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Abstract

Carbon-14 (14C) is incorporated into glacial ice by trapping of atmospheric gases as well as direct near-surface in situ cos-
mogenic production. 14C of trapped methane (14CH4) is a powerful tracer for past CH4 emissions from ‘‘old” carbon sources
such as permafrost and marine CH4 clathrates.

14C in trapped carbon dioxide (14CO2) can be used for absolute dating of ice
cores. In situ produced cosmogenic 14C in carbon monoxide (14CO) can potentially be used to reconstruct the past cosmic ray
flux and past solar activity. Unfortunately, the trapped atmospheric and in situ cosmogenic components of 14C in glacial ice
are difficult to disentangle and a thorough understanding of the in situ cosmogenic component is needed in order to extract
useful information from ice core 14C. We analyzed very large (�1000 kg) ice samples in the 2.26–19.53 m depth range from the
ablation zone of Taylor Glacier, Antarctica, to study in situ cosmogenic production of 14CH4 and

14CO. All sampled ice is
>50 ka in age, allowing for the assumption that most of the measured 14C originates from recent in situ cosmogenic produc-
tion as ancient ice is brought to the surface via ablation. Our results place the first constraints on cosmogenic 14CH4 produc-
tion rates and improve on prior estimates of 14CO production rates in ice. We find a constant 14CH4/

14CO production ratio
(0.0076 ± 0.0003) for samples deeper than 3 m, which allows the use of 14CO for correcting the 14CH4 signals for the in situ
cosmogenic component. Our results also provide the first unambiguous confirmation of 14C production by fast muons in a
natural setting (ice or rock) and suggest that the 14C production rates in ice commonly used in the literature may be too high.
� 2016 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.gca.2016.01.004
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1. INTRODUCTION

1.1. The potential and challenges of 14C in polar ice

The carbon-14 (14C) content of trace gases in glacial ice
is a potentially useful tracer in several paleoclimatic and
geochemical applications. 14C of methane (14CH4) in
ancient air is an indicator of the ‘‘fossil” (14C – depleted)
fraction of the atmospheric methane budget (Petrenko
et al., 2009). Ice core 14CH4 measurements can identify
changes in emissions from sources such as marine methane
clathrates and thawing permafrost at past times of global
warming. Marine methane clathrates and permafrost have
been proposed as potentially important atmospheric
methane sources both for past warming events and for
the future as a result of anthropogenic global warming
(e.g., Kennett et al., 2000; Walter et al., 2007a,b;
O’Connor et al., 2010). 14C of CO2 (14CO2) in ice cores is
potentially useful as a dating tool (Andree et al., 1984;
Van de Wal et al., 1990) and could serve to improve these
valuable records of past environmental change with abso-
lute age constraints.

In addition to being trapped with C-containing atmo-
spheric gases, 14C is also produced in situ in glacial ice by
cosmic rays (e.g., Lal et al., 1987). A significant fraction
of this in situ cosmogenic 14C appears to form carbon
monoxide (14CO) (e.g., Lal et al., 2000; van der Kemp
et al., 2002), and the in situ cosmogenic 14CO is expected
to be dominant over the trapped atmospheric 14CO content
(e.g., van Roijen et al., 1995). This potentially allows 14CO
in ice cores to be used as a tracer for the past cosmic ray
flux. The solar magnetic field modulates the flux of cosmic
rays (e.g., Masarik and Beer, 1999). The cosmic ray flux his-
tory reconstructed from 14CO in polar ice cores could there-
fore be a useful indicator of past solar activity and
potentially even solar irradiance (e.g., Steinhilber et al.,
2009). Such reconstructions would require ice coring sites
with well-constrained past snow accumulation rates and a
thorough understanding of 14C retention in the firn column
(firn is the thick compacted snow layer at the top of an ice
sheet; see Section 1.2).

At high geomagnetic latitudes where polar ice cores are
drilled, in situ 14C production rates are insensitive to varia-
tions in the geomagnetic field strength (Lal et al., 2005).
This gives ice core in situ 14C an important advantage over
a tracer like meteoric 10Be, which has been widely used to
study past solar activity (e.g., Muscheler et al., 2007). Trac-
ers like meteoric 10Be, which are produced globally in the
atmosphere, also have the added complication of variability
in transport and deposition (e.g., Field et al., 2006). 14C of
atmospheric CO2, which has also been used to study past
cosmic ray flux and solar activity (e.g., Beer et al., 1988;
Knudsen et al., 2009) suffers from uncertainties associated
with temporal variations in the global carbon cycle. None
of these complications are present for in situ cosmogenic
14C in ice.

While it is clear that both the trapped atmospheric and
in situ cosmogenic 14C components in glacial ice are highly
promising as geochemical tracers, they are present in a com-
bined form and impossible to separate analytically. The
in situ component of 14C must be thoroughly understood
before useful information can be extracted from ice core
14C measurements. This understanding must include cos-
mogenic production rates of 14C in ice and their depth
dependence, the efficiency of retention of produced 14C in
glacial firn, the partitioning of in situ cosmogenic 14C
between 14CO2,

14CO and 14CH4 and the relative magnitude
of the cosmogenic 14C signal as compared to the trapped
atmospheric signal. Presently, our understanding of these
processes is, at best, incomplete.

1.2. Polar firn and the firn-ice transition

Processes in polar firn influence the retention of in situ
cosmogenic 14C that is produced near the surface of ice
sheets, and are relevant to some aspects of discussion of
our results. We therefore provide a basic introduction to
polar firn and the firn-ice transition for readers not closely
familiar with ice core studies; a more comprehensive
introduction can be found in Buizert et al. (2013). The
top �50–120 m of an ice sheet are composed of compacted
snow; this layer is termed the firn. The firn is sponge-like in
its structure and is comprised of the ice matrix and the
porosity (air-filled space). At snow accumulation zones,
snow layers move downward with time through the firn
column. Densification of the layers accompanies this down-
ward movement as the porosity volume is reduced (Herron
and Langway, 1980). The porosity is interconnected (‘‘open
porosity”) for most of the firn thickness, allowing gases to
move freely and exchange with the atmosphere, primarily
by molecular diffusion (e.g., Schwander et al., 1988). As
densification continues with increasing depth, a significant
fraction of the air successively becomes trapped in bubbles
in the ice (‘‘closed porosity”). Eventually, some continuous
impermeable ice layers form, impeding further gas diffusion
and exchange with the free atmosphere (e.g., Schwander
et al., 1993). This depth horizon is known as the ‘‘lock-in
depth”, and is typically found �5–15 m above the depth
at which all of the air is fully sealed into bubbles and the
firn zone ends.

