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ABSTRACT: The in situ cosmogenic nuclide 14C is unique compared with other nuclides because of its short half-
life, and when combined with longer-lived isotopes (e.g. 10Be), in situ 14C can be a powerful tool for deciphering
recent and complex surface exposure histories. Like all in situ cosmogenic nuclides, quantifying earth surface
processes with in situ 14C requires a well-constrained in situ 14C production rate. We present a production-rate
calibration from an independently dated moraine in West Greenland, previously used as an in situ 10Be
production-rate calibration site. The local in situ 14C production rate is 22.8� 1.4 atoms g�1 a�1 (69.28˚N, 50.76˚
W; 350m asl) and when scaled to sea level/high latitude using time-dependent Lal/Stone scaling (Lm), we calculate
a spallation-only in situ 14C production rate of 12.0� 0.9 atoms g�1 a�1 and a 14C/10Be production rate ratio of
3.1� 0.2. The West Greenland in situ 14C production rate is indistinguishable from the New Zealand, Promontory
Point and Scottish Highlands in situ 14C production rates. When combined, we calculate a global production rate
of 12.1� 0.5 atoms g�1 a�1 (Lm). Copyright # 2014 John Wiley & Sons, Ltd.
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Introduction

In situ cosmogenic nuclides 10Be, 26Al, 36Cl, 21Ne and 3He
measured in rock surfaces or sediments have revolutionized
our ability to place empirical constraints on landscape
processes (e.g. Granger et al., 2013). Whereas these isotopes
are either stable (21Ne and 3He) or long-lived (e.g. 10Be half-
life �1.39 Ma), in situ 14C is a short-lived nuclide with a half-
life of 5700� 30 years (www.nndc.bnl.gov; Roberts and
Southon, 2007) making its use complementary to longer lived
isotopes for several geomorphological applications, such as
recent and complex exposure–burial histories (e.g. Goehring
et al., 2011). In such complex exposure scenarios, in situ 14C
is relatively insensitive to periods of prior exposure that often
result in isotopic inheritance for the longer-lived nuclides,
because the portion of the in situ 14C inventory accumulated
before the last ca. 25 ka will have decayed to undetectable
levels. Under conditions of continuous exposure, in situ 14C’s
short half-life results in secular equilibrium (production¼
decay) after ca. 25–30 ka, and considering uncertainties in
both measured concentrations and the secular equilibrium
value, the utility of in situ 14C for exposure dating is limited
to the last ca. 15 ka (Lifton et al., 2001).
There have been relatively few studies using in situ 14C

measurements (e.g. Yokoyama et al., 2004; Miller et al.,
2006; Anderson et al., 2008; Goehring et al., 2011; White
et al., 2011; Briner et al., 2014; Hippe et al., 2014). Difficul-
ties isolating small amounts of in situ 14C from atmospheric
14C initially limited the application of in situ 14C (e.g. Jull
et al., 1989). However, a pioneering effort by Lifton et al.
(2001) focusing exclusively on quartz aliquots (vs. whole
rock) significantly improved the reliability of isolating in situ
14C and has made its extraction a more reliable technique
(Pigati et al., 2010). Nonetheless, in situ 14C extraction is still

far from routine, given the small number of laboratories
currently capable of extracting in situ 14C (e.g. ETH Zürich;
LDEO, Purdue University) and the remaining challenges in
low-background extraction. Studies harnessing in situ 14C’s
potential will undoubtedly increase as more laboratories
become able to isolate in situ 14C and background 14C
concentrations continue to fall (e.g. Hippe et al., 2013;
Goehring et al., 2014).
The application of any cosmogenic nuclide requires knowl-

edge of the nuclide-specific production rate. To develop a
production-rate calibration, nuclide concentrations must be
measured on a surface with a well-constrained exposure
history with an independent age, typically derived from
radiocarbon dating of organic material. To date, only three in
situ 14C production-rate calibration experiments exist: Prom-
ontory Point (Utah, USA; Lifton et al., 2001; Pigati, 2004;
Miller et al., 2006; Dugan et al., 2008), the north-western
Scottish Highlands (Dugan et al., 2008) and New Zealand’s
Southern Alps (Schimmelpfennig et al., 2012). We present an
in situ 14C production-rate calibration from a site in West
Greenland that was previously used for a 10Be calibration
(Young et al., 2013a), and then combine this value with
existing values to present a ‘global’ production-rate calibration.

