STP of clean N is isolated in the
extraction chamber for the same amount of time it takes to
shred an ice core sample. The size of the blank correction for
each sample is determined from the average of N, blanks
taken before and after shredding the sample. The preshred
N, blanks are isolated in the chamber over a whole piece of
ice core sample, and the postshred blanks are exposed to the
shredded sample. The extraction and analyses of the N,
blanks are carried out following exactly the same procedures
as a sample to capture the combined background level
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Table 1. Molar Ratio of Analytical Blank to Ice Core Signal for
Various Trace Gases in Percentages

GISP2 B GISP2 D Overall
C,Hg 33409 35406 34408
C3Hg 83+ 14 78+ 1.9 8.0 £ 1.6
n-C4H,o 85+1.0 78 +2.4 82+ 1.9
CH,CI 20 1.1 26+2.8 23+2.1
CH;Br 14+1.1 0.8 = 0.6 1.0 = 0.9
oCS 27404 6.7+ 45 48+38
CS, 133+72 13.7 + 6.7 13.5 + 6.8

contamination in both the extraction and analytical systems
as they apply to an ice core sample. Ice core samples,
preshred, and postshred blanks are all wet, containing
roughly the same amount of humidity because of sublima-
tion from the ice surface. The samples are analyzed without
any chemical or physical dehumidification procedure.

[19] The size of the blank correction is only 1 and 2% of
the signal for the two methyl halides, over 3% for C,Hg,
about 8% for C3Hg and n-C4H;, 5% for OCS, and close to
14% for CS, (Table 1). The blank correction for CS, is large
and quite variable. For the remainder of the compounds, the
blank corrections have a minor impact on the overall
analytical uncertainty. For example, the C3Hg and n-C4H;,
blanks are relatively high compared to signal size, but they
are reproducible. CH;Cl, CH;Br, and OCS blanks are highly
variable but equal only a small fraction of the signal. There is
no difference in the blanks between the dry-drilled B core
and the fluid-drilled D core except for OCS. OCS blanks for
the D core samples are higher on average and display more
variability. On the basis of the blank variability observed for
the GISP2 data set, the detection limits (30) of our system for
an ice core sample of average size (~35 cm® STP of air) are
92, 69, 43, 30, 21, 31, and 3.3 ppt for CzH(,, C3H8, C4H10,
CH;Cl, CH;3Br, OCS, and CS,, respectively.

[20] Analytical precision is the second factor that contri-
butes significantly to the overall uncertainties reported for
the current data set. The precision is determined from the
reproducibility of the calibration runs for the analytical
system as well as the variation in factors inherent to the
gas extraction process such as ice core sample size, extrac-
tion efficiency, and the concentration of each particular gas
in the extracted air.

[21] The accuracy of the analysis includes uncertainties
arising from standard preparation in addition to the factors
that affect the precision. The accuracy of the standards that
are used in calibration of the system is estimated at 2—3% on
the basis of the reproducibility of primary standard tanks
prepared at the UCI. Informal intercalibration efforts between
our laboratory at the UCI and NOAA/ESRL-GMD for
OCS, CH;Cl, and CH3Br show agreement to within 2—3%
[Avdin et al., 2004; Montzka et al., 2004] (S. A. Montzka,
personal communication) or within the range of our esti-
mated accuracy.