1.3. Production, retention and partitioning of in situ

cosmogenic 14C in glacial ice

14C is produced by secondary cosmic rays from 16O
directly in the ice lattice in relatively shallow glacial ice in
accumulation zones (e.g., Jull et al., 1994) as well as in abla-
tion zones (e.g., van der Kemp et al., 2002). Confirmed pro-
duction mechanisms include energetic neutrons (e.g., Lal
et al., 1990) as well as negative muon capture (van der
Kemp et al., 2002; Lupker et al., 2015). Production via fast
muon interactions with 16O in quartz has been demon-
strated in the laboratory (Heisinger et al., 2002a) but not
confirmed in a natural setting. Production of 14C by ther-
mal neutron capture from 14N in air trapped in the ice
has been shown to be insignificant (Buizert et al., 2012).
Production rates decrease exponentially with depth for
the neutron mechanism:

PnðzÞ ¼ P 0
ne

�qz
Knð Þ ð1Þ



Fig. 1. Depth dependence of 14C production rates in Taylor
Glacier ice for the neutron (Pn), stopped negative muon (Pl�) and
fast muon (Plf) mechanisms. All production rates from Table 1
have been normalized to 1 at the surface for easier visual
comparison of the depth dependence. Production by neutrons is
negligible below about 10 m, while production by fast muons
remains significant even at depths as large as 400 m.
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where P 0
n is the production rate at the surface (14C

atoms g�1 a�1), z the depth in cm, Kn the neutron absorp-
tion mean free path in g cm�2, and q the density of ice
(0.92 g cm�3). For the two muon mechanisms, the relation-
ship of production rate with depth is more complex and has
been formulated by Heisinger et al. (2002a, 2002b) and
summarized recently by Lupker et al. (2015). Muon pro-
duction rates decrease more slowly with depth than a sim-
ple exponential function. To obtain the overall 14C
production rate, the rates from the three individual mecha-
nisms are summed. Surface production rates and depth
dependence for each mechanism are shown in Table 1
and Fig. 1.

The hot 14C atom that is produced from 16O reacts to
form predominantly 14CO2 and 14CO (e.g., Lal et al.,
2000; van de Wal et al., 2007). Non-negligible in situ cos-
mogenic production of 14CH4 was also proposed
(Petrenko et al., 2009) and recently confirmed (Petrenko
et al., 2013). To date, there is no agreement among prior
studies on the partitioning of in situ cosmogenic 14C
between the different gas species. Multiple studies have
included measurements of both 14CO and 14CO2, allowing
for the 14CO fraction of total produced 14C to be examined.
The results show surprisingly high variability, with esti-
mated 14CO fractions spanning almost the full 0.0–1.0
range, sometimes even within the same study (e.g., Lal
et al., 2001; van de Wal et al., 2007). It may therefore be
possible that the 14C partitioning is different for each of
the three cosmogenic production pathways.

An important additional uncertainty is related to the
retention of produced in situ cosmogenic 14C in glacial firn.
If gases containing in situ cosmogenic 14C are able to escape
from the ice grains into the interconnected open porosity,
they can be lost to the atmosphere. Prior studies have dis-
agreed on the efficiency of retention of in situ 14C, with
measurements from some laboratories showing that a large
fraction of 14C is retained (e.g., Lal et al., 2000, 2001), while
measurements from other laboratories showed very little or
no retention of 14C (e.g., Smith et al., 2000; de Jong et al.,
2004; Petrenko et al., 2013). As discussed in detail in
Petrenko et al. (2013), the studies that found high 14C reten-
tion in firn were likely affected by procedural artifacts asso-
ciated with the use of an acidified melt extraction approach.
Low or no retention of in situ cosmogenic 14C in firn is
therefore more likely.
Table 1
Estimates of surface total 14C production rates in ice based on p
muon mechanisms. Cosmic ray flux scaling is as in Lifton et al
Young et al. (2014) in West Greenland for quartz, and for muon
irradiation of quartz; the rates are transferred from quartz to ic
versus per gram quartz. We use a value of 150 g cm�2 for the ab
1987; van de Wal et al., 2007), although we note that Nesterenok

Mechanism P0 (14C atoms g�1 a�1), sea
level and high latitude

Neutrons 20.0 ± 1.5
Muon capture 4.75 ± 0.4
Fast muons 0.74 ± 0.4
1.4. Goals of this study

The study presented in this paper utilized an outcrop of
ancient (�52 ka) glacial ice in the ablation zone of Taylor
Glacier, Antarctica to examine the in situ cosmogenic 14C
content in the upper 20 m of the glacier. The relatively
old age of the ice has allowed for essentially complete decay
of all in situ cosmogenic or trapped atmospheric 14C
retained from the accumulation zone. The 14C signal in this
ice is therefore due mainly to in situ cosmogenic production
that occurs while the ice is brought up to the surface via the
process of ablation. Further, because this is solid ice, all of
the in situ cosmogenic 14C is quantitatively retained.
Finally, the sublimation-driven ablation rates at the site
have been well-characterized using stake measurements
(Bliss et al., 2011). The combination of these factors allows
for measurements at this site to be used to improve
estimates of 14C production rates and partitioning between
different gas species.
rior work for the neutron, negative muon capture and fast
. (2014). Production rate for neutrons is as determined by
s as determined by Heisinger et al. (2002b) via laboratory
e by accounting for the number of O atoms per gram ice
sorption mean free path for neutrons in ice (Kn) (Lal et al.,
and Naidenov (2012) estimated a lower Kn of �130 g cm�2.

P0 (14C atoms g�1 a�1), calculated for
Taylor Glacier (elev. 527 m)

39.6 ± 3.0
6.96 ± 0.59
0.88 ± 0.47
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Specifically, the goals of the study were as follows:

(a) To further confirm in situ cosmogenic production of
14CH4 using a site where a relatively large signal is
expected.

(b) To provide the best estimates to date for in situ cos-
mogenic production rates of 14CO and 14CH4 in gla-
cial ice.

(c) To examine the in situ cosmogenic 14CH4/
14CO ratio

and explore the possibility that 14CO can be used to
quantify the in situ cosmogenic component of
14CH4 in younger ice, ultimately allowing for the
paleoatmospheric 14CH4 signal to be reconstructed.

While the method used in this study for gas extraction
from the ice was not optimized for quantifying 14CO2, these
measurements were still obtained and have allowed for
some constraints on total 14C production rates.

2. ICE SAMPLING AND ANALYTICAL METHODS

2.1. Site description

Taylor Glacier is located in the McMurdo Dry Valleys
region of Antarctica (Fig. 2). Taylor Glacier ice is sourced
from Taylor Dome, where a deep ice coring project has
revealed the existence of >100 ka old ice (Steig et al.,
2000). The very dry and windy conditions over the glacier,
combined with relatively slow ice movement produce an
Fig. 2. Map of Taylor Glacier, showing locations of small ice samples tak
2009–10 season (black dots). Numbers denote distance in km from glacier
study. Inset shows Taylor Glacier location in Antarctica.
unusually long (�80 km) ablation zone in the lower part
of the glacier. Most of the ablation is via sublimation, with
only the lowermost �5 km of the glacier regularly experi-
encing summer melt (Bliss et al., 2011). Several recent stud-
ies have examined the ice dynamics and mass balance of
Taylor Glacier (Kavanaugh and Cuffey, 2009; Kavanaugh
et al., 2009a,b) as well as established that ice spanning a
large range of ages (Holocene to at least 130 ka) is present
at the surface of the glacier (Aciego et al., 2007; Buizert
et al., 2014). The ice drilling site for this study (77�
45.6990 S, 161�43.1790E, 527 m asl; Fig. 2) is located along
the center flowline of the glacier 14.0 km from the glacier
terminus. The ice flow velocity at this site is �10 m/year,
with an ablation rate of 0.196 ± 0.020 m/year (Bliss et al.,
2011; Buizert et al., 2012).