Calibration site: the Marrait moraine
at Jakobshavn Isfjord, West Greenland

The Marrait moraine calibration site at Jakobshavn Isfjord
(69.15˚N, 50.90˚W, 350m asl) is part of the broader Baffin
Bay–Arctic 10Be production-rate calibration dataset (Young
et al., 2013a). The Baffin Bay 10Be calibration comprises
three independent production-rate calibrations: two from the
Jakobshavn Isfjord region and one from Baffin Island. Of these
three calibrations, the Marrait moraine dataset has the most
precise independent age control, and thus we focus on the
Marrait moraine to develop our in situ 14C production-rate
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calibration. The full details of this site are provided in Young
et al. (2013a), but here we provide a brief overview of the
geomorphic setting.
The Jakobshavn Isfjord forefield is dominated by the Fjord

Stade moraine system, comprising the older Marrait and
younger Tasiussaq moraines (Weidick, 1968; Young
et al., 2013b). Following initial deglaciation of the Jakob-
shavn Isfjord forefield ca. 10 ka, the Marrait moraine was
deposited 9175� 45 cal a BP (Young et al., 2011). This is the
mean age from bracketing 14C ages (n¼ 4; aquatic macro-
fossils) immediately above and below a dominantly minero-
genic sediment unit deposited in the proglacial-threshold
Pluto Lake (i.e. Briner et al., 2010) during emplacement of
the Marrait moraine. These radiocarbon ages all overlap at
1s, suggesting that emplacement of the minerogenic unit,
and thus the Marrait moraine, was nearly instantaneous (sub-
centennial; within dating resolution) and that the radiocarbon
ages closely constrain the timing of moraine deposition.
Moreover, it is unlikely that hard-water effects influenced our
radiocarbon ages because Pluto Lake rests entirely within a
crystalline bedrock catchment, and using macrofossils elimi-
nates the potential complications of dating bulk sediments in
the Arctic, which often yields radiocarbon ages that are too
old (Wolfe et al., 2004). We measured in situ 14C concen-
trations in quartz from the same five Marrait moraine
boulders that were used in the 10Be calibration (Table 1).

In situ 14C measurements and production
rate assumptions

In situ 14C extraction was completed in the Lamont-Doherty
Earth Observatory (LDEO) extraction line following proce-
dures outlined by Schimmelpfennig et al. (2012) and Goehr-
ing et al. (2014). In situ 14C concentrations for five calibration
samples were corrected for topographic shielding and sample
thickness, but not corrected for potential snow cover.
Samples are from open, wind-swept locations, thus minimiz-
ing the likelihood of snow cover. Corbett et al. (2011)
estimated that nuclide concentrations corrected for snow
cover in the Jakobshavn Isfjord region could increase by no
more than �7% for an exposure duration similar to that of
the Marrait moraine. This value is almost certainly a signifi-
cant overestimate because it does not account for sample
location and it assumes that all snow remains on the
landscape during the winter.
In situ 14C concentrations were blank-corrected using a

long-term LDEO blank value of 118.09�39.28�103 14C
atoms (Table 2a, b), and for each sample, the LDEO blank
concentration uncertainty (standard deviation (SD) of 33%)
was propagated through in the quadrature (Table 2a). For
completeness, we also present uncertainties, including the
inter-lab scatter of recent CRONUS-A standard in situ 14C
measurements (6.34%; Jull et al., 2014; Table 2a). The
arithmetic mean and SD of our corrected in situ 14C
concentrations is 126.90� 7.61� 103 atoms g�1. The scatter

in the distribution of the calibration in situ 14C concentrations
(6%) is greater than the individual 1s accelerator mass
spectrometry (AMS) 14C measurement uncertainties (1%) and
greater than the SD of the corresponding 10Be distribution
(1%; Table 2a). The standard deviation in our in situ 14C
dataset therefore most likely reflects scatter of the LDEO
blank values, and reproducibility variations resulting from the
complex in situ 14C extraction procedure. The SD of our
calibration in situ 14C concentrations is consistent with the
SDs of the LDEO CRONUS-A standard measurements
(�4.7%; Table 2c) and independent CRONUS-A measure-
ments completed at two other laboratories (�5.0 and 5.7%).
Whereas the uncertainty in the 10Be production rate derived
from the Marrait calibration samples (�2%; Young
et al., 2013a, b) is dictated primarily by the independent age
control precision and AMS measurement precision (�2%),
our in situ 14C production rate uncertainty is strongly
influenced by our intralaboratory measurement repeatability
and the scatter of the LDEO long-term 14C blank values.
In situ 14C production occurs until the year of sample

