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Instruments and Methods

A novel method for obtaining very large ancient air samples from
ablating glacial ice for analyses of methane radiocarbon
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ABSTRACT. We present techniques for obtaining large (~100 L STP) samples of ancient air for analysis
of '*C of methane (*CH,) and other trace constituents. Paleoatmospheric '*CH4 measurements should
constrain the fossil fraction of past methane budgets, as well as provide a definitive test of methane
clathrate involvement in large and rapid methane concentration ([CH,4]) increases that accompanied
rapid warming events during the last deglaciation. Air dating to the Younger Dryas—Preboreal and
Oldest Dryas-Bglling abrupt climatic transitions was obtained by melt extraction from old glacial ice
outcropping at an ablation margin in West Greenland. The outcropping ice and occluded air were dated
using a combination of §'*N of N,, §'30 of O,, §'®0;.. and [CH,] measurements. The [CH,] blank of the
melt extractions was <4 ppb. Measurements of 3'°0 and §'°N indicated no significant gas isotopic
fractionation from handling. Measured Ar/N,, CFC-11 and CFC-12 in the samples indicated no
significant contamination from ambient air. Ar/N,, Kr/Ar and Xe/Ar ratios in the samples were used to
quantify effects of gas dissolution during the melt extractions and correct the sample [CH,]. Corrected
[CH,] is elevated over expected values by up to 132 ppb for most samples, suggesting some in situ CH,4

production in ice at this site.

1. INTRODUCTION

Glacial ice is the only known source of well-preserved
ancient air. Analyses of air extracted from ice cores have
demonstrated the coupling between global climate and
greenhouse gases, and provided paleoenvironmental infor-
mation ranging from changes in the global biospheric
productivity to rapid temperature fluctuations over ice
sheets (Severinghaus and others, 1998; Petit and others,
1999; Bender, 2003). One of the limitations of paleo-
atmospheric studies using ice cores is the relatively small
amount of ice (and trapped air) available for analyses for any
given time period (typically <1kg ice per sample, yielding
<100cm’ of air). For components present in very low (e.g.
parts per trillion (ppt) or smaller) concentrations, this either
severely limits the quality of possible analyses or makes the
measurements entirely unfeasible. One of the measurements
that have thus far been impossible due to insufficient ancient
ice and air availability is carbon-14 of methane ("CH,).
Ice-core records from Greenland and Antarctica show
large and rapid variations in atmospheric methane concen-
tration ([CH4]) in response to climate change (Chappellaz
and others, 1993; Brook and others, 2000). Measurements of
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ambient atmospheric '*CH, in the past two decades have
helped to constrain the fossil CH,4 contribution to the global
budget, as well as reveal the '*CH, rise due to production
from pressurized-water reactors (Conny and Currie, 1996;
Lassey and others, 2007). '*C can be a similarly powerful
tool for understanding paleo-methane budgets and changes
in the methane sources during the rapid climatic transitions
at the end of the last glacial period. Recent studies of 8D and
8'°C of methane place constraints on methane budgets
during the last glacial termination (Schaefer and others,
2006; Sowers, 2006). However, the uncertainties and
similarities in the 8D and §'>C signatures of many methane
sources preclude definitive methane budget reconstructions.
The great advantage of '*CH, is that it can definitively
separate biogenic (wetlands, plants, animals) sources from
geologic and clathrate sources. Biogenic '*CH, mostly
follows atmospheric '*CO, (Wahlen and others, 1989; Quay
and others, 1999), while most geologic and clathrate sources
are very old and either contain no measurable '*C or very
low "C levels (Winckler and others, 2002; Grabowski and
others, 2004; Kessler and others, 2006).

Kennett and others (2000, 2003) interpreted negative
8'3C excursions in the record of benthic and planktonic
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Fig. 1. (a) Field sampling of Younger Dryas ice. (b) A simplified
schematic illustration of the ice cut at Pakitsoq for the large air
samples, using samples from the YD-PB transition as an example.
The methane plot at the top does not represent real values and is
used simply to illustrate the relative range of methane values
spanned by each sample.

foraminifera from the Santa Barbara Basin sediments as
evidence of massive marine CH, clathrate destabilization at
the onset of several abrupt warming events during the last
100 kyr. They suggested that several large and rapid atmos-
pheric CH, increases, coincident with the abrupt warming
events, were therefore caused by release of CH,4 from marine
clathrates to the atmosphere. This is known as the ‘clathrate
hypothesis’. The clathrate hypothesis also states that the
clathrate-released CH,4 contributed to further warming
during these events. Two such events occurred during the
last glacial termination, during the Oldest Dryas (OD)-
Bolling (~14700yearsBp, where present = AD 1950) and
Younger Dryas (YD)-Preboreal (PB) (~11 600 yearsBp) cli-
matic transitions. Quantifying clathrate contributions to the
methane increases during abrupt warming events at the end
of the last glacial period is particularly relevant in the light of
current anthropogenic warming. By recent estimates, the
present amount of methane carbon associated with clath-
rates is 500-5000 x 10'*kg (Buffett and Archer, 2004;
Milkov, 2004); which, at the upper end, is comparable to
the estimated carbon content of all fossil fuels. Future
warming of the ocean has the potential to destabilize large
amounts of methane clathrate, providing a positive feedback
to the warming.

For ice containing pre-Holocene air with [CH4] of
~500ppb, at least 1000kg ice is required to provide
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~25 pg carbon, which is near the lower limit required for
an accelerator mass spectrometry (AMS) measurement
of '*C. In this paper, we describe the techniques developed
to extract and assess the quality of very large (~100LSTP
(standard temperature and pressure)) samples of ancient air
from glacial ice that are required for '*CH, analyses.

Several experimental challenges must be overcome to
obtain air samples that are suitable for paleo-'*CH,
analyses. First, sufficient ice of the correct and well-
constrained age with a well-preserved methane record must
be obtained. Second, apparatus has to be developed capable
of extracting ~100L of air from >1000kg of ice in a rea-
sonable amount of time and without altering the CH,.
Finally, possible "*CH, contamination from ambient air as
well as the effects of gas isotopic fractionation and air
dissolution during the melt extraction must be quantified.

This paper uses the 8 notation to report relative isotopic
abundances as well as gas ratios. For isotopes, abundance
ratios of the heavy and light isotope are compared between
sample and standard, as follows:

180
——sample

16
80 =21 x1000. (1)

O
%standard
In this paper, the standard for all gas data using the & notation
is modern atmosphere at La Jolla, and the standard for
oxygen-18 of ice is Standard Mean Ocean Water (SMOW).