2.2. Ice core drilling and field melt-extraction of trapped air

24-cm diameter ice cores in the 1.50–20.25 m depth
range were recovered using the Blue Ice Drill from Ice
Drilling Design and Operations in Madison, WI, USA
(Kuhl et al., 2014). All drill components were pre-cleaned
with ethanol and deionized water prior to drilling, and no
drilling fluid was used. Seven complete samples were obtained,
with average mid-depths of 2.26, 3.77, 5.27, 6.77, 10.02,
15.01 and 19.53 m. Each sample spanned a 1.5 m depth
range. A very large amount of ice is needed for precise
14CH4 determinations (�1000 kg, Petrenko et al., 2008a);
for this reason cores for each sample were obtained from
en along the center flowline for CH4 and d18Oatm analyses during the
terminus. Gray star shows the location of the�52 ka ice used in this
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21 parallel boreholes. These boreholes were located along
the center flow-line of the glacier with an average spacing
of 0.87 m between the boreholes. In preparation for on-
site gas extraction, the ice cores were cleaned by scraping
all surfaces with electropolished stainless steel chisels.

Ice cores were melted on-site to extract the trapped gases
using the large-volume clean sampling apparatus (‘‘melter”)
described in Petrenko et al. (2008a, 2013). Modifications
from the gas extraction procedure described in Petrenko
et al. (2013) were as follows. During the melter headspace
flush-evacuation sequence (prior to ice melting), ultrapure
air ([CH4] < 10 ppb, [CO] < 10 ppb, [CO2] < 1 ppm) was
used instead of ultrapure N2 and Ar, and the flush was done
3 times. After the final flush, the ice melter headspace was
evacuated for 15 min after the pressure reached a value
1 torr above the expected vapor pressure over ice. Unlike
in the Petrenko et al. (2013) firn study, no carrier gas was
needed with Taylor Glacier ice; instead, the air trapped in
the ice cores served as the carrier for in situ cosmogenic
14C. The gas recirculation step (needed to equilibrate the
in situ cosmogenic 14C between the melt water and head-
space) was 30 min long. On average, 386 kg of ice per
melt-extraction was used, and air from 3 melt-extractions
was combined into a single sample.

The 30 min duration of the recirculation step (to allow
for equilibration of trace gases between the water and the
headspace) was established at the start of the field season
as follows. Melt water from a sample extraction was purged
with ultrapure air, and the headspace was evacuated. One
of the standard gases was introduced into the headspace
(to a pressure mimicking a sample extraction), and the
recirculation of gas through the bubbler was started. At
five-minute intervals, an aliquot of the gas was analyzed
for CO2 mole fraction ([CO2]) using a LI-820 infrared
CO2 analyzer from LI-COR� Biosciences (Fig. S1a in the
Electronic Annex). The time needed until [CO2] was no
longer appreciably changing was set as the procedural recir-
culation time. To further test that gas equilibration time is
the same when the gas is initially dissolved in the water
(which may be the case for in situ cosmogenic 14C), the
headspace was again evacuated, and ultrapure air was
introduced. The recirculation was started again, and the
gradual evasion of CO2 from the water into the headspace
was monitored, confirming that 30 min was again sufficient
(Fig. S1b).

In an attempt to obtain a better characterization of
in situ cosmogenic 14CO2, we measured pH of the melt
water following the gas extraction. This measurement, com-
bined with the known [CO2] in the headspace in principle
allows for quantification of the total amount of inorganic
carbon in the system (CO2 gas, dissolved CO2, bicarbonate
ion (HCO3

�) and carbonate ion (CO3
2�)). Following the

transfer of sample air from the melter headspace into
storage canisters, the melter headspace was vented with
CO2-free air to avoid interference of atmospheric CO2 with
the pH measurement. pH measurements were made inside a
box flushed with CO2-free air, with the melt water plumbed
directly into this box. An OrionTM ROSS UltraTM TriodeTM

was used for the measurement, in combination with a set
of low ionic strength buffers for electrode calibration as well
as an ionic strength adjustor solution for pure water.
Approximately 1 L of melt water was flushed through the
tubing prior to taking the pH sample aliquots, and the mea-
surement was done in triplicate on separate aliquots of melt
water.

2.3. Tests of melt-extraction procedural effects

Two types of procedural tests on the large-volume gas
melt-extraction system were conducted to investigate effects
of added extraneous carbon on measured 14CH4 in the sam-
ples. As previously described for this system (Petrenko
et al., 2008a, 2013), tests involving introducing standard
gases over the melt water from sample ice were conducted
in the field. For this study, two different standard gases
were used. Both gases contained �490 ppb of CH4, to
mimic the average CH4 mole fraction ([CH4]) expected in
the sampled ice. One of the gases contained CH4 derived
from a fossil source and expected to be essentially free
of 14C (‘‘14C-dead standard”), while the other gas
(‘‘14C-modern standard”) contained modern atmospheric
CH4 (from Niwot Ridge, CO, USA), with an expected
14C activity of �130 percent modern carbon (pMC; as
defined in Stuiver and Polach (1977)). Both gases also
contained CO2 (�215 ppm) and CO (�85 ppb) to mimic
the expected levels in the sample ice. The gases also
contained �100 ppm each of Kr and Xe, for use as tracers
of gas partitioning between the melt water and the head-
space in the ice melter (Petrenko et al., 2013). The pH
measurements described above were also performed on
the melt water following the field procedural tests.

Using two standard gases with distinct 14CH4 activities
allows for complete characterization of both the mass and
14C activity of extraneous carbon added during sample pro-
cessing. The air samples derived from these field procedural
tests undergo treatment identical to that of air derived from
the actual ice samples, allowing the tests to characterize
extraneous carbon from all steps of sample processing.

As described by Petrenko et al. (2013), the field procedu-
ral tests successfully mimic all aspects of sample processing
except for the ice melting step. The melting step results in
heating of the walls of the aluminum melt-extraction cham-
ber (up to 50 �C) and potentially increased outgassing of
CH4. For this reason, additional procedural tests were con-
ducted at SIO to specifically investigate the effects of ice
melting. More than 2000 kg of gas-free ice was obtained
from a commercial supplier that provides clear ice blocks
for carving ice sculptures. Very slow uni-directional freez-
ing of this ice over several days allows for all gases to be
excluded from the ice lattice. 16 sub-samples of this gas-
free ice were analyzed for [CH4] at OSU using the usual
‘‘blank” ice procedure (Mitchell et al., 2013); these analyses
revealed no differences between this ice and gas-free ice rou-
tinely made at the OSU laboratory, confirming that no sig-
nificant amount of CH4 was present. The standard gases
described above were used to provide the air during simu-
lated melt extractions with this gas-free ice, with the gas
being introduced just before the start of the melting step.
One complete test sample was collected using the
14C-dead standard, and another test sample using the
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14C-modern standard; as in the field, each sample was com-
prised of 3 melt-extractions. To ensure the most direct
assessment of procedural effects from the ice-melting step,
further over-water procedural tests were conducted at SIO
immediately following the gas-free ice tests.

All of the over-water procedural tests included a water
purging step prior to each simulated extraction, in which
ultrapure air ([CH4] < 10 ppb) was introduced into the mel-
ter via a bubbler manifold at the bottom (Petrenko et al.,
2013) and evacuated from the headspace via the top. The
progress of the purge was monitored by directing part of
the evacuated airstream through a cryogenic drying trap
into the LI-820 CO2 analyzer. The purge was conducted
until measured CO2 reached the baseline value determined
by flowing the ultrapure air directly into transfer lines
and pumps, bypassing the melter itself. Fig. S1c in the Elec-
tronic Annex shows the typical time evolution of CO2 in air
being pumped from the melter headspace during a purge.