4. Results and Discussion
4.1. Alkanes
4.1.1. Ethane

[22] Modern atmospheric C,Hg levels in the Northern
Hemisphere range from 0.3 to 3.5 ppb, with the highest
mixing ratios occurring at high latitudes [Kanakidou et al.,
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1991; Rudolph, 1995; Boissard et al., 1996]. Rudolph
[1995] estimates the modern annual average C,H¢ mixing
ratio in the Arctic lower troposphere at 2.0—2.5 ppb, with a
steep latitudinal gradient between midlatitudes and the
Arctic. Land-based measurements at Fraserdale (50°N,
82°W) and Alert (82°N, 62°W), Canada, Rorvik (57°N,
12°E), Sweden, and Pallas (68°N, 24°E), Norway, show
wintertime average levels in the 2.2—-2.7 ppb range and
mean summertime levels in the 0.8—1.0 ppb range [Gautrois
et al., 2003; Jobson et al., 1994; Laurila and Hakola, 1996;
Lindskog and Moldanova, 1994]. Airborne measurements
from the lower troposphere in the high northern latitudes
show wintertime C,Hg levels of 2.0-2.5 ppb [4nderson
et al., 1993; Blake et al., 2003; Penkett et al., 1993] and
summertime levels at Summit, Greenland are 0.7 ppb
[Swanson et al., 2002]. C,Hg is removed from the atmo-
sphere by reaction with hydroxyl radical (OH), with a mean
annual lifetime of about a few months [Blake et al., 2003;
Boissard et al., 1996]. The atmospheric burden of C,Hy is
consistent with the estimated emissions from biomass
burning and natural gas losses, with minor contributions
from wetlands, soils, oceans, and automotive as well as
industrial emissions [Rudolph, 1995].

[23] C,H¢ levels in the GISP2 ice core samples range
from 0.96 to 2.53 ppb with a mean of 1.62 + 0.43 ppb
(Figure 1 and Table 2). In five pairs of contemporaneous
samples from the B and D cores at 180, 192, 204, 222, and
283 BP (given ages are for D core samples), the agreement
is very good. Only the pair at 275 BP displays a large
difference, with one fluid-drilled sample having 2.04 ppb of
C,Hg compared with 1.15 and 1.25 ppb of C,Hg in the two
adjacent dry-drilled samples. The highest C3Hg and n-C4H;q
mixing ratios in the entire data set are also observed in the
same fluid-drilled sample from 275 BP (Figure 1). C;Hg and
n-C4H o measurements appear to be more sensitive to the
effects of drill-fluid contamination as discussed in the
following sections. It is likely that this sample represents
an extreme case of drill-fluid contamination.

4.1.2. Propane

[24] Propane levels in the modern atmosphere are gener-
ally about 30% of atmospheric ethane levels, although data
are more limited for propane, especially at high latitudes of
the Northern Hemisphere [Poisson et al., 2000]. C;Hg levels
at Fraserdale, Canada (50°N, 82°W) averaged 0.08-
1.22 ppb from summer to winter over the period 1990—
1992 [Jobson et al., 1994], while at Alert (82°N, 62°W),
Canada over the period 1989—1996, the mean C3Hg levels
were about 0.71 ppb with a summer to winter range of
0.16—1.42 ppb [Gautrois et al., 2003]. At Rorvik (57°N,
12°E), Sweden, wintertime C;Hg levels in 1989—1990
averaged about 1.27 ppb and dropped to 0.24 ppb in
summer [Lindskog and Moldanova, 1994], and at Pallas
(68°N, 24°E), Norway in 1993—1994, the mean C3Hjg level
was 0.6 ppb, with a variability of 0.14—1.20 ppb between
summer and winter [Laurila and Hakola, 1996]. Airborne
measurements from the high northern latitudes show winter-
time C;Hg levels near 1 ppb, suggesting mean annual levels
of roughly 0.5 ppb [4nderson et al., 1993; Blake et al., 2003;
Pentkett et al., 1993]. C3Hg has an atmospheric lifetime of a
few weeks [Blake et al., 2003].

[25] The range of C3;Hg levels in the dry- and fluid-
drilled ice core samples are 0.32—0.49 and 0.28—1.0 ppb,
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Figure 1. C,H4, C;Hg, and n-C4H;( mixing ratios in

Greenland ice core samples from the dry-drilled GISP2 B
core (o) and the fluid-drilled GISP2 D core (O). Error bars
are shown only when they are larger than the symbols.

respectively (Figure 1). There are several samples for which
there is excellent agreement between the two ice cores.
However, there is an overall tendency for C3Hg in the fluid-
drilled samples to be higher than contemporary samples of
the dry-drilled core. The presence of the drilling fluid,
which probably penetrated the ice along fractures that later
healed, appear to contaminate C;Hg as well as the n-C4H,
results. For the B core, the C;Hg levels are roughly 20—
30% of the corresponding C,Hg measurements, similar to
their modern relative abundance in the Northern Hemi-
sphere, and exhibit a standard deviation of only 15% unlike
the highly variable C,Hg (Table 2). Overall, ice core C3Hg
levels and C5Hg/C,Hg ratios are similar to those in modern
high-latitude Northern Hemispheric air.
4.1.3. n-Butane