2. THE PAKITSOQ ICE OUTCROP

Previous work has demonstrated that large quantities of ice
dating to the last glacial termination are exposed at the
surface at the ice-margin ablation site Pakitsoq in West
Greenland (Reeh and others, 1991; Petrenko and others,
2006). An ice-sheet flow model indicates that this ice
originates near Greenland Summit, ~190km south and
40 km west of the Greenland Ice Sheet Project 2 (GISP2) site
(Reeh and others, 2002). The ice stratigraphy is rotated
nearly 90° about an axis parallel to the ice margin, exposing
a range of ages at the outcrop. In an idealized flow situation
the oldest ice would be found nearest to the ice margin in
the ablation zone, with ice becoming younger with in-
creasing distance from the ice margin, thus exposing a
‘horizontal ice core’ on the ice surface. This is the general
age pattern observed for Pakitsoq ablation ice. However, the
situation is complicated locally by large-scale folding of the
ice layers, which has been attributed mostly to ice-flow
interaction with bedrock topography (Petrenko and others,
2006). The ages for ice sections dating to the last glacial
termination are established by correlating Pakitsoq surface
ice records of 8"°N of N,, 8'80 of O,, §'80;.. and [CH,]
with records from GISP2 (Petrenko and others, 2006). Very
accurate dating is possible for ice dating from the YD-PB
and OD-Bglling climatic transitions because of unique
combinations of values for the four geochemical tracers
observed in the GISP2 ice core for these periods, as well as
the rapid changes in §'°N, [CH,4] and §'%0;. during these
transitions.

Five field seasons of ice sampling at Pakitsoq demon-
strated that (1) despite 2—-3 m of annual ablation at the site,
the ice-surface stratigraphy remains mostly constant from
year to year and (2) the 8"°N, §'®0jce, 8'°O,m and [CH,]
records in Pakitsoq ice and occluded air are mostly intact
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and suitable for paleoclimatic studies, although sporadically
elevated [CH,4] (by up to ~500 ppb) was observed in some
ice sections (Petrenko and others, 2006). Pakitsoq ice
contains thin planar bands with a high dust content (dust
bands) as well as bands of bubble-free ice (blue bands). It
was found that samples that contained dust bands as well as
large (>~2 mm width) blue bands yielded elevated [CH,4]
with respect to contemporaneous GISP2 ice. Small, non-
continuous blue bands (‘cryptic blue bands’) do not appear
to result in elevated [CH,4] when included in the samples
(Petrenko and others, 2006).

3. FIELD PROCEDURES
3.1. Sample cutting and cleaning

The large ice samples were cut from near-surface Pakitsoq
ice with oil-free electric chainsaws in 2004 (YD-PB
samples) and 2005 (OD-Belling samples) (Fig. 1a). Saw
bars and chains were pre-cleaned ultrasonically in acetone.
Figure 1b shows the orientation of the ice cut for the large air
samples with respect to the ice surface and stratigraphy,
using the samples spanning the YD-PB climatic transition as
an example. At the start of a sampling season, the approxi-
mate location of the YD-PB CH, transition was identified by
referencing to a marker pole placed in the ice at the end of
the previous season. Several short near-surface ice-sample
profiles, oriented perpendicular to the stratigraphy, were
collected at 5-20 cm resolution at the margins of and within
the projected sampling area. The extracted air was analyzed
immediately for [CH4] by gas chromatography (GC) as
described in Petrenko and others (2006) to redetermine the
exact location and span of the CH, transition, as well as
[CH,] in the ice to either side of the transition.

The ice stratigraphy at the Pakitsoq site dips east (away
from the ice margin) at 50-70° to the horizontal. Guided by
[CHy4] results from the field measurements, the sampling
followed the spatial orientation of the stratigraphic layers
with the aid of marker poles and geologic compasses for
checking the dip of the ice layers cut. Most major blue bands
and dust bands at Pakitsoq parallel the stratigraphy; these
were also used to guide the sampling. As shown in
Figure 1b, the overall shape of the ice region cut for a
sample was that of a parallelepiped with its long horizontal
edges following the strike, and the inclined edges following
the dip of the stratigraphy. At least the top 0.3 m of ice was
removed and discarded to reduce the risk of contamination
from the modern atmosphere. Further sample profiles for
field [CH4] analyses were taken as the sampling progressed
downward, to reconfirm the location of the YD-PB methane
transition. The ice blocks were handled with vinyl gloves
and placed on electropolished stainless-steel-topped tables
for cleaning. All dust bands as well as any blue bands
>~2 mm in width were removed. Between 4 and 15 mm of
ice was removed from all surfaces of each block with clean
electropolished stainless-steel chisels. Additional sample
profiles and samples from corners of the ice areas cut were
taken for laboratory analyses of 8'°N of N,, §'%0 of O,,
8'%Ojce and [CHyl.

3.2. Air extraction

The air was extracted at the field site immediately after the
ice was cut. Ice was loaded into a 670L vacuum-melting
tank (melter) constructed from chemically polished and
surface-anodized 6061 aluminum alloy (Fig. 2). Some of the
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Fig. 2. Schematic of the large air sample melt extraction system.
Gauge 1 is a 1300 hPa-range piezo pressure transducer. Gauge 2
represents three alternately used gauges: a 13 hPa-range capaci-
tance manometer, a 1300 hPa-range piezo pressure transducer and
a 15 bar-range mechanical gauge. Diaphragm pumps 1 and 2 are
KNF Neuberger models N860 and N145, respectively.

ice blocks were broken up once inside the melter to allow
for tighter packing. The melter was sealed with a lid on a
double Viton™ O-ring flange. Once sealed, the melter was
evacuated first to ~130hPa using two diaphragm pumps,
and then to 8 hPa with a rotary vane pump. As the rotary
vane pump contained oil, the air samples were never
exposed to it, and the —40°C trap upstream of this pump
(Fig. 2) was used to ensure that oil vapor did not diffuse into
the sample transfer lines. Pressure inside the melter was
monitored with a piezo pressure transducer. Ultra-high
purity (uhp) nitrogen (N,; CH,—free) or argon (Ar; ~40 ppb
CH,) was added to the melter to ~330hPa, and the
evacuation was repeated as above. The purpose of using
Ar in place of N, for a small number of samples was to test
the efficacy of evacuation (see below). The uhp N, or Ar
flush was carried out three times; at the end of the third flush
the melter was evacuated for 30min after the pressure
reached 8hPa, which allowed for further flushing out of
ambient air with water vapor.

The melter was then isolated from the pumps, and the
propane burner underneath the melter was lit. A thin
cylindrical steel shroud was placed around the burner and
the lower part of the melter, to facilitate efficient heat
exchange. Melting progress was monitored through a glass
window in the melter lid, and the burners were turned off
when there were still a few ice blocks floating on top of the
water. The melting process typically took 2-2.5 hours, with
the final water temperature reaching 10-15°C. Pressure
inside the melter headspace and temperature of the walls
were recorded.

Air transfer to 35L electropolished stainless-steel cylin-
ders was done using two diaphragm pumps in series without
drying the air. Immediately prior to the transfer, the line was
flushed with uhp N, or Ar for ~30s. With pumps running,
leak checks were performed on the transfer line and the
diaphragm pumps prior to each transfer using a capacitance
manometer. These leak checks indicated that air from leaks
during transfer amounted to a maximum of 0.03% of total
sample air. The transfer times were ~45min per extraction
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for the YD, PB and YD-PB transition samples, and ~30 min
for the OD and Belling samples. Pressure in the target
cylinder was monitored with either a piezo pressure
transducer or a mechanical high-pressure gauge. At the
end of the transfer the pressures and temperatures of the
melter and air cylinder were recorded.