Because the amount of in situ cosmogenic 14CO in sam-
pled ice was expected to be very large relative to any 14CO
addition from the melt-extraction procedure, no tests to
quantify such procedural 14CO addition were conducted.

2.4. Laboratory analyses and sample processing

Air samples and procedural tests were first analyzed at
SIO for [CH4] by a gas chromatograph (GC) with a flame
ionization detector (FID), as well as for CFC-11, CFC-12
and SF6 (to constrain inclusion of modern ambient air) by
GC–mass spectrometry (GC–MS) (Mühle et al., 2007). The
procedural tests were further analyzed for d(Xe/N2) and
d(Kr/N2) (Thermo MAT 253 isotope ratio MS (IRMS)) at
SIO. CO2 for subsequent

14C analyses was extracted at SIO
from �1 standard liter (SL) of air for all samples, field
procedural tests and standard gases (Leuker, 1998).

[CO] and [CO2] in the samples, procedural tests, and
standard gases were analyzed at NIWA using a GC setup
as described by Lowe et al. (1991) with a reducing gas
detector and a methanizer-FID, respectively. d13CH4 in
the samples was analyzed by a continuous-flow method at
NIWA using an IsoPrime IRMS (Ferretti et al., 2005), with
a correction applied for krypton interference following
Schmitt et al. (2013). d13CH4 in the standard gases was ana-
lyzed by dual-inlet on a MAT 252 IRMS as described in
Petrenko et al. (2008b).

The air in the samples, procedural tests and standard
gases was then processed to oxidize CH4 to CO2; this
CO2 was captured for further handling, as described in
Petrenko et al. (2008b, 2009). Unfortunately, one of the
14CH4 samples (5.27 m) was lost at this stage due to a prob-
lem with flame-sealing of sample CO2 into a Pyrex tube.
�20 SL of air was retained in each sample canister for
14CO analyses, and this remaining air was diluted with a
gas containing 10.23 ppm of 14C-depleted CO in ultrapure
air to increase carbon mass for 14CO measurements.
d13CO in this high-[CO] gas was determined at NIWA fol-
lowing Brenninkmeijer (1993). After the dilution, the sam-
ples were processed to oxidize CO to CO2; this CO2 was
captured for further handling, as described in Petrenko
et al. (2008b, 2009).
The resulting pure CO2 samples (derived from CO2, CO
or CH4) were converted to graphite by using an excess of
H2 over a Fe catalyst in the conventional graphitization
lines at ANSTO (Hua et al., 2004). We used Sigma–Aldrich
Fe2O3 (mesh size unspecified, 99.999% purity). Before the
graphitization, the iron oxide was reduced to Fe by reaction
with �750 mbar pure H2 at 600 �C for 1 h. By-product
water vapor produced during the graphitization was effi-
ciently trapped using a cold finger system at �80 �C
(Yang et al., 2013). Typical graphitization efficiency was
high: �90% for 20 lg C samples and �100% for 70–
100 lg C samples. Unfortunately, one further 14CH4 sam-
ple (10.02 m) was lost at this stage while extracting sample
CO2 from the sealed Pyrex tube. Graphite derived from all
samples, procedural tests and standard gases was subse-
quently measured for 14C by AMS on the 10 MV
ANTARES accelerator at ANSTO (Fink et al., 2004).
The final sample sizes (determined prior to graphitization)
were �55 lg C for 14CO2, �20 lg C for 14CH4 and
�85 lg C for 14CO.

3. RESULTS

The in-situ cosmogenic 14C content in ice for the gas spe-
cies X can be calculated as (see the Electronic Annex for a
derivation):

14CX ¼ pMC
100

� e�k y�1950ð Þ � 1þd13CX
1000

� �2
0:9752

�1:1694� 10�12 � X½ � � Air � 1
1000

� 1
22:4

� NA

ð2Þ

where 14CX is the number of 14C-bearing molecules of gas X
per gram of ice, pMC is the 14C activity of the gas after all
corrections, k is the 14C decay constant (1.216 � 10�4 a�1),
y is the year of measurement, d13CX is the d13C of the gas,
0.975 is a factor arising from 14C activity normalization to
d13C of �25‰ (part of definition of pMC (Stuiver and
Polach, 1977)), 1.1694 � 10�12 is the 14C/(13C + 12C) ratio
corresponding to the absolute international standard activ-
ity (AISA) (Hippe and Lifton, 2014), [X] is the gas molar
fraction in extracted air after all corrections, Air is the air
content of the ice in cc STP g�1, 22.4 is the number of
STP liters of gas per mole, and NA is the Avogadro
constant.

The 14C activity as well as the gas molar fraction mea-
sured in the samples can be altered by addition of extrane-
ous carbon at various stages of processing. These
procedural effects must be quantified and corrected for
before the true 14C content of the ice can be determined.
Detailed discussion of the corrections for all gas species
as well as of the determination of the air content is pre-
sented in the Electronic Annex. Briefly, all reported uncer-
tainties are 1 r unless otherwise specified, and uncertainties
for calculated quantities are determined by standard error
propagation techniques. Sample [CH4] and

14CH4 were cor-
rected for the effects of (a) gas dissolution in the melter, (b)
overall procedural effects based on procedural test results,
(c) a small amount of additional CH4 produced during
the melting step and (d) inclusion of a small amount of
ambient air via fractures in the shallowest samples.
Measured [CH4] and

14CH4 values as well as values after
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all corrections and the calculated 14CH4 content in the ice
are presented in Table 2 and Fig. 3.

Sample [CO] and 14CO were corrected for the effects of
(a) dilution with the high-[CO], 14C-depleted gas, (b) in situ
Table 2
Sample [CH4] and

14CH4 as measured and after all procedural correcti
reported on the Tohoku University scale (Cunnold et al., 2002). Note tha
which are affected by ambient air inclusion via fractures in the ice.

Sample mid-
depth, m

Measured [CH4],
ppb

[CH4] after all
corrections, ppb

Meas
pMC

2.26 468.8 ± 0.3 461.6 ± 4.9 33.2 ±
3.77 473.5 ± 0.2 476.1 ± 2.4 24.2 ±
5.27 485.8 ± 0.2 492.0 ± 6.1 Samp
6.77 493.0 ± 0.2 502.7 ± 2.0 17.4 ±
10.02 515.9 ± 0.4 525.4 ± 2.0 Samp
15.01 518.7 ± 0.2 528.6 ± 2.0 13.9 ±
19.53 531.4 ± 0.3 541.6 ± 2.0 13.0 ±

Fig. 3. (a) 14CO content after all corrections (markers) and least-squares fi
Taylor Glacier site ice surface (14C atoms g�1 a�1). v2 value for the quality
excluded had v2 = 190. Uncertainties for Pn, Pl� and Plf incorporate con
transport. (b) Similar to (a), but for 14CH4. Uncertainties for Pl� an
production rates and 14CH4/

14CO ratio. (c) Similar to (a) and (b), but for
measured in the ice and predicted total 14C. Predicted 14C is determined b
the Electronic Annex, and surface production rates as in Table 1.
cosmogenic production of 14CO in the sample canisters dur-
ing transport and storage, (c) CO added during the melt-
extraction and sample storage and (d) gas dissolution in
the melter. Measured 14CO values and the 14CO content
ons, as well as calculated ice 14CH4 content. All [CH4] values are
t the effect of 14C corrections is largest for the shallowest 2 samples

ured 14CH4,
14CH4 after all
corrections, pMC

Ice 14CH4 content,
molecules/g

0.3 29.9 ± 1.6 0.418 ± 0.026
0.3 22.8 ± 0.8 0.327 ± 0.013

le lost
0.2 17.4 ± 0.5 0.273 ± 0.010

le lost
0.2 13.7 ± 0.5 0.206 ± 0.008
0.2 12.8 ± 0.5 0.182 ± 0.008

t lines as described in the text. All production rate estimates are for
of ‘‘all mechanisms” fit is also shown. The best fit with fast muons
tributions from the curve fit, ablation rate and depth of long-term
d Plf are propagated from corresponding uncertainties for 14CO
upper limit of 14CO2 content in the ice. (d) Upper limit of total 14C
y using cumulative 14C formulations as described in Section 4.4 and



Table 3
14CO activities measured in the samples and final calculated ice
14CO content.