collection, 2011 AD for the Marrait moraine calibration
samples, whereas traditional radiocarbon ages are reported
and calibrated relative to the year 1950 AD. To synchronize
these two timescales we added 61 years to the calibrated age
of the Marrait moraine and rounded that value (including the
uncertainty) to the nearest decade, resulting in an emplace-
ment age for the Marrait moraine of 9240�50 years before
2011. In situ 14C production occurs through spallation and
muon capture. Production of in situ 14C by muons (3.8 atoms
g�1 a�1 at sea level/high latitude) is determined separately
following Heisinger et al. (2002a, b) and therefore our
reported production rates using each scaling scheme are for
spallation only (Table 3); our stated local (unscaled) produc-
tion rate includes spallation and muon capture. We note that
the muogenic component of in situ 14C production is not well
constrained (Balco et al., 2008) and thus our empirically
determined 14C spallogenic production rates and the 14C/10Be
spallogenic production-rate ratio could change with any future
revision of muogenic production rates. Sea-level/high-latitude
in situ 14C production rates were determined using the five
common scaling schemes [Lal, 1991; Stone, 2000 (St); time-
dependent Lal/Stone (Lm); Lifton et al., 2005 (Li); Desilets
et al., 2006 (De); Dunai, 2001 (Du)] by selecting the best-
fitting 14C production rate through a x2 minimization of the
misfit between calculated and measured in situ 14C concen-
trations (Table 3). The x2 minimization technique accounts for
the uncertainty in our independent age (�50 years), but the
total uncertainty is dominated by the distribution and uncer-
tainty in our measured in situ 14C concentrations.
The Marrait moraine calibration site has undergone �60m

of isostatic uplift since deglaciation. To explore the effects of
uplift on our stated production rates, we used a well-
constrained regional emergence curve from near our field
area and allowed 14C production to vary temporally with
increasing elevation along the emergence curve (Long

Table 1. Sample data.

Sample
Latitude
(DD)

Longitude
(DD)

Elevation
(m asl)

Boulder dimensions
(L�W�H) (m)

Thickness
(cm)

Shielding
correction

Thickness
correction

11QOO-01 69.2844 �50.7569 350 2�1.5�1.5 1.5 0.995 0.988
11QOO-02 69.2844 �50.7569 350 1.25�1.25�1.5 1.5 0.995 0.988
11QOO-03 69.2844 �50.7566 350 2.5�1.25�1.5 1 0.995 0.992
11QOO-04 69.2844 �50.7562 350 4�1.5�1.5 1.25 0.995 0.989
11QOO-05 69.2842 �50.7528 350 4�4�1.75 1 0.996 0.992

For production-rate calculations we assume a rock density of 2.65 g cm�3 and a neutron attenuation length of 160 g cm�2.

Copyright # 2014 John Wiley & Sons, Ltd. J. Quaternary Sci., Vol. 29(5) 401–406 (2014)
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et al., 2006, 2011; Young et al., 2013a). Applying this
correction results in a production rate that is ca. 5% higher
than production rates calculated using a constant elevation.
This correction, however, would probably result in a maxi-
mum-limiting production rate because other processes coun-
teract the effects of isostatic uplift, including changes in air
pressure driven by ice sheets and eustatic sea-level change
(Staiger et al., 2007; Young et al., 2013a). Lower atmospheric
pressure at the ice margin due to katabatic wind effects
would lead to an artificially high production rate. For sites
exposed since the Last Glacial Maximum, this effect could
have been up to �10% (Staiger et al., 2007), but this should
be considered a maximum value here as our calibration site
has only been exposed ca. 9200 years. Changes in eustatic
sea level near our site would also counteract the effects of
isostatic uplift, but the magnitude of this correction is
probably minimal (Osmaston, 2005). Adapting the arguments
made by Young et al. (2013a) and based on the controversial
discussion within the surface-exposure dating community
regarding the importance of correcting production rates for
isostatic rebound (versus countering effects such as sea-level
change and air pressure variations), we prefer to use and
discuss production rates here that do not include an uplift
correction. However, we include rebound-corrected produc-
tion rates for reference in Table 3.