The melter was closed and left overnight, with a further
pressure and temperature reading taken in the morning,
which served as a leak check of the melter itself. These leak
checks indicated that the possible amount of ambient air
leaking into the melter was <0.15% of the total sample air
for all extractions (except one for the PB which indicated
~0.3% possible ambient air). However, the slight pressure
increase sometimes observed in the melter overnight was
always smaller than that expected from outgassing of
dissolved air from the meltwater (see section 4.3). The water
level was recorded and the meltwater drained or filtered for
particulates. Between 30 and 35LSTP of air was obtained
from each melt extraction, and air from two or three melt
extractions was combined to form each sample listed in
Table 1 (except for the Last Glacial Maximum (LGM) sample,
which is from a single melt extraction). For the YD, PB and
YD-PB transition samples, air from subsequent melt extrac-
tions was added directly to air from previous extraction(s).
For the OD and Bglling samples, air from each melt
extraction was initially pumped into individual cylinders,
and then two or three extractions were combined in a single
cylinder using two diaphragm pumps in series.

3.3. Blank extractions

In order to assess '*CH, contamination from the air-
extraction procedure, simulated extractions with a synthetic
fossil CH,4/air mixture were conducted over the course of
the sampling season as follows. For each sample of distinct
age, blank extractions were conducted after the first melt
extraction and the last melt extraction of that type of sample,
to confirm that the extraction blank did not change over the
sampling season. For example, the YD samples have an
accompanying YD blank. Immediately after the melt
extraction was complete, the meltwater was heated to
~40-50°C and boiled under vacuum (while pumping on the
melter headspace) to degas for 1 hour. The melter was then
closed and left to cool overnight.

Headspace pressure and melter temperature were re-
corded the following morning and served as a leak check.
The headspace was evacuated for 0.5 hour with a diaphragm
vacuum pump to remove any CH, that may have been
produced, as well as any remaining dissolved gases that may
have equilibrated with the headspace overnight. A standard
gas containing ~500 ppb of fossil CH,4 in uhp air was then
introduced into the headspace. The gas stayed in the melter
for the same duration as a typical melting time, and was then
transferred into the same type of stainless-steel cylinder as
the sample air using exactly the same transfer procedure.
Although the simulated extractions were done in batches of
two or three (over meltwater from the same ice extraction),
one simulated extraction was done for each melt extraction.
The amount of standard gas used in each simulated
extraction was such that the amount of CH,4 was roughly
equal to that in a real extraction. The amount of standard gas
used and the duration of simulated extractions were adjusted
so that the cumulative amount of CH,4 in all the sample
extractions of a particular age (e.g. YD) as well as the
cumulative sample time in the melter were equal to the
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cumulative amount of CH, and time spent in melter for the
respective blank sample. For the OD and Bglling samples,
where the sample air experienced an additional transfer
between cylinders, this was also mimicked for the blanks.

4. EFFECTS OF MELT EXTRACTION ON AIR SAMPLE
COMPOSITION

4.1. [CH,] blank of melt extractions

The [CH,] for all field blanks was <4 ppb elevated over the
[CH4l of the standard gas (Table 1). This represents a
remarkable improvement over the [CH4] blanks we ob-
served in the early melter trials prior to surface treatment
([CH4l increases of up to 1500 ppb). Several aluminum
surface treatments were investigated, and the low-[CH,]
blanks shown in Table 1 were finally achieved through
chemically polishing (a 90°C bath containing 80% phos-
phoric acid plus nitric and sulfuric acids) and then anodizing
the melter surface. The blank samples were saved for
subsequent processing for '*C to quantify any '*CH,4 blank
from the melt extractions.

One potentially important shortcoming of the simulated
blank extractions conducted in the field was that the ice-
melting process (including the application of intense heat to
the melter bottom) was not mimicked. To address this, a
single simulated extraction was conducted with ~410kg of
gas-free ice obtained from a commercial ice-carving
supplier. Small subsamples of this ice were analyzed as
described by Petrenko and others (2006), and found to be
free of CH,4. The gas-free ice was initially purchased in
~150kg blocks, and was processed exactly as described
above in the melt-extraction procedure. The chainsaw, bar,
chain, ice-scraping chisel and table were the same as used
in the field. The major differences were that (1) ~2.5 times
the usual amount of standard gas was used to provide
sufficient pressure later for high-quality [CH,4] measurements
and (2) the ambient temperature (+20°C) was warmer than
for a typical field extraction (+5°C). Following the gas-free
ice-blank extraction, a further blank extraction was con-
ducted over the meltwater using the usual blank procedure
but again with ~2.5 times more than usual standard gas.
These tests are listed together near the bottom of Table 1. As
can be seen, the [CH4] elevation over the standard gas value
for both tests is <2 ppb. As the blank results are similar for
both tests, we conclude that our field-blank approach is
adequate in determining the [CH,4] blank of ice-melt
extractions for each sample.

Pakitsoq air samples and blanks were stored in electro-
polished steel cylinders for either 1year (OD-Bolling
samples) or 2years (YD-PB samples) prior to processing
for "*CH,. Repeated measurements of [CH,] over this time
period (not shown) demonstrated that [CH,4] was unchanged
in all blank and sample cylinders over these time periods.

4.2. Remnant ambient air and isotopic fractionation
during melt extraction

For three of the samples, uhp Ar was used instead of the uhp
N, for flushing the ice-filled melter prior to starting the
melting. This was done to test the amount of ambient air
that the melter-evacuation step may have left behind. As can
be seen from Table 1, these three samples (YD 2, YD-PB
transition 2 and Bglling 2) indeed show 8Ar/N, that is
higher by ~40%. than in the corresponding replicate
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Table 1. Measured and corrected [CH4),® CFC-11,> CFC-12,° §'0 of O,,¢ 8Ar/N,,© 5Kr/Ar and 8Xe/Ar in Pakitsoq samples and melt-
extraction blanks. Typical §'®0 of O, (for ice containing Oldest Dryas-age air), SAr/N,, 8Kr/Ar and Xe/Ar measured in small Pakitsoq ice
samples are shown for comparison with the large air samples. The [CH4] values in the ‘Corrected CH4" column have been corrected for the
melt-extraction blank and for dissolution during the melt extractions as described in section 4.3. [CH,4], CFC-11 and CFC-12 and 8Ar/N,
measurements on the CH, standard gas used in the blank extractions are also shown.® Modern ambient air CFC-11 and CFC-12
concentratfions are shown for comparison. The expected [CH,] values for the large air samples, and the differences from expected values, are
also given

Sample CH, CFC-11 CFC-12  3'%0  S8Ar/N, 8Kr/Ar  8Xe/Ar  Corrected CH, expected CH, elevation

of O, CH, from GISP2 over GISP2
ppb ppt ppt %o %o %o %0 ppb ppb ppb

Younger Dryas 1 509.3+1.1 2.0 1.5 1.37 -34.5 -33.28 -106.70 517-538 505-525 -8 to +32

Younger Dryas 2 512.6+0.7 3.6 2.4 1.38 8.4 -74.69 -140.52 520-541 505-525 -5 to +36