Sample
mid-depth, m

Measured
14CO, pMC

Ice 14CO content,
molecules/g

2.26 126.9 ± 0.6 45.2 ± 1.6
3.77 121.7 ± 0.6 41.9 ± 1.1
5.27 96.2 ± 0.5 37.5 ± 1.0
6.77 91.7 ± 0.5 36.4 ± 0.9
10.02 81.3 ± 0.4 31.4 ± 0.8
15.01 79.5 ± 0.4 26.9 ± 0.7
19.53 75.3 ± 0.5 23.9 ± 0.6

Table 4
Measured 14CO2 activities in the samples, as well as estimated
maximum 14CO2 content in the ice. 14CO2 activities have not been
normalized for d13C, as d13C was not measured. Since other
uncertainties associated with the 14CO2 determination are relatively
large, the lack of d13C values results in a negligible increase in the
overall uncertainty (�0.25% relative uncertainty increase).

Sample
mid-depth, m

Measured
14CO2, pMC

Upper limit of 14CO2 in
sampled ice, molecules/g

2.26 41.6 ± 0.4 397 ± 24
3.77 32.7 ± 0.3 296 ± 17
5.27 30.0 ± 0.4 286 ± 16
6.77 31.2 ± 0.3 305 ± 17
10.02 30.3 ± 0.4 293 ± 16
15.01 21.7 ± 0.3 180 ± 10
19.53 25.8 ± 0.3 220 ± 12
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in the ice calculated after all corrections are shown in
Table 3 and Fig. 3.

We consider the 14CO2 analyses and results somewhat
speculative because of problems and uncertainties inherent
in the melt-extraction approach. However, these results do
add some useful information to the discussion and were
therefore included. We were only able to constrain the
upper limit of 14CO2 present in the ice; see the Electronic
Annex for a detailed discussion. Table 4 and Fig. 3 show
the measured 14CO2 activities as well as estimated maxi-
mum ice 14CO2 content.

4. DISCUSSION

4.1. Comparison with prior ice cosmogenic 14C data quality

and measurement methods

Our method is currently the only one capable of 14CH4

measurements in ice, because it accommodates the very
large sample size requirement. In the one prior study of
in situ cosmogenic 14CH4 (at Summit, Greenland;
Petrenko et al., 2013) the average relative error on 14CH4

determinations was 13%, while in the present work it is
4%. Most of the improvement has resulted from larger
14CH4 content in Taylor Glacier ice compared to
Greenland Summit firn, with additional improvements
from better determinations of effective air content in the
ice as well as of procedural 14C effects.
The 14CO determinations were also improved as
compared to Petrenko et al. (2013); with a reduction in
relative error from 22% to 2.6%. In this case, most of the
improvement arises from better-constrained dilution with
14C-depleted CO, with additional improvement due to
larger 14CO content in the ice. In comparison with the best
prior work that determined 14CO in ablation zone ice sam-
ples with similar 14CO content (van der Kemp et al., 2002),
our errors are an order of magnitude lower. This is mainly
due to the much larger sample size used in our work.

Petrenko et al. (2013) provided a detailed discussion of
the general advantages of our approach for in situ cosmo-
genic 14CH4 and

14CO determinations as compared to most
prior work; we summarize these briefly here. First, our air
extractions are performed in the field immediately after core
recovery, eliminating the uncertainties associated with non-
negligible additional 14C production during ice core trans-
port and storage. Second, melt-extraction combined with
water – headspace gas equilibration ensures complete
recovery of 14C from ice grains, which may be a problem
with dry-extraction methods. Finally, our method includes
very thorough characterization of procedural 14C effects for
all parts of sample processing.

Our method performed poorly for 14CO2 because melt-
extraction techniques inherently lead to artifacts in CO2

(see Electronic Annex for detailed discussion). However,
our 14CO2 results are likely more reliable than the majority
of prior work that used the melt-extraction approach (Lal
et al., 1990, 1997, 2000, 2001; Jull et al., 1994). As discussed
in detail in Petrenko et al. (2013), the use of acid in those
prior studies combined with inadequate procedural blank
characterization likely resulted in addition of considerable
extraneous 14C. Of the in situ cosmogenic 14CO2 studies
available to date, we consider the studies done by dry
extraction (e.g., Smith et al., 2000; van de Wal et al.,
2007) to be more reliable than any melt-extraction
approaches, including our own. However, even results from
those studies harbor unknown uncertainties from 14CO2

production during ice core transport and storage, as well
as from possibly incomplete release of in situ cosmogenic
14CO2 from ice grains during the extraction.

4.2. Possible contribution of 14C from the accumulation zone

As discussed in Sections 1.1 and 1.3, accumulation-zone
ice can acquire 14C via both trapping of atmospheric gases
and in situ cosmogenic production. To assess whether the
sampled ice has any remnant signal of 14C from the accu-
mulation zone, both the age of the ice and the possible
cumulative in situ cosmogenic 14C production at the accu-
mulation site need to be constrained.

Prior work on Taylor Glacier used measurements of dD
of ice to establish a preliminary age scale for ice outcrop-
ping along the center flowline shown in Fig. 2 (Aciego
et al., 2007). Further samples collected along the center
flowline during the 2009–10 Antarctic season added con-
straints based on [CH4] and the isotopic composition of
atmospheric O2 (d18Oatm) (Baggenstos, 2015). The oldest
unambiguously dated ice (�52 ka) identified based on the
preliminary analysis of the 2009–10 results was at 14 km
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from the glacier terminus (Fig. 2); this was the location cho-
sen for our in situ cosmogenic 14C study. The center flow-
line sample taken at 5 m depth at this location yielded an
average d18Oatm value of 0.247‰ and a [CH4] value of
492 ppb (Fig. 4). Such a d18Oatm value is plausible for gas
ages of at least 49–56 ka (Severinghaus et al., 2009). The
only younger period when such a d18Oatm value occurs is
during the Preboreal between 10 and 11 ka, but the Prebo-
real is associated with [CH4] > 600 ppb. The [CH4] values
contained in this low-d18Oatm section of the TG profile
(14.0 km: 492 ppb; 13.7 km: 522 ppb; 13.4 km: 557 ppb;
Fig. 4) are also indicative of a Dansgaard–Oeschger type
[CH4] oscillation. Such an oscillation is present in Antarctic
ice cores at 50–55 ka (Brook et al., 2005; WAIS Divide
Project Members, 2015). The [CO2] value of 212 ppm mea-
sured in the 14.0 km sample is also consistent with a gas age
of 52–55 ka (Ahn and Brook, 2008). We cannot identify
another time interval during the last glacial when the same
combination of values for these 3 tracers re-occurs. Finally,
the age we infer is in agreement with the age obtained
through 81Kr radiometric dating of ice at this location,
which suggested an age of 46 ± 21 ka (Buizert et al., 2014).