[26] n-C4Hiq levels in the Arctic lower troposphere range
from about 0.3—0.5 ppb during winter to less than 0.2 ppb
during summertime based on airborne studies [4nderson et
al., 1993; Blake et al., 2003; Penkett et al., 1993]. Land-
based measurements at high latitudes vary from 0.4—0.8 ppb
in winter to 40—50 ppt in summer [Gautrois et al., 2003;
Jobson et al., 1994; Laurila and Hakola, 1996; Lindskog
and Moldanova, 1994]. n-C4H, is short-lived, with a mean
annual lifetime of about 10 days to a few weeks [Blake et
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al., 2003]. n-C4H;( levels in the dry- and wet-drilled ice
core samples range from 0.2 to 0.3 ppb and 0.2 to 0.6 ppb,
respectively (Figure 1). The pattern of wvariability of
n-C4H;( in the ice is very similar to that of C;Hg, with a
similar tendency for the fluid-drilled core to have elevated
levels (Table 2).

[27] C,H¢ exhibits a surprisingly high level of variability
in the ice that is not shared by CsHg and n-C4H;(. This
variability in the C,Hg signal is apparently a real feature of
the ice chemistry, as evidenced by the covariance between
the two ice cores. There is no evidence of severe analytical
artifacts as the signal for the alkanes in the samples are well
above the analytical blanks, and there are no obvious
problems associated with extraction of the gas from the
ice. There is evidence for drill-fluid contamination of CsHg
and n-C4H;( in some samples, but this is not severe.

[28] The observed levels of Co,Hg, C3Hg, and n-C4H | are
well within the range observed in the modern atmosphere.
The ratios of the various alkanes are also generally consis-
tent with an atmospheric origin for the ice core measure-
ments. The atmospheric ratios of these gases presumably
reflect the combined effect of the relative strength of their
sources and their OH rate constants. If the ice core signal
were a result of some photochemical or biological process
in firn or ice, one would expect to observe anomalous
alkane ratios in the ice bubbles. In an analysis of firn air
from Greenland, Worton [2006] reported that the amount of
C,Hg, C3Hg, and n-C4H;o over Greenland peaked in the
1990s at levels up to two times higher than 1950 values.
Worton [2006] also noted a considerable but relatively
smaller drop in light alkane levels since the 1990s, which
they attribute to changes in hydrocarbon emissions. How-
ever, current budget estimates attribute most of the C,Hg in
the Arctic region to natural gas losses [Olivier et al., 1996;
Rudolph, 1995], and global natural gas consumption has
nearly doubled between 1980 and 2004 (http://www.eia.
doe.gov/emeu/international/). Assuming that the nonanthro-
pogenic source terms in the C,Hg budget have not changed,
it is expected that preindustrial atmospheric C,Hg levels
should have been considerably lower than modern levels. In
this regard, the GISP2 ice core results are not consistent
with current budget estimates.

4.2. Methyl Chloride and Methyl Bromide

[29] CH3Cl is the most abundant halocarbon in the
troposphere, with a global average mixing ratio of 550 +
30 ppt and an atmospheric lifetime estimated at 1.3 years
[Keene et al., 1996; Khalil and Rasmussen, 1999, 2000;
Montzka et al., 2003a; Moore et al., 1996]. Firn air
measurements from Antarctica and Greenland suggest that
the atmospheric levels of CH;Cl remained within 10% of

Table 2. Average Mixing Ratio of All Compounds Reported as
ppt With £10 of Measured Quantities