YD-PB transition 1 643.4+0.7 2.2 1.7 1.54 -27.4 2214 -75.42 654-680 562-684 -30to +118

YD-PB transition 2 662.2+09 2.2 1.9 1.56 11.6 -60.61 -111.10 673-700 568-701 -28 to +132

Preboreal 1 747.9+0.8 2.9 2 1.46 -31.0 -31.98 -99.46 759-790 740-760 -1 to +49

Preboreal 2 7445+1.2 4.7 2.8 1.42 -25.7 2137 -67.54 756-786 731-751 +4 to +55

Contaminated PB 2117.2+1.2 2154-2240 733-753  +1401 to +1507

YD blank 500.2+0.2 0 0 0.00 -0.5

Transition blank 499.94+0.7 O 0 0.00 -0.1

PB blank 501.0+£0.4 0 0 0.00 0.0

Oldest Dryas 1 4941+£1.0 29 1.7 1.97 -20.4 500-520 478-498 +2 to +42

Oldest Dryas 2 501.0+£0.8 2.6 1.6 1.99 -20.3 507-527 478-498 +9 to +50

Contaminated OD 564.4+0.8 2.8 2 2.00 -22.4 571-594 476-496 +75to +118

BQ)l[ing 1 646.2+0.4 5.1 2.5 2.22 -24.0 655-682 575-605 +51 to +107

Bolling 2 662.5+£0.8 2.8 1.8 2.19 12.5 672-699 578-608 +64 to +121

Last Glacial Maximum 406.6+1.0 2.2 1.4 1.82 -32.8 411-427

OD blank 501.8+0.8 0 0 0.01 2.1

Bolling blank 501.2+04 O 0 0.02 2.1

Methane standard gas 498.6+0.8 O 0 —0.01 -0.1

Gas-free ice blank 497.74+0.5 0 0 0.01 2.6 498-500

Meltwater blank 499.94+0.2 0 0 0.00 0.2

Modern ambient air 246.0 545.0

Typical values in Pakitsoq ice 2.07 58 259 50.4

4[CH,4] was measured at NIWA using a HP 5890 gas chromatograph with a flame-ionization detector. [CHy4] values in the first column have been converted
from the NIWA scale to the NOAAO4 (US National Oceanic and Atmospheric Administration) scale (Lowe and others, 1999; Dlugokencky and others, 2005)
and corrected for the partial pressure of water vapor in the sample tanks.

bThe CFC-11 and CFC-12 concentrations were measured at SIO as described by Miihle and others (2007). The measurement uncertainties were estimated from
concurrent reference gas measurements to be +2.0 ppt for CFC-12 and £2.8 ppt for CFC-11 measurements.

3'%0 of O, and 8Ar/N, were measured in duplicate; the pooled standard deviations (s,) were 0.022% and 0.135%, respectively.

98Kr/Ar and &Xe/Ar were measured at SIO as described in Headly and Severinghaus (2007) and were single measurements; s, estimated from concurrent
reference air measurements was 0.26%o for 5Kr/Ar and 2.03%o for 8Xe/Ar. The reference for 8'0 of O, 8Ar/N,, 8Kr/Ar and 8Xe/Ar measurements was clean
dry La Jolla air.

€[CH,4] for the gas-free ice blank and meltwater blank tests was measured at SIO.

The expected values for the large air samples were determined as follows. First, the full gas age range of each sample was determined as described in section 5.
Then the average [CH,] (on the NOAAO4 scale) for all available GISP2 CH,4 data points (Brook and others, 2000) within this gas age range was determined.
Expected [CH4] from GISP2 was also determined for the case where the youngest 25% of the age range on the young side (between mean age and minimum
possible included age) was excluded. This exercise was then repeated for the old side of the age range (excluding the oldest 25% of the range on that side); as
well as for the case where the end 25% from both the old and young sides were excluded. The agreement between all these values was used to estimate the
uncertainty of the expected [CH,]. Expected [CH,] for the LGM sample was not calculated, as the dating for this sample is highly uncertain. The large
uncertainties in the predicted [CHy4] of the YD-PB transition samples are due to the fact that [CH,4] is changing rapidly during this age interval; thus even small
uncertainties in sample age span result in large predicted [CH4] uncertainties.

samples using N, as the flushing gas, meaning that there is
~4% more Ar due to the leftover flushing gas. Since Ar is
only ~1% of air, the residual flushing gas comprises only
~0.04% of the entire extracted air sample. The amount of
residual ambient air in the melter should be much smaller
than this because three Ar or N, flush-and-evacuation cycles
were performed after the melter was sealed.

8'%0 of O, was measured in the large air samples and in
Pakitsoq ice (Table 1). The procedure for air extraction from
small ice samples as well as the mass spectrometry method
for all samples is described in Petrenko and others (2006).
For the large Pakitsoq air samples and blanks, 1-2 cm?STP
aliquots were taken for the measurement by expanding the
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air sample into a small evacuated volume and allowing the
air to equilibrate between this volume and the parent tank
for at least 10 min. A second expansion and equilibration
was performed for the blank tanks, which were at higher
pressure, to reduce the aliquot amount. The air aliquot was
then cryogenically transferred to a stainless-steel dip tube in
the same way as for air extracted from ice. The air aliquots
from the CH,4 standard (a high-pressure cylinder) were
collected by flowing the gas for 2 min through a regulator set
to ~2 bar, then a ~4 m length of 6 mm OD Synflex™ tubing,
then through two small (~1.3 cm?) sampling volumes,
followed by another ~4m length of Synflex® tubing. The
sampling volumes were closed immediately after the gas
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Table 2. Solubilities of gases of interest in terms of Henry’s law
constant at 0°C. All solubilities are from Wilhelm and others (1977),
converted from units of molar fraction

Gas Ky
Matm™
N, 0.001 06
O, 0.002 19
Ar 0.002 39
Kr 0.004 90
Xe 0.009 34
CH, 0.002 56

flow was stopped and the air aliquots cryogenically trans-
ferred as for the rest of the samples.

The primary objective of 8'°N of N, and §'%0 of O,
measurements on the large air samples was age determin-
ation. However, the isotopic measurements also serve to
demonstrate that the melt-extraction procedure does not
result in significant gas isotopic fractionation. The §'0O of
O, values shown for Pakitsoq ice in Table 1 are for Oldest
Dryas age ice and, as can be seen, they agree to within 0.1%.
with those in the large air samples. The §'°0 of O, values
measured in ice of other ages, as well as §'°N measurements
(Figs 4 and 5) show similar or better agreement with values
measured in the large air samples. Assuming that all isotopic
fractionation during melt extraction is kinetic in nature, the
effect on CH, isotopes should also be negligible. This was
confirmed by the good agreement of §'>CH, measured in
the large air samples with 8'>CH,4 measured in smaller ice
samples (Schaefer and others, 2006).