Sample age increases with depth at most sampled loca-
tions on Taylor Glacier (Baggenstos, 2015), including at
our 14C sampling site. On Fig. 4, the [CH4] trend measured
in the large-volume samples was visually matched to the
high-resolution [CH4] record from the WAIS Divide ice
Fig. 4. Data used to constrain the gas age of the large-volume samples u
WAIS Divide ice core [CH4] is from Buizert et al. (2015) and WAIS Div
from Severinghaus et al. (2009). Note that neither the distance-age relatio
for the 14C samples is expected to be linear; this likely causes the misma
interest.
core (WAIS Divide Project Members, 2015) to arrive at
sample gas age estimates. The 2.26 m (youngest) sample
has an estimated age of 50.4 ka, while the 19.53 m (oldest)
sample has an estimated age of 53.4 ka. After 50.4 ka of
decay, the remaining 14CO2,

14CO and 14CH4 from trapped
air are much smaller than the respective uncertainties on
our measurements and can be ignored. Given the large
age of the samples, we also assume that we can ignore the
contribution from in situ cosmogenic 14C produced in the
accumulation zone. We test this assumption in Section 4.4,
finding it to be valid.

4.3. 14CH4 and
14CH4/

14CO ratio

The values for 14CH4 content (Table 2) in the ice provide
further confirmation that in situ cosmogenic production of
14CH4 takes place. This confirmation is stronger in the pre-
sent study than in the earlier Petrenko et al. (2013) work,
with more samples and higher measured 14CH4.

Table 5 shows the 14CH4/
14CO ratio. As can be seen,

this ratio appears to be effectively constant for all except
the shallowest (2.26 m) sample. As Table 5 also shows,
expected 14C contribution from the neutron mechanism is
relatively small or negligible for all except the 2.26 m sam-
ple. 14C fraction from negative muon capture is relatively
constant and represents the largest component at all depths,
while the contribution from fast muons grows steadily with
sed for 14C analyses. Siple Dome [CH4] is from Brook et al. (2005).
ide Project Members (2015). Siple Dome ice core d18Oatm data are
nship for the center flowline samples, nor the depth-age relationship
tches in [CH4] and d18Oatm outside the 50–55 ka age range of main



Table 5
Measured 14CH4/

14CO ratio for finalized ice 14C content, and the fraction of expected total 14C attributable to each production mechanism.
Expected fractions were calculated using Taylor Glacier surface production rates as in Table 1 and depth-production rate formulations as
described in Section 4.4 and the Electronic Annex.

Sample mid-depth, m 14CH4/
14CO ratio Expected fraction of 14C

from neutrons
Expected fraction of 14C
from muon capture

Expected fraction of 14C
from fast muons

2.26 0.0092 ± 0.0005 0.10 0.61 0.29
3.77 0.0078 ± 0.0003 0.05 0.63 0.33
5.27 0.02 0.63 0.35
6.77 0.0075 ± 0.0003 0.01 0.62 0.37
10.02 0.00 0.59 0.40
15.01 0.0077 ± 0.0003 0.00 0.55 0.45
19.53 0.0076 ± 0.0003 0.00 0.51 0.49
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increasing depth. The expected ratio between 14C from neg-
ative muons and 14C from fast muons decreases from 1.9 at
3.77 m to 1.0 at 19.53 m. The constant 14CH4/

14CO ratio in
this entire depth range suggests that this ratio (0.0076
± 0.0003) is the same for both muon 14C production
mechanisms.

The significantly higher 14CH4/
14CO ratio for the 2.26 m

sample suggests that the 14C partitioning is different for the
neutron production mechanism, resulting in relatively more
14CH4. Due to the relatively small overall 14C contribution
from neutrons, our data leave the neutron 14CH4/

14CO pro-
duction ratio poorly constrained (see Fig. 3). We note, how-
ever, that a relatively higher 14CH4/

14CO production ratio
for neutrons than for muons is qualitatively consistent with
the value observed in shallow Greenland firn by Petrenko
et al. (2013) (0.021 ± 0.005 for Sample 1, which was consid-
ered to be the most reliable of the three 14CH4 determina-
tions). For the firn samples in the Petrenko et al. (2013)
study, 95% of all in situ cosmogenic 14C was expected to
be from the neutron production mechanism.

The constant 14CH4/
14CO ratio for both muon produc-

tion mechanisms means that the in situ cosmogenic compo-
nent of 14CH4 can be accurately determined based on
measured 14CO in ice that does not contain significant
neutron-produced 14C. This cosmogenic component could
then be corrected for, allowing for accurate reconstructions
of paleoatmospheric 14CH4. The trapped atmospheric com-
ponent of 14CO is negligibly small in comparison to 14CO
from in situ cosmogenic production. For example, we cal-
culate that trapped air from the Younger Dryas–Preboreal
climate transition at 11.5 ka would contain only 0.3 14CO
molecules per gram of ice, or about 100 times less than what
is observed due to ablation-zone in situ cosmogenic produc-
tion in Taylor Glacier ice at 10 m depth.

In addition to ablation-zone production, ice with ages
much younger than 50 ka would also contain significant
14C from in situ cosmogenic production in the accumula-
tion zone. However, this 14C would begin accumulating
starting only at the lock-in depth (see Section 1.2) where
the first impermeable ice layers begin to form, and gas
exchange with the atmosphere and the upper part of the firn
effectively stops (e.g., Schwander et al., 1993). The lack of
in situ cosmogenic 14C accumulation above the lock-in
depth is supported by the results of our recent firn 14C study
at Summit, Greenland (Petrenko et al., 2013), as well as by
results of most other studies (e.g., van der Kemp et al.,
2000; de Jong et al., 2004) that avoided the problematic
melt-acidify air extraction approach. At the lock-in depth
(typically >25 m solid ice equivalent), 14C production from
the shallow-penetrating neutron mechanism is minimal or
non-existent. It can therefore be assumed that effectively
all of the in situ cosmogenic 14C in sampled ice at Taylor
Glacier (if taken below �5 m in ablating ice) is from
the muon production mechanisms. The determined
14CH4/

14CO ratio could then be applied to make the
correction for in situ cosmogenic 14CH4.

4.4. Discussion of observed 14C production rates

Fig. 3 shows the 14CH4 and
14CO content in sampled ice

after all corrections, as well as the upper limit of the 14CO2

and total 14C content. We use these results to estimate sur-
face 14C production rates for each species by each mecha-
nism. This is accomplished via a least-squares curve fit to
the data using an expression that describes cumulative
14C as a function of depth. The expression used for cumu-
lative 14C is described in full detail in the Electronic Annex;
here we provide a more abbreviated discussion. For the
neutron mechanism, an exponential depth dependence of
production rate is assumed (Eq. (1)), using a value of
150 g cm�2 for the mean free path Kn (Lal et al., 1987;
van de Wal et al., 2007). Integrated over depth, this yields
the following for cumulative 14C from neutrons (Lal
et al., 1990):

14CnðzÞ ¼ P 0
ne

�qz=Kn

qA
Kn
þ k

ð3Þ

where A is the ice ablation rate (in cm a�1) and other terms
are as previously defined.