GISP2 B GISP2 D Overall
C,H, 1606 + 491 1627 + 393 1617 + 434
C;3Hg 390 + 60 486 + 191 440 + 149
n-C4Hjo 226 + 33 278 £ 115 253 £ 89
CH;Cl 692 + 299 717 + 384 705 + 339
CH;Br 59 +34 105 + 198 83 + 144
oCs 334+ 19 317 +£ 23 325 +23
CS, 10£5 10 £ 8 10+ 6
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Figure 2. CH;Cl and CH;Br mixing ratios in Greenland
ice core samples from the dry-drilled GISP2 B core (o) and
the fluid-drilled GISP2 D core (O). The CH;Br mixing ratio
for the D core sample at 220 BP is off-scale at 760 ppt. The
scale of the y axis is set at 125 ppt to better represent the
data set as a whole. Error bars are shown only when they are
larger than the symbols.

the current levels over the last few decades [Aydin et al.,
2004; Butler et al., 1999; Kaspers et al., 2004; Trudinger et
al., 2004]. Ice core measurements from Antarctica indicate
that the average CH;Cl mixing ratio during the last
300 years was 499 + 28 ppt [Aydin et al., 2004]. These
measurements support the modern budget which asserts that
the anthropogenic emission sources for CH3;Cl are much
smaller than the natural sources [Montzka et al., 2003a].

[30] The average CH;Cl mixing ratio measured in GISP2
ice cores is 705 £ 339 ppt (Table 2), exceeding both the
mean level and variability observed in Antarctic ice cores
(Figure 2). Despite the high mean value, the CH3ClI levels
are around 500 ppt during the youngest 60 years of the
GISP2 record, in accord with what would be expected from
firn records. However, there are several measurements
greater than 600 ppt and five scattered at or above 1 ppb
between 185 and 300 BP, suggesting that the data may be
impacted by in situ CH3ClI production. If the elevated points
are ignored, there appears to be a “‘baseline” CH;Cl level of
about 500 ppt.

[31] Episodic in situ production may be linked to parti-
culate deposition [Sturges et al., 2001a] or other environ-
mental factors, such as extreme warming and melting
events, that are linked to the ice itself rather than the air
trapped in the bubbles. The ice ages of the samples with
elevated CH3Cl measurements correspond to a 150-year
period between 1500 and 1650 AD (approximate gas ages
of 1700—1850 BP; Figure 2) that is marked by a warming
climate at Summit, as evidenced by a 10% increase in the
snow accumulation rate [Meese et al., 1994]. However,
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there are no melt layers [Meese et al., 1994] or obvious
anomalies in ice chemistry [Mayewski et al., 1990, 1997;
Taylor et al., 1996; Yang et al., 1995] that correlate with the
elevated CH3Cl during this period. There is also no indica-
tion that the drill fluid has any effect on CH3Cl measure-
ments (Figure 2). The B and D core averages are similar at
692 + 299 and 717 + 384 ppt, respectively (Table 2), yet
only three of the six sample pairs show good agreement
between B and D cores. If in situ production is responsible
for this scatter, the processes responsible do not appear to
be continuous and ongoing since the highest measure-
ments are concentrated in the middle of the record
around 220 BP. It seems more likely that the production
occurred in the firn or ended some time after bubble
close off and that a warmer local climate might have
triggered it. The results place doubts on the prospects of
recovering a paleoatmospheric CH;ClI record from Green-
land ice cores.

[32] CH;Br is a precursor of stratospheric ozone deplet-
ing bromine and has a tropospheric lifetime of 0.7 years
[Colman et al., 1998; Kurylo et al., 1999; Shorter et al.,
1995; Warwick et al., 2006, Yvon-Lewis and Butler, 1997].
Tropospheric CH3Br peaked at about 10.5 ppt in the
Northern Hemisphere during the late 1990’s, with an inter-
hemispheric gradient slightly higher than 2 ppt [Montzka
et al., 2003b]. CH;3Br levels have been dropping since
then primarily because of the restrictions under the
Montreal Protocol [Montzka et al., 2003b; Yokouchi et al.,
2002]. Model simulations based on Antarctic firn air and
ice core measurements suggest that preindustrial levels of
CH;Br were lower in both hemispheres with a smaller
interhemispheric gradient [Reeves, 2003; Saltzman et al.,
2004].