4.3. Solubility loss of gases and corrections to [CH,]

Some of the air from the gas bubbles in ice is lost to
dissolution in the meltwater during melt extraction. At 0°C,
the solubility of CHy, is close to that of Ar and O, and about
2.5 times that of N, (Table 2). Because of this, if a substantial
fraction of air does dissolve in the meltwater, the [CH,] in the
headspace (and thus the extracted air sample) is effectively
reduced. To determine the true [CH,4] in the sampled ice, a
correction must be made for this effect. To better understand
the solubility effects during the melt extractions, we meas-
ured Kr/Ar and Xe/Ar ratios in the large air samples spanning
the YD-PB transition, as well as in small samples of Pakitsoq
ice using established methods described in Headly and
Severinghaus (2007). Kr is about twice as soluble as CH, and
Ar, and Xe is about four times more soluble (Table 2); thus
these gases would show an enhanced solubility signature.
3Ar/N; was also measured in all large air samples as well as
in Pakitsoq ice. For 8Ar/N, measurements, the procedure for
air extraction from ice was as described in Petrenko and
others (2006) and the decanting procedure for large air
samples was the same as for 8'°0 described above. The Ar/
N, ratios were determined by measuring the 40/28 mass
ratios using a Finnigan Delta XP dual dynamic inlet isotope
ratio mass spectrometer. Corrections were made for sample/
standard pressure imbalance and for O,/N, ratio chemical
slope as described by Severinghaus and others (2003). The
reference was clean dry La Jolla air.

We expect the gases to be dissolving primarily by the
following two mechanisms. First, gas dissolves from the air
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bubbles as they rise through the water. During melt
extraction, the water level rises quickly to cover most of
the ice blocks, and most of the melting and air release
happens under water. Because the air bubbles are released
and rise near the surfaces of the ice blocks, the effective
temperature of the water they exchange gases with is near
0°C. Second, gas enters the liquid by dissolving directly into
the water from the melter headspace. The surface water is
constantly in contact with floating ice; we expect its
temperature to also be near 0°C. Thus, 0°C is the most likely
temperature of the water with which the gases equilibrate.

Knowing the typical water and headspace volumes for a
melter extraction (484 and 186L, respectively) and the
typical headspace temperature (284 K), it can be shown that
the fraction of a particular gas that dissolves in the water at
full equilibrium is:

Ku Vv

Fw = ;)
Vair 273.15K 1
KH VW + air

Tatm T 22.4Lmol™!

where F,, is the mole fraction of the total amount of a given
gas which is dissolved, K the Henry’s law constant for the
gas at dissolution temperature, V., the water volume (L), Vy;,
the headspace volume (L) and T,;, the temperature (K) of the
gas in the headspace. The molar fractions of each gas
dissolved can also be calculated for incomplete solubility
equilibrium situations (e.g. if only 50% of the gas that could
be dissolved is actually dissolved). Knowing the starting
SAr/N,, 8Kr/Ar and 8Xe/Ar in Pakitsoq ice (Table 1), the
SAr/N,, dKr/Ar and 8Xe/Ar values expected in the samples
extracted from the headspace for various fractions of full-
solubility equilibrium reached can be determined (Fig. 3a).
We can then estimate the fraction of full-solubility equi-
librium achieved for the samples by plotting 8Kr/Ar and
dXe/Ar vs 8Ar/N, along with our model predictions
(Fig. 3b).

As can be seen, four of the samples fit the models well,
while two samples (YD 2 and YD-PB transition 2) are shifted
strongly in 8Ar/N,. For both of these samples, the melter
flush used Ar, and, as discussed above, they have elevated Ar
levels. This effect can be corrected for by assuming that the
true Ar/N; ratio of these samples is as in their N,-flushed
duplicates (YD 1 and YD-PB transition 1). When this is
done, and the 8Kr/Ar and 8Xe/Ar values are corrected to
account for lower true Ar levels, the plot becomes as shown
in Figure 3c. There is excellent agreement between the data
and the melter solubility model. Such agreement can only
be achieved if all four gases (N, Ar, Kr and Xe) within any
given sample are reaching the same fraction of full-solubility
equilibrium, despite their different solubilities and diffusiv-
ities in water. Although literature estimates of diffusivity in
water for the gases of interest vary somewhat, the
diffusivities in water of Ar, Kr and Xe in the range 0-10°C
are always slightly lower, while the diffusivity in water of N,
is slightly higher than that of CH, at equivalent temperature.
The full range of measured diffusivities in water for all gases
is 0.63-1.50 x 10> cm?s™" (Smith and others, 1955; Ferrell
and Himmelblau, 1967; Boerboom and Kleyn, 1969;
Maharajh and Walkley, 1973; Jahne and others, 1987).
The spread of samples along the model lines is most likely
due to variability between samples of the fraction of full-
solubility equilibrium attained.

Because N, Ar, Kr and Xe all appear to achieve the same
fraction of full-solubility equilibrium within any given
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sample, we conclude that CH, in that sample also achieves
the same fraction of full-solubility equilibrium. Based on
dXe/Ar (Xe being the most soluble and therefore the best
estimator), we estimate the full range of solubility equi-
librium fractions observed in our samples to be 0.42-0.78
when sample 8Xe/Ar measurement errors are taken into
account. Calculating the fractions of Ny, O,, Ar and CH4
dissolved for this range of equilibrium fractions, we can
determine the minimum (1.02) and maximum (1.06)
correction factors that need to be applied to the measured
[CH,4]. These corrections, along with the blank corrections,
are incorporated into the range of corrected [CH,4] values
given in Table 1. Although Kr and Xe were not measured for
the OD-Bglling samples, we can expect the range of
necessary solubility corrections to be the same because the
extraction procedure was effectively the same as for the YD-
PB samples. We therefore apply the same solubility
corrections to all samples.

Kr and Xe were not measured in the extraction blanks.
However, 6Ar/N, in the samples shows a large Ar depletion
compared to Pakitsoq ice, so it can also serve as an indicator
of dissolution of a substantial fraction of the gases.
Interestingly, no significant Ar/N, depletion compared to
the methane standard gas is observed in the YD-PB
extraction blanks, and a slight enrichment is observed in
the OD-Bglling extraction blanks. This suggests that, unlike
the ice-melt extractions, there is no substantial exchange of
gases between the headspace and the water for the
extraction blanks. Therefore there is no need to correct the
extraction blank [CH4] for solubility effects.

The greatly enhanced gas exchange in the actual melt
extractions compared to the blanks is most likely due to gas
dissolution directly from the rising gas bubbles during
melting. This is clear from a comparison of 3Ar/N; in the
actual samples with that for the gas-free ice blank (Table 1).
The gas-free ice blank involved the same vigorous heating
and water convection as the actual samples, yet its 3Ar/N,
indicates 0.06-0.07 for the fraction of full-solubility equi-
librium reached, compared to 0.42-0.78 determined for the
actual samples.