For the muon mechanisms, we use the depth dependence
as formulated by Heisinger et al. (2002a, 2002b) and sum-
marized recently by Lupker et al. (2015). For the purpose
of curve fitting, we successfully approximate the depth
dependence for negative muon capture with a 2-term expo-
nential, and with a 3-term exponential for fast muons
(Fig. S2 in Electronic Annex). For negative muon capture,
integrating over depth yields an expression for cumulative
14C that has 2 exponential terms equivalent in form to
Eq. (3).
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The expression for cumulative 14C from fast muons is
slightly more complex because, unlike for neutrons and
negative muon capture, there is non-negligible 14C produc-
tion during long-term ice transport at large depths. Ice flow
modeling suggests that our sampled ice travels at a depth of
�300–500 m through much of the length of Taylor Glacier
(Buizert et al., 2012). In this case, the cumulative 14C from
fast muon production (whose depth dependence is approx-
imated by a 3-term exponential) is given by:

14Clf ðzÞ ¼Dekz=A

þ P 0
lf

f lf 1e
�qz=Klf 1

qA
Klf 1

þ k
þ f lf2e

�qz=Klf 2

qA
Klf 2

þ k
þ f lf 3e

�qz=Klf 3

qA
Klf 3

þ k

 !

ð4Þ
The K’s represent the effective absorption mean free

path for each exponential term and the f’s represent the
fractional contribution of each term to the total production
rate at the surface. D is a constant (in 14C atoms/g) that is
related to the 14C content at a reference depth zdeep. For the
case of long-term transport at zdeep, it can be shown that D

is directly proportional to the surface production rate P 0
lf

(see Electronic Annex). In the resulting expression for
cumulative 14C from all mechanisms as a function of depth,
each of the 7 exponential terms is proportional to one of the

surface production rates (P 0
n, P

0
l�, or P

0
lf ) and the three pro-

duction rates are the only free parameters that are deter-
mined by the least-squares curve fit.

One major source of uncertainty in determining surface
14C production rates from our data is the choice of average
depth for long-term ice transport between the accumulation

zone and our ablation site. This mainly affects P 0
lf . For the

purposes of curve fitting, we assume 400 m for the average
depth of long-term transport. We incorporate the uncer-
tainty in this depth by also running scenarios where the
average depth of transport is as shallow as 300 m or as deep
as 500 m (P lf is 3� greater at 300 m than at 500 m), and

including the full range of resulting P 0
lf values in the

reported error.
Another major source of uncertainty in determining sur-

face 14C production rates from our data is the ice ablation
rate. Ablation stake measurements yield 0.196
± 0.020 m a�1 for the sampled part of the glacier (Bliss
et al., 2011; Buizert et al., 2012). However, the ablation
stakes represent at most 8 years of measurements (2002–
2010), whereas longer-term rates are needed for the cumu-
lative 14C calculations. If we consider that the ice rises from
a depth of �400 m, then the last �2000 years are in princi-
ple of interest, although ablation rate variations become
less important further back in time due to lower production
rates at greater depths.

Stronger winds and warmer temperatures result in faster
ablation rates on Taylor Glacier, with katabatic wind speed
being the dominant variable for much of the glacier length
(Bliss et al., 2011). A weather record from nearby
McMurdo Sound suggests that 2002–2010 was 0.4 �C war-
mer than 1957–2003 (National Climatic Data Center,
2015). It is likely that the Dry Valleys – McMurdo Sound
area was �2 �C cooler and experienced somewhat stronger
katabatic winds during the Little Ice Age (Bertler et al.,
2011; Rhodes et al., 2012). It is also possible that, during
the initial phase of its ascent from 400 m to the surface,
sampled ice was traveling in a zone with higher ablation
rates of �0.25 m a�1 (Buizert et al., 2012). To account for
all these factors, we use a doubled uncertainty of
±0.04 m a�1 for the long-term ablation rate. We used curve
fit scenarios that span the full range of possible ablation
rates to estimate the corresponding contribution to uncer-
tainties in surface production rates.

Our data provide better constraints for production
rates for 14CO than for 14CH4, due to the larger number

of 14CO data points. P 0
n, P

0
l� and P 0

lf for 14CO were all

determined by a least-squares curve fit as discussed above
(Fig. 3a). The constant 14CH4/

14CO production ratio for
the muon mechanisms discussed above provides an addi-

tional constraint for P 0
l� and P 0

lf for 14CH4. For
14CH4,

we calculated negative muon capture and fast muon pro-
duction rates by multiplying the corresponding 14CO pro-

duction rates by 0.0076 ± 0.0003; P 0
n was the only

completely free parameter in the 14CH4 curve fit. All the
14CH4 and 14CO data points are fitted within the 1 r
uncertainties (Fig. 3). The curve fitting approach for
14CO2 was the same as for 14CO.

14C production from 16O in quartz by fast muons has
been shown in laboratory irradiation experiments
(Heisinger et al., 2002a). However, to the best of our knowl-
edge, the fast muon mechanism has never been unambigu-
ously confirmed in a natural setting (ice or rock). Recent
14C results from a 15 m deep rock core at Leymon High,
Spain, suggested no significant 14C production by the fast
muon mechanism (Lupker et al., 2015). However, there
was low confidence in this particular conclusion, owing
mainly to analytical uncertainties that were as large as the
14C signal for the deepest samples. We specifically tested
for the presence of 14C from the fast muon mechanism by
attempting to fit our most complete data set (14CO) with
only the neutron and negative muon capture mechanisms
(Fig. 3a). As can be seen, such a curve fit fails to match
the observations, confirming that the fast muon mechanism
is significant. Our results thus provide the first unambigu-
ous confirmation of 14C production from 16O by fast muons
in a natural setting.

Surface production rates for all mechanisms, scaled to
sea level and high latitude using the scaling of Lifton
et al. (2014) are shown in Table 7. Our results yield useful

constraints for P 0
lf (25% relative uncertainty) and P 0

l�
(29%) for 14CO and 14CH4. For P 0

lf , the uncertainty in

the depth of long-term ice transport provides the single lar-

gest contribution to the error. For P 0
l�, the curve-fitting

procedure itself (which takes into account data uncertain-
ties) and the ablation rate uncertainty are the largest

sources of error. Constraints on P 0
n are weaker due to a rel-

atively small contribution from this mechanism (88% rela-
tive uncertainty for 14CO and 47% for 14CH4).
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We place low confidence in the production rate estimates
for 14CO2 because of the large amount of scatter in those
data as well as the unknown and likely variable extraneous
14C component introduced by the melt-extraction. If we
make the speculative assumption that the 14C content of
added extraneous inorganic carbon (which affects 14CO2)
is approximately uniform across all our samples, then we
could conclude that 14CO2 is the dominant species pro-
duced by all mechanisms. This conclusion would be consis-
tent with a prior study that was done by dry-extraction and
included procedural blank characterization at another
Antarctic ablation area with similar ice 14C content (van
der Kemp et al., 2002).