[33] In the GISP ice cores, CH3Br levels are well above
ambient levels and highly scattered, with an average mixing
ratio of 83 + 144 ppt (Table 2 and Figure 2). The data
strongly suggest that CH3Br undergoes in situ enrichment
similar to what has been found in Northern Hemisphere firn
air [Butler et al., 1999; Sturges et al., 2001a]. The enrich-
ment of CH;Br can exceed the ambient levels by more than
an order of magnitude and it is not restricted to a particular
section of the ice cores. There does appear to be some
relationship between the enrichments of CH;Br and CH;Cl.
The minimum and maximum D core CH;Br measurements
are 12 and 760 ppt at 195 and 220 BP, respectively, both
measured in samples with extreme CH;Cl values. In the
B core, the minimum CH;Br and CH;Cl values of 12 and
476 ppt also occur in the same sample from 226 BP. The
maximum CH;Br measurement from the B core is 115 ppt
at 276 BP, but the CH3Cl value for this sample is only
slightly elevated at 660 ppt. For all 25 data points,
omitting one very high measurement for both compounds
at 220 BP, the correlation coefficient between CH;Br and
CH;Cl is 0.37 with a p value of 0.072, not showing
significance at 95% level. There is likely more than one
mechanism that leads to the production of methyl halides,
as the enrichment of the brominated species appears to be
more widespread.

4.3. Carbonyl Sulfide and Carbon Disulfide

[34] OCS is the most abundant sulfur species in the
troposphere with a mixing ratio of about 500 ppt and a
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Figure 3. OCS and CS, mixing ratios in Greenland ice
core samples from the dry-drilled GISP2 B core (e) and the
fluid-drilled GISP2 D core (O). Error bars are shown only
when they are larger than the symbols.

lifetime of 2—4 years [Chin and Davis, 1995; Montzka et al.,
in print, JGR 2006]. Results of the first OCS measure-
ments in firn air from Canada and Antarctica suggest that
this compound is stable in the firn with middle to late
twentieth century levels scattered around 500 ppt in both
hemispheres [Sturges et al., 2001b]. Subsequent measure-
ments in Antarctic firn air and ice cores extended the
length of the record to 350 years, with OCS levels varying
between 300 and 400 ppt [Aydin et al., 2002; Montzka et
al., 2004].

[35] The results from GISP B and D cores display steady
OCS levels with a mean of 325 + 23 ppt for the Northern
Hemisphere between 125 and 325 BP (Table 2 and
Figure 3). The OCS levels between 215 and 270 BP are
marginally lower than the rest at 300-310 ppt. The data
from both cores agree within errors where they overlap,
suggesting that the OCS signal in the GISP cores is robust.

[36] In Figure 4, the OCS data from the GISP core are
compared with the 350 year record from a Siple Dome
Antarctic ice core [Montzka et al., 2004]. The overall
agreement between the Greenland and Antarctic OCS
records strongly suggest that ice cores from both hemi-
spheres can be used to develop paleo records for this trace
gas over centennial timescales. Between 300 and 320 BP,
Antarctic OCS levels are about 75—100 ppt greater than
those measured at Greenland (Figure 4). If confirmed by
other ice cores, such an interhemispheric gradient would
likely indicate either an increase in the Southern Hemisphere
oceanic source or a decrease in the Northern Hemisphere
terrestrial sink during this period.

[37] CS, is a precursor to atmospheric OCS, with both
natural and anthropogenic sources and an atmospheric
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lifetime of several days. Ambient levels of CS, in marine
air are typically in the range of 0.5—10 ppt, although there
are relatively few measurements to date [Bandy et al., 1993;
Johnson and Bates, 1993; Kim and Andreae, 1992; Kim and
Andreae, 1987; Tucker et al., 1985]. Over the central and
eastern North Pacific where the effects of the anthropogenic
emissions diminish, CS, levels are close to 4 ppt in the
boundary layer and drop to about 2 ppt at 4 km altitude
[Blake et al., 2004]. CS, levels in the GISP ice core samples
are similar to those in ambient air with an overall average of
10 + 6 ppt (Table 2 and Figure 3). There is reasonably good
agreement between the two cores, with the notable exception
of an outlier from the D core with a mixing ratio of 34 ppt at
209 BP. The OCS measurement for this sample also looks
slightly anomalous. In our laboratory, CS, contamination is
usually accompanied by elevated OCS levels. We attribute
this to contamination from sulfur cross-linked polymers. In
the ice core samples, most of the samples with higher than
average CS, levels are apparently not associated with
elevated OCS. It is possible that there is a stronger emission
of CS, from the contamination source, or the OCS conta-
mination is masked by its relatively high abundance. Conta-
mination at low ppt levels can essentially remain less than
the measurement uncertainty against an OCS background
that is at 300 ppt and above.