An in situ 14C production rate from West
Greenland

Dividing the average in situ 14C concentration of the five
calibration samples (126.90� 7.61�103 atoms g�1) by the
independent age of the Marrait moraine (9240� 50 years),
results in a time-integrated local in situ 14C production rate at
our calibration site (69.28˚N, 50.76˚W; 350m asl) of
22.8� 1.4 atoms g�1 a�1 (value accounts for the 14C decay
constant). Our calculated in situ 14C production rates scaled
to sea level/high latitude using the St, Lm, De, Du and Li
scaling schemes (for convention) are 12.0� 0.9, 12.0� 0.9,
12.6� 0.9, 12.4�0.9 and 13.3� 1.0 atoms g�1 a�1, respec-
tively (Table 3). In addition, the spallation production-rate
ratios of 14C/10Be for all five scaling schemes are 3.0–
3.1� 0.2 (Table 3), which agree with the spallation 14C/10Be
production-rate ratio of 3.0� 0.2 determined in the New
Zealand calibration samples and with numerically simulated
14C/10Be production-rate ratios of 3.1 and 3.2 (Table 3;
Masarik and Reedy, 1995; Schimmelpfennig et al., 2012;
Argento et al., 2013). We caution that although recent
modeling studies support our empirically derived production
ratio from a high-latitude and low-altitude location, these
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Figure 1. Best-fit in situ 14C production rates (spallation only) using
the St, Li and Lm scaling schemes. The horizontal line and gray band
is the arithmetic mean and SD of the production-rate values from the
four calibration datasets (value at the top of each panel; Table 3).
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same studies suggest that the production ratio may change as
a function of altitude, and perhaps latitude, and thus the
production ratio may differ slightly from site to site (Argento
et al., 2013; Lifton et al., 2014). The West Greenland
production rate of 12.0� 0.9 atoms g�1 a�1 (Lm) is statisti-
cally indistinguishable from the New Zealand, Promontory
Point and Scottish Highlands production rates of 11.4� 0.9,
12.5� 0.6 and 12.4� 1.6 atoms g�1 a�1 (Lm), respectively
(Table 3).
Combining all four calibration datasets (arithmetic mean�

SD) results in ‘global’ 14C production rates of 12.3�0.5 (St),
12.6� 0.6 (De), 12.6� 0.6 (Du), 13.5�0.6(Li) and
12.1� 0.5 (Lm) atoms g�1 a�1 (Table 3). Note that the use of
a ‘global’ 10Be production rate comprising several individual
calibration datasets (Balco et al., 2008) resulted in cases
where calculated 10Be ages were incompatible with tradition-
al radiocarbon constraints (e.g. Balco et al., 2009; Briner et
al., 2012). However, several recent local in situ 10Be
production-rate calibrations have resulted in an overall
reduction in both the average 10Be production value and its
uncertainties (e.g. Balco et al., 2009; Putnam et al., 2010;
Young et al., 2013a), such that site-to-site discrepancies
evident in the global 10Be dataset are greatly reduced. For
locations lacking a local production-rate calibration, our
global values for in situ 14C spallogenic production are
reliable given the stated uncertainties, at least until in situ 14C
measurement precision improves (e.g. via low and stable
blank values) to the point that existing and future calibration
datasets are statistically incompatible with the global values
reported here.

Conclusions

Our West Greenland in situ 14C production rate (12.0� 0.9
atoms g�1 a�1; Lm) is indistinguishable from the three
previously reported production rates from Promontory Point
(12.5�0.6; Lm), the Scottish Highlands (12.4� 1.6; Lm) and
New Zealand (11.4�0.9; Lm). The West Greenland 14C/10Be
production-rate ratio of 3.1�0.2 (Lm) is consistent with the
empirically derived 14C/10Be production-rate ratio from New
Zealand and independently modeled estimates of the produc-
tion ratio. Combining all four existing in situ 14C production
rate calibrations, the current in situ 14C ‘global’ production
rate is 12.1� 0.5 atoms g�1 a�1 (Lm), a value that is subject
to change as more calibration studies become available.
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