Given the large uncertainties in 14CO2 determinations,
we cannot place strong constraints on the total 14C produc-
tion rates. Further, experiments involving laboratory irradi-
ation of ice suggest that non-negligible amounts of simple
compounds other than 14CO2,

14CO and 14CH4 may also
be formed (e.g., Rossler et al., 1984). Our measured set of
species thus may not be capable of fully characterizing
the in situ cosmogenic 14C. If we assume that the fraction
of in situ 14C that forms other compounds is relatively
small, our data (Fig. 3d and Table 6) do suggest that the
total 14C production rates in ice commonly used in the lit-
erature (Tables 1 and 7) are overestimated.

As we now have data-based estimates of 14C production
rates, we are able to test our earlier assumption (Section 4.2)
that in-situ cosmogenic 14C inherited from the ice accumu-
lation zone is insignificant. A detailed discussion is pre-
sented in the Electronic Annex. For 14CO, we find that,
at the upper limit, inherited 14C represents 5% or less of
measured values. This value is smaller than several other
sources of uncertainty involved in the interpretation (depth
of long-term ice transport, long-term ablation rate, curve
fitting); neglecting this small possible contribution is there-
fore acceptable.
Table 7
In situ cosmogenic 14C production rates by the individual mechanisms a
fitting (Section 4.4 and Fig. 3), scaled to sea level and high latitude. All pro
total production rates are less certain, as discussed in the text. Typical tot
are also shown for comparison.

14CO 14CH4

Neutrons 0.69 ± 0.61 0.024 ± 0.011
Muon capture 0.24 ± 0.07 0.0018 ± 0.0005
Fast muons 0.053 ± 0.014 0.00040 ± 0.00010

Table 6
Comparison of upper limit of total 14C in sampled ice based on measur
studies as in Table 1.

Sample mid-depth, m Upper limit of total 14C, atoms/g ice Ex

2.26 443 ± 24 82
3.77 338 ± 17 72
5.27 324 ± 16 66
6.77 342 ± 17 61
10.02 324 ± 16 53
15.01 207 ± 10 44
19.53 244 ± 12 39
4.5. Comparison with the Scharffenbergbotnen ice ablation

site

We compare our results with 14CO and 14CO2 data from
a prior study at the Scharffenbergbotnen ice ablation area
in Antarctica (74�34.670 S, 11�02.970W, 1173 m asl) (van
der Kemp et al., 2002). We consider these to be the most
reliable prior determinations of 14CO and 14CO2 in ablating
ice, as a dry-extraction method was used (avoiding the
problematic melt-acidify approach of many other prior
studies) and the study included procedural blank character-
ization. To perform the comparison, we attempted to fit the
Scharffenbergbotnen data with the same approach we
applied to our data. However, we constrained the 14CO
and 14CO2 surface production rates for each mechanism
to be within the uncertainties of those determined from

the Taylor Glacier 14C data. The value for P 0
n was scaled

by a factor of 1.80 with respect to Taylor Glacier, the value

for P 0
l� by a factor of 1.45 and the value for P 0

lf with a fac-

tor of 1.18 (as per Lifton et al. (2014)) to account for the
higher elevation of Scharffenbergbotnen. Ablation rate
was adjusted to 0.16 m a�1 (van der Kemp et al., 2002).

Scharffenbergbotnen ice has a relatively younger age
(van der Kemp et al., 2002) and is expected to have a
non-negligible 14C component inherited from the accumula-
tion zone. Further, the van der Kemp et al. (2002) study did
not include a correction for 14C production during storage
and transport of the ice. To account for these 14C compo-
nents, we treat D in Eq. (4) as an additional free parameter.

Fig. 5 shows the results of the curve fits. Scharffenberg-
botnen 14C results are reproduced well with 14C production
rates determined at Taylor Glacier, even without allowing
for any uncertainty in the Scharffenbergbotnen ablation
rate. This agreement is encouraging and suggests that
all in situ cosmogenic 14C migrates from the ice lattice
into the air bubbles relatively rapidly, allowing for the
t the ice surface as determined from Taylor Glacier data by curve
duction rates are in atoms of 14C g�1 a�1. The values for 14CO2 and
al 14C production values given in prior studies (same as in Table 1)

14CO2 Total Total, prior studies

13.6 ± 10.1 14.3 ± 10.1 20.0 ± 1.5
1.5 ± 0.7 1.7 ± 0.7 4.75 ± 0.4
0.51 ± 0.17 0.56 ± 0.17 0.74 ± 0.4

ements with expected values based on production rates from prior

pected total 14C, atoms/g ice Upper limit measured/expected

8 ± 136 0.53 ± 0.09
7 ± 132 0.47 ± 0.09
2 ± 128 0.49 ± 0.10
4 ± 125 0.56 ± 0.12
6 ± 118 0.60 ± 0.14
8 ± 110 0.46 ± 0.12
0 ± 104 0.62 ± 0.17



Fig. 5. Scharffenbergbotnen data from van der Kemp et al. (2002) and fit curves generated using production rates constrained by Taylor
Glacier data. Production rate estimates shown are determined by the curve fit (within bounds allowed by Taylor Glacier results) and are for
Scharffenbergbotnen ice surface, in 14C atoms g�1 a�1.
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dry-extraction method used in the van der Kemp et al.
(2002) study to quantitatively recover the 14CO and 14CO2.

5. CONCLUSIONS AND FUTURE OUTLOOK

In this study, in situ cosmogenic production of 14CH4 in
ice has been corroborated, and 14CH4 production rates have
been constrained in the 2.26–19.53 m depth range of the
Taylor Glacier samples. 14CO measurements have improved
substantially over prior work, resulting in much less scatter
in the data. As a result, 14CO production rates have also been
successfully constrained at Taylor Glacier and appear consis-
tent with independent data from Scharffenbergbotnen. This
agreement between results from melt-extraction and dry
extraction approaches suggests that in situ cosmogenic
14CO is released rapidly from the ice grains into the air
bubbles in the ice. This study has also provided the first
confirmation of in situ cosmogenic 14C production from
16O by the fast muon mechanism in a natural setting.

Taylor Glacier results revealed that the 14CH4/
14CO

production ratio is the same (0.0076 ± 0.0003) for the two
muon mechanisms and is independent of depth. A higher
14CH4/

14CO production ratio inferred for the neutron mech-
anism is qualitatively consistent with earlier results from
Summit, Greenland firn. The constant 14CH4/

14CO produc-
tion ratio for the muon mechanisms means that 14CO can
be used to correct 14CH4 measurements for the in situ cosmo-
genic component in ice with negligible neutron-produced
14CH4. This means that it should be possible to retrieve the
paleoatmospheric 14CH4 signal from Taylor Glacier ice
deeper than �6 m, allowing for reliable reconstructions of
the fossil fraction of the past methane budget, including
testing the hypotheses of major atmospheric methane releases
from methane clathrates and permafrost.

This study did not produce reliable constraints on 14CO2

production rates because of complications associated with
the melt-extraction approach. 14CO2 production rates and
total 14C production rates in ice thus remain to be experi-
mentally verified.
Ongoing work involves the construction of a system cap-
able of extracting CO2 from �1.5 kg of ice by sublimation.
This approach would allow for complete 14CO2 release
from the ice grains without the complications of a melt
extraction. Ongoing work is also attempting to extend the
sampling at the �52 ka site at Taylor Glacier to a depth
of 70 m or more, to better characterize the two muon pro-
duction mechanisms, as well as collect samples from very
shallow ice to improve constraints on 14C production by
neutrons.
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