[38] Current budget estimates for CS, suggest that the
oceans should be the dominant source of CS, to the
preindustrial atmosphere [Andreae and Ferek, 1992; Chin
and Davis, 1993; Kettle et al., 2002; Kjellstrom, 1998;
Watts, 2000]. Although their atmospheric lifetimes are very
different, one might expect some correlation between the
atmospheric levels of OCS and CS,. It is interesting that
the lowest OCS mixing ratios in the GISP record are
roughly from the same time period between 215 and
275 BP as the lowest CS, measurements (Figure 3).
Currently, there are no firn or surface air measurements
of CS, from Summit, Greenland with which the ice core
measurements can be compared. However, the data them-

500 -
@
5
£ 400 5
8 li'
e 1 %@%
300+ %#
50 100 150 200 250 300 350

Gas Age (years BP)

Figure 4. OCS mixing ratios in contemporaneous Green-
land and Antarctic ice core samples. Ice core samples from
the dry-drilled GISP2 B core (e), the fluid-drilled GISP2 D
core (O), and the dry-drilled Siple Dome C core (O); [4ydin
et al., 2002; Montzka et al., 2004].
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selves are consistent with an atmospheric origin of the ice
core CS, signal.

5. Conclusions

[39] This study demonstrates the successful extraction and
analysis of several short-lived trace gas species in Greenland
ice cores. For all the gases measured, the signal derived from
air extracted from ice core bubbles is above our detection
limits. Only a few of the C3Hg and n-C4H; samples appear to
be elevated because of drill-fluid contamination. In future
studies, the presence of drill fluid in the ice core samples can
probably be minimized by careful sample selection. Moni-
toring additional hydrocarbons that are more sensitive to
drill-fluid contamination could facilitate detection and pos-
sibly quantification of the drill-fluid contamination.

[40] The interpretation of the alkane measurements is
challenging. Overall, the alkane mixing ratios in the ice
are consistent with those in the modern Arctic atmosphere,
and do not provide a priori evidence of in situ production.
However, a paleoatmospheric interpretation of the data
conflicts with current atmospheric budgets of the alkanes.
Emissions because of natural gas and oil use are thought to
constitute a major part of the total burden [Boissard et al.,
1996; Katzenstein et al., 2003; Rudolph, 1995], suggesting
that there should have been lower atmospheric levels during
preindustrial times. We consider the origin of the current
levels of alkanes in Greenland ice to be an open issue,
which will require additional measurements to resolve.

[41] The methyl halide measurements indicate that in situ
production processes, rather than paleoatmospheric levels,
dominate the CH;Br signal in GISP ice cores and may
influence to a lesser extent the ice core record of CH5CI.
The GISP2 OCS measurements are in good agreement with
those from Antarctic ice cores, and it appears likely that the
ice core signals reflect paleoatmospheric mixing ratios. This
raises the possibility of reconstructing a record of the inter-
hemispheric gradient for OCS. The OCS budgets in the two
hemispheres are quite different, with terrestrial processes
dominating in the north and oceanic processes controlling
in the south [Chin and Davis, 1993; Kettle et al., 2002;
Kjellstrom, 1998; Watts, 2000]. The land sink for atmospher-
ic OCS is related to gross primary productivity [Montzka et
al., in press, JGR 2007] through uptake by plants [Goldan et
al., 1988], and the Greenland ice core record may provide
insight into the variability of the Northern Hemisphere
terrestrial biosphere on short timescales. The CS, measure-
ments in the GISP cores appear reasonable in light of current
atmospheric levels, but our knowledge of the modern atmo-
spheric distribution of this compound is insufficient to draw a
firm conclusion as to the origin of this signal.
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