After the solubility and blank corrections are applied, it
can be seen from Table 1 that the [CH4] in most of the
samples is 0-132 ppb higher than expected from [CH,] in
GISP2 contemporaneous ice. Some sections of ice with
elevated [CH,4l have been previously observed at Pakitsoq
(Petrenko and others, 2006). [CH,] analyses on small ice
samples taken from the same ice sections as the large
samples also yield a few values that are elevated (by up to
500 ppb in one case) with respect to GISP2 [CH4] (Figs 4
and 5). Further, [CH4] in the contaminated PB sample is
higher than the ambient atmospheric value, strongly
indicating in situ CH,4 production in the ice. In situ CHy4
production has previously been observed and attributed to
microbial sources in ice (Campen and others, 2003; Price,
2007). It is thus possible that the observed [CH,4] elevation
over GISP2 in the large air samples is due to a small amount
of microbial CH, production in Pakitsoq ice; however, this is
not well understood.

4.4. CFC-based constraints on contamination from
modern atmospheric CH,

"CH, of modern ambient air is ~130% modern carbon
(PMC) (Quay and others, 1999), while the '*CH, for all
Pakitsoq samples is expected to be <30 pMC. It is therefore
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Fig. 3. Solubility effects on gases during melter extractions.
(@) Modelled 3Ar/N,, 8Kr/Ar and &Xe/Ar vs fraction of full-
solubility equilibrium reached at 0°C. (b) Measured sample and
model 8Kr/Ar and 5Xe/Ar plotted vs 8Ar/N,. Data that do not lie on
the modelled curves are for samples YD 2 and YD-PB transition 2,
which used Ar flushing. Sample error bars are smaller than the size
of points and are not shown. (c) Same as (b), except that gas ratios
for YD 2 and YD-PB transition 2 samples have been corrected for
residual Ar from flushing as described in section 4.3.

important to quantify the amount of modern ambient CH,
that may somehow be included in our samples. The large size
of the air samples enabled us to perform CFC-11 and CFC-12
measurements for this purpose (Table 1). CFC-11 and CFC-12
have been shown to only have recent anthropogenic sources
(Butler and others, 1999). Neither the extraction blanks nor
the CH, standard gas contain measurable amounts of CFC-11
or CFC-12. Any CFCs observed in the samples must therefore
arise either from contamination by modern air in the ice or
from a handling-related process that is not mimicked by the
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Fig. 4. Geochemical records of the YD—-Preboreal transition (a) in
the GISP2 ice-core record and (b) at the Pakitsoq ice outcrop in
2004. Both records are plotted vs gas age for easy comparison. The
gas age scale for Pakitsoq was established as described in section 5,
and the distances of the main age tie points in the Pakitsoq
horizontal profile are indicated. The age—distance relationship in
Pakitsoq ice is variable (Petrenko and others, 2006). For example,
for the Pakitsoq ice section shown on the plot, ice containing gases
of Preboreal age is relatively less thinned. (a) GISP2 §'°N of N, is
from Severinghaus and others (1998), [CH,4] is from Brook and
others (2000) and §'%0;. is from Grootes and Stuiver (1997). All
GISP2 data are plotted on the gas age scale as in Schaefer and
others (2006). (b) 8'°N of Ny, 8'80,, and [CH,] in the Pakitsoq
large air samples and 8"°N of N, §'%0,m, [CH4l and §'®0jc in
small ice samples taken for stratigraphic age control. The horizontal
error bars on the large air samples indicate the maximum possible
range of gas ages included in the samples with respect to the GISP2
gas age scale. Measurements of 8'°N on the large air samples were
performed simultaneously with measurements of §'*0 of O, as
described in the text. Measurements of 3'°N, 8'80,n, [CH4] and
3'80jce on the small ice samples were performed as described in
Petrenko and others (2006). The pooled standard deviation for the
small ice sample measurements was 0.009%o for 3'°N and 0.024%.
for 8"0,m. The average standard deviation of the small ice sample
[CH4] measurements (includes reproducibility of repeated meas-
urements on the same sample as well as variation in the methane
blank) was 26 ppb. The age-control small ice sample set consisted
of a single horizontal sample profile collected near the northern
end of the sampling area (strike of the stratigraphy is approximately
north—south), along with samples from the corners of ice areas cut
for each large sample (not shown). Note that sample age decreases
with profile distance for the YD-PB transect but increases with
profile distance for the OD-Bglling transect (Fig. 5). This is due to
these transects lying on opposite sides of the axis of a large-scale
fold in the ice; for a more detailed discussion see Petrenko and
others (2006). The Pakitsoq deposition site is slightly warmer than
Summit (with §'20;.. higher by 1-2%o), with slightly thinner firn (as
indicated by ~0.02%, lower 8'°N). This predicts a slightly lower
gas-age/ice-age difference for Pakitsoq than for GISP2. This has
been taken into account when using inflection points in the
Pakitsoq 8'®0jc. record to establish gas-age tie points.
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Fig. 5. Geochemical records of the OD-Bglling transition (a) in the
GISP2 ice-core record and (b) at the Pakitsoq ice outcrop in 2005.
As in Figure 4, both records are plotted vs gas age. (a) GISP2 §'°N of
N, is from Severinghaus and Brook (1999), [CH,] is from Brook and
others (2000) and 8'®0; is from Grootes and Stuiver (1997). All
GISP2 data are plotted on the gas age scale as in Severinghaus and
Brook (1999). (b) OD-Bglling transition Pakitsoq large air samples
and small ice samples taken for stratigraphic age control, similar to
Figure 4b. The age-control small ice sample set in this case
consisted of four horizontal profiles, collected along the top and
bottom southern edges, near the center, and along the northern
edge of the sampling area. Only the center profile is shown to avoid
overloading the plot. The large Bglling samples included some gas
from the OD-Bglling CH, transition.

blanks. The maximum observed CFC-12 value in our samples
is 2.8 ppt, or 0.5% of the concentration in modern ambient
air. The CFC-11/12 concentration ratio in ambient air is ~0.5,
while in our samples this ratio is 1.53 +0.24. Because the
CFC levels are so low in these samples, the measured values
are comparable to the estimated uncertainties (Table T1).
However, the fact that the ratio is calculated on the basis of
12 different samples lends confidence to this value. The
observed CFC-11/12 ratio is very different from the ambient
ratio, demonstrating that direct leaks of ambient air are not
the dominant source of the CFCs, and that ambient air leaks
are therefore not a significant source of CH,4 contamination.

The observed CFC-11/12 ratio of 1.53 £0.24 is close to
the value we calculate for CFC-11 and CFC-12 dissolved in
~0°C water at equilibrium with air containing modern CFC-
11 and CFC-12 concentrations (1.92) (Warner and Weiss,
1985). One possibility is that the CFCs are originating from
the blue bands in Pakitsoq ice. The origin of blue bands is
currently unknown, but it is possible that they are created
when basal water is injected into cracks in the ice. This
water may originate from moulins, and thus carry a recent
atmospheric gas signature, which includes some modern
CH,. The effect of dissolved CFCs from blue bands
equilibrating between the meltwater and headspace during
a melt extraction can be modelled, and our calculations (not
shown) yield CFC concentrations of a similar range to those
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observed, but the predicted CFC-11/12 ratios are <1, which
argues against blue bands being a major contributor of
CFCs/modern air to the samples. Another line of evidence
against the blue band source of CFCs comes from earlier air
samples extracted at Pakitsoq in 2003 (not discussed in this
paper; see Schaefer and others (2006), for more on 2003
samples), for which even the smallest blue bands were
removed. These show CFC-11 and CFC-12 concentrations in
the same range as samples shown in Table 1, and a CFC-11/
12 ratio of 1.22 £0.25, which agrees, within errors, with
that for the samples in Table 1.

Another possible CFC source is dissolution of modern air
in the liquid layer on the surface of all ice pieces that were
loaded into the melter, as well as in the small amount of
meltwater pooling at the melter bottom (the temperatures at
Pakitsoq were always above freezing during our field
campaigns). In this case, the effective water volume for gas
equilibration during a melt extraction may be smaller than
the overall meltwater volume, because CFCs are present in a
thin liquid layer on the ice-block surfaces and will equilib-
rate with the headspace before most of the ice is melted. The
sample CFC-11/12 ratios predicted by this scenario match
the observed ratios, and we therefore consider this to be the
most likely source of CFCs in the samples. Of course some
modern CH, would, in this case, be dissolved on the ice
block surfaces as well. Based on CH, solubility in 0°C water
(2.56 x 10> Matm™; Table 2), we calculate that, with this
scenario, the added modern CH, would account for a
maximum of ~0.4% of the total CH,, resulting in a
maximum '*C shift of ~0.4 pMC in the samples. It is likely
that even though a measurable amount of CFCs were
trapped in the melter, most of the ambient CH,4 was removed
during the flushing/evacuation steps because CFCs are
known to adhere to a variety of surfaces and dissolution
on ice-block surfaces may not be the only process respon-
sible for their presence. Because of this, as well as because
the calculated "C correction is uncertain and small, we do
not plan to include this correction in our '*C calculations.

5. AGES OF THE LARGE AIR SAMPLES

The ages of the large air samples were established by cor-
relating records of 8'°N of N,, §'®O.pm (3'°0 of O,
corrected for gravitational fractionation in the firn) (Bender
and others, 1994), [CH,] and §'80;. in Pakitsoq ice with the
GISP2 ice-core record of the same tracers. 8'°N of N,, 8'80
of O, and [CH,4] were measured in the large air samples as
well as in small ice samples from horizontal profiles and
from the corners of the sampling area (see section 3.1).
5'80;.. was also measured in the horizontal-profile samples.
The 8'"°N of N, (Figs 4 and 5) and §'%0,, (Fig. 4) values in
the large air samples are consistent with values expected
from the GISP2 ice-core record, with the [CH,] values being
higher than in GISP2 by 0-132 ppb, as discussed above. To
illustrate how the dating is accomplished, Figures 4 (YD-PB)
and 5 (OD-Bglling) show 8'°N, [CH.,] and §'0,, for the
large air samples (3'%0,, in Fig. 4 only), as well as 3"°N,
[CH,l, 8'®0ice and §'®0,y, for the small ice samples
(3'%0m in Fig. 4 only) collected for age control. Records
from contemporaneous GISP2 ice are included in each
figure for comparison.

As can be seen, the [CH4] values in the large air samples
are mostly in good agreement with [CH,] measurements on
stratigraphically equivalent small ice samples. Several of the
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small ice samples exhibit [CH,4] that is elevated (by up to
500 ppb in one case) with respect to the GISP2 record; this
may be due to microbial in situ production as mentioned
above. §'°N in the large air samples appears to be shifted
down by ~0.02%. with respect to the small ice samples,
possibly due to fractionation, but this shift is close to the
analytical uncertainty (0.009%o).

The best age determination for the large air samples is
achieved through establishing gas age scales for sampled
sections of Pakitsoq ice. Because all samples (except for
LGM) are centered around climatic transitions involving
large and rapid changes in several geochemical tracers,
several good tie points are available for correlating the
Pakitsoq surface record with the GISP2 gas age scale. The
main gas age tie points are listed in Table 3. We have found
8'"°N to be the most robust and precise of the measurements
on Pakitsoq ice. 3'°N peaks record rapid surface temperature
changes (Severinghaus and others, 1998) that were almost
certainly synchronous over all of Greenland. Further, the
Pakitsoq deposition site is modelled to be within ~200 km of
Summit, and Pakitsoq 8'°N shows a constant offset of only
~-0.02 %0 from GISP2 values during intervals of stable
climate (YD and OD). These lines of evidence suggest that
the Pakitsoq and GISP2 deposition sites for the climatic
intervals of interest had similar firn thicknesses. We therefore
make the assumption that the temporal evolution of the §'°N
peaks in GISP2 and Pékitsoq for the YD-PB and OD-Bglling
abrupt warming events is the same and use 3'°N for most of
the gas-age tie points. We note that the other tracers are
consistent with the ages so determined in all cases.

Once the gas-age tie points are established, the age-
distance relationship for ice between any two tie points can
be determined from the stratigraphic positions of the tie
points in the Pakitsoq profile. Based on these age-distance
relationships, the average gas ages, as well as the maximum
possible age spans, of the large air samples can be
calculated (Table 4). This approach allows for mean age
determination with <1% absolute uncertainty for the YD-PB
transition samples and ~2% absolute uncertainty for the
OD-Bgilling transition samples. The age of the LGM sample,
however, is not well constrained because the four tracers we
measured were not changing significantly around the time of
the LGM.

6. SUMMARY AND OUTLOOK FOR USING
PAKITSOQ ICE TO RECONSTRUCT
PALEOATMOSPHERIC '*CH,

A novel method has been developed for obtaining very large
(~100LSTP) ancient air samples for paleoatmospheric
"“CH, analyses. This air was extracted from ancient glacial
ice outcropping at the Pakitsoq ablation site. The combin-
ation of 8"N of N,, §'%0 of O,, §'0;.. and [CH,4] allows
for unambiguous dating of the air samples, especially at
times of abrupt climatic transitions when several of these
tracers are changing rapidly. The method involves large-
scale melt extractions performed in the field, accompanied
by simulated extractions to test the procedural [CH4] and
'4CH, blanks.

The field blank extraction procedure has been shown to
simulate the [CH,4] blank for actual melt extractions well,
and [CH,4] melt-extraction blanks for all large air samples are
<4 ppb. The amount of possible contamination to sample
"“CH, from ambient air via several mechanisms was
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Table 3. Main age tie points used to establish the gas chronology of the sampled Pakitsoq ice sections. In addition to the points shown, more
gradual changes in 8'>N from GISP2 were used to obtain additional age control points for the Preboreal, Oldest Dryas and Bolling samples.
The GISP2 8'°N data used for correlation with Pakitsoq records are from Severinghaus and others (1998), Severinghaus and Brook (1999)
and Kobashi (2007). 8'80;.. data used are from Grootes and Stuiver (1997), and 580, data used are from Bender and others (1999) and
Severinghaus and others (2006). For each time period involved, the best available ice-core gas age scale was used

Age tie-point significance GISP2 depth GISP2 gas age Absolute age uncertainty ~ Notes
m yearsBP (0 = AD 1950) years
Start of YD-PB 8'°N rise (last low value) 1700.58 11570 40 ab
YD-PB §'°N peak 1697 11464 42
820 drop into the YD (first low value) 1711 11938 47
YD-age 8'%0,, value of 0.785 1715.1 12 065 50
Start of OD-Bglling 5"N rise (last low value) 1821.55 14 684 294 d
OD-Bolling 8'°N peak 1816.95 14584 296 d
Start of §'80;. rise into Bolling 1797 14154 304 d
CH, values below 400 ppb not observed in GISP2 for 1878.2 17263 695 ¢
samples younger than this
Youngest pre-LGM 8'80,m value significantly below 0.95%o 737.16 23674 850 f

Gas age scale as in Schaefer and others (2006).

The termination of the YD is estimated from tree rings to be at 11590 years BP, with <1 year uncertainty (Kobashi, 2007). Because the Schaefer and others
(2006) gas age scale for GISP2 places the YD termination at 11 570 years BF, we take a conservative estimate of the absolute age error of the YD termination as
40 years.

“Absolute age uncertainty is calculated as the sum of the age uncertainty for the YD termination (40 years), plus 0.02 x the age difference from the YD

termination point. The factor of 0.02 is used because this is the uncertainty in the GISP2 age scale for this depth range (Meese and others, 1997).

dGas age scale as in Severinghaus and Brook (1999).

°Gas age scale as in Brook and others (2000).

fDepths and ages from Siple Dome, not GISP2. The Siple Dome data are used as they have better precision for 5'20 . Siple Dome gas age scale is as in Brook

and others (2005).

constrained using 3Ar/N, and CFC-11 and CFC-12 meas-
urements and found to be negligible for all samples. Ar/N,,
SKr/Ar and dXe/Ar were measured in the samples to
constrain gas loss to dissolution in water during the melt
extractions. The results show excellent agreement with a
simple solubility model and indicate that all gases of interest
were reaching the same fraction of full-solubility equi-
librium within a given sample, which allowed corrections to
sample [CH,4] to be made.

Thirteen large air samples dating to the YD—-Preboreal and
OD-Bglling rapid climatic transitions, as well as to the LGM
were obtained using these methods. After corrections for
dissolved gases, Pakitsoq sample [CH,4] values appear to
exceed contemporaneous GISP2 [CH4l by 0-132 ppb for
most samples. However, preliminary tests suggest that the
solubility effect was likely to be important for the GISP2
[CH,4] record as well, and the reported GISP2 [CH,4] may be
~2% too low. If GISP2 [CH4] is corrected up by 2%,
Pakitsoq [CH4] for YD samples comes into agreement with
the GISP2 data (Table 1). With this correction, the [CH4]
ranges for the Pakitsoq PB and OD samples also overlap with
the expected [CH4] ranges from GISP2. However, [CH,4]
values for Pakitsoq ‘contaminated’, Bglling and possibly
YD-PB transition samples remain higher than the GISP2
values even after the 2% correction. This [CH,] excess is
probably due to in situ CH,4 production in Pakitsoq ice, and
indicates that '*CH, in some Pakitsoq samples is probably
altered from the true paleoatmospheric signal.

A full treatment of the effects of in situ CH, production at
Pakitsoq on sample "*CH, is beyond the scope of this paper
and will be given elsewhere along with the '*CH, results.
Briefly, the comparison of measured '“CH, in the con-
taminated OD and PB samples with '*CH, of other samples
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of the same age (other PB and OD samples) permits an
estimate of the '*CH, of the contaminant: 84.1 +20.5 pMC
for the contaminated OD sample; 79.3 £3.9pMC for the
contaminated PB sample. A correction can then be applied
to the other samples, assuming that the '*CH, of the in situ
contaminant for all samples spanning the YD-PB transition
is the same as for the contaminated PB sample, and for
samples spanning the OD-Bglling transition it is the same as
for the contaminated OD sample. A further assumption
made with this correction is that the true [CH,4] values of the
samples are as recorded for contemporaneous air in the
GISP2 ice core. This correction results in an increase in
'“CH, uncertainties from ~0.7 pMC to 1.6-2.6 pMC for the
averages of replicate samples. For comparison, the predicted
difference in ' CH, between an all-wetland and an all-
clathrate scenario is ~10 pMC for the YD-PB CHj, transition
and ~6pMC for the OD-Bolling transition. Thus, the
Pakitsoq '*CH, results should still allow us to distinguish
between the two hypotheses for each transition. However,
the increased uncertainties limit our ability to detect a
clathrate (fossil) contribution to the CH, increases. In the
case of the YD-PB CH, increase, we should be able to
detect a clathrate contribution of ~25% or greater; in the
case of the OD-Bglling transition it is ~55% or greater.

A further potential complication is the possibility of direct
cosmogenic production of '*CH, molecules in ice in
accumulation and ablation zones. This is surprising, but is
suggested by the Pakitsoq '*CH, results (measured '*CH,
values are still higher than maximum predicted values by
~20% even after the corrections described above). This is
also beyond the scope of this paper, and further work is cur-
rently underway to understand this phenomenon and correct
the "*CH, values for possible cosmogenic production.
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Table 4. Large air sample mean ages, uncertainties and maximum ranges of ages of ancient air possibly included in the large air samples

Sample Mean age Mean age uncertainty Absolute maximum gas age Absolute minimum gas age

possibly included in sample possibly included in sample
years BP years years BP years BP
Younger Dryas 1 11637 75 11972 11509
Younger Dryas 2 11631 73 11972 11494
YD-PB transition 1 11535 54 11592 11368
YD-PB transition 2 11531 56 11583 11371
Preboreal 1 11364 109 11468 11247
Preboreal 2 11354 132 11461 11207
Contaminated PB 11337 133 11451 11229
Oldest Dryas 1 14760 300 16240 14390
Oldest Dryas 2 14766 303 16240 14390
Contaminated OD 15028 250 16108 14390
BQ)llingT 14599 298 14978 14119
Bolling 2 14472 267 14966 14112
LGM 19000? - 24524 16568

“A best guess, based on small variations in 5'°N and 6'%0jce.

In conclusion, the technique presented here is successful
in extracting very large samples of trapped air from glacial
ice without alteration of CH4 and a number of other gases of
interest. However, the utility of '*CH,4 from Pakitsoq ice for
testing the clathrate hypothesis and quantifying the fossil
components of paleo-CH, budgets is limited by in situ
production of CH,4 in some ice sections at this site. Colder
ablation sites in Antarctica where old ice is exposed at the
surface, such as Mount Moulton (Popp and others, 2004) or
Taylor Glacier (Aciego and others, 2007), may avoid this
problem and provide higher-quality '*CH, records. Direct
cosmogenic production of "*CH, in ice, if real, presents a
ubiquitous obstacle for '*CH, reconstructions and must be
understood before the fossil fractions of past CH,4 budgets
can be quantified.

The large size of the extracted air samples and the
demonstrated lack of significant ambient air contamination
lends them to a number of paleoatmospheric analyses
beyond '*CH,, that have not previously been possible due to
insufficient air availability. For example, carbon tetrafluoride
(CF4) is known to have anthropogenic sources but is
suspected to have some natural sources as well, and has
been successfully measured in these samples. The meltwater
from the ice extractions can also be filtered for particulates
such as wind-blown dust and pollen.
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