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[11 Radiocarbon measurements at ice margin sites and blue ice areas can potentially be
used for ice dating, ablation rate estimates and paleoclimatic reconstructions. Part of the
measured signal comes from in situ cosmogenic '*C production in ice, and this component
must be well understood before useful information can be extracted from '*C data.

We combine cosmic ray scaling and production estimates with a two-dimensional ice flow
line model to study cosmogenic "*C production at Taylor Glacier, Antarctica. We find
(1) that '*C production through thermal neutron capture by nitrogen in air bubbles is
negligible; (2) that including ice flow patterns caused by basal topography can lead to a
surface '*C activity that differs by up to 25% from the activity calculated using an
ablation-only approximation, which is used in all prior work; and (3) that at high ablation
margin sites, solar modulation of the cosmic ray flux may change the strength of the
dominant spallogenic production by up to 10%. As part of this effort we model two-
dimensional ice flow along the central flow line of Taylor Glacier. We present two methods
for parameterizing vertical strain rates, and assess which method is more reliable for Taylor
Glacier. Finally, we present a sensitivity study from which we conclude that uncertainties
in published cosmogenic production rates are the largest source of potential error. The
results presented here can inform ongoing and future '*C and ice flow studies at ice margin

sites, including important paleoclimatic applications such as the reconstruction of

paleoatmospheric '*C content of methane.
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1. Introduction

[2] Ice cores from polar regions have been used to
reconstruct climate variations as far as 800 ka back in time
[e.g., Jouzel et al., 2007]. Old ice can not only be obtained
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from deep ice cores, but also at ice margins and Antarctic
blue ice areas (BIAs) where it is re-exposed by ablation
[Reeh et al., 2002; Bintanja, 1999]. For paleoclimate studies
this provides an interesting alternative to ice coring, as
sample retrieval is less challenging from both technological
and logistical points of view. Old ice can be sampled from
near the surface, making the method especially well suited
for experiments that require large ice samples [Petrenko
et al., 2009]. Dating of ice parcels is the principal problem
when using ablation sites for climatic reconstruction
[Sinisalo and Moore, 2010, and references therein]. Several
methods have been used, including radiometric dating of
tephra layers [e.g., Dunbar et al., 2008], flow line modeling
[Azuma et al., 1985; Grinsted et al., 2003; Moore et al.,
2006], stratigraphical matching of gas and water isotope
measurements to well-dated ice core records [e.g., Reeh et al.,
2002; Petrenko et al., 2006; Aciego et al., 2007; Schaefer
et al., 2009], and radiocarbon dating of micro-particles
[Jenk et al., 2007]. Early on it was realized that radiocarbon
dating of the CO, present in the air bubbles trapped in polar
ice can potentially be used as an absolute dating method for
ice cores and BIA samples [Fireman and Norris, 1982;
Andree et al., 1984]. In this method the air is extracted from
the ice sample, after which the CO, is isolated for *C
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Figure 1. The Taylor Glacier with surroundings. Abbreviations are Round Mountain (RM), Simmons
Basin (SB), Pandora Spire (PS), the Cavendish Ice Falls (CIF), Cavendish Rocks (CR), Windy Gully

(WG), and Lake Bonney (LB).

analysis. Interpretation of the '*C data, however, is com-
plicated by cosmogenic in situ production of '*C from
oxygen atoms found in ice [Lal et al., 1990]. When this
effect is corrected for, the air bubbles contained in the ice
can be dated with an accuracy of a few thousands of years
[Van de Wal et al., 1994; Van Roijen et al., 1995; Van Der
Kemp et al., 2002; De Jong et al., 2004; Van de Wal et al.,
2007].

[3] Apart from dating applications, there are other reasons
for studying radiocarbon in ice. First, surface '*C con-
centrations (in either '*CO or '*CO,) reflect ablation (or
accumulation) rates at the site under study. At sites with low
ablation rates the ice parcels move slowly through the top
~5 m (where cosmogenic irradiation is strongest), leading to
a high surface '*C activity because the cosmogenic *C
accumulates over time. The opposite is also true: where
ablation rates are high, activity will be low. By this principle,
measurements of '“C have been used to estimate BIA abla-
tion rates [e.g., Lal et al., 1990; Van Roijen et al., 1995; Van
der Borg et al., 2001]. It has also been suggested that '*C in
ice core samples can be used to infer past changes in accu-
mulation rate [Lal et al., 1990, 2000].

[4] Second, at well-dated ablation sites paleoclimate
information can be obtained from radiocarbon measure-
ments. Fossil carbon sources are depleted in '*C, and in this
way measuring the '“C activity of carbon-containing gas
species can teach us about the fossil contribution to their past
atmospheric variations. In particular, the '*C variations in
methane (CH4) over the last glacial termination contain
information on how much the destabilization of *C-depleted
methane hydrates contributed to the observed CH, increases
[Petrenko et al., 2008, 2009].

[s] Measurable amounts of cosmogenic '*C are produced
down to a depth of ~200 m below the ice surface, and
consequently the ice flow at the sampling site must be well
understood to correctly interpret '*C data. The aim of this
study is to investigate the influence of ice flow on cosmo-
genic '*C production. Our study site is Taylor Glacier,
Antarctica — an outlet glacier of the East Antarctic Ice Sheet
that originates at Taylor Dome, and terminates in the
McMurdo Dry Valleys (Figure 1). Over much of the gla-
cier’s length, ablation exceeds accumulation; as such, the
lower reaches of the glacier are a BIA. Ablation is domi-
nated by sublimation [Bliss et al., 2011]; current ablation
rates are around 0.1-0.3 m a~ ', which is typical of Antarctic
BIAs [Bintanja, 1999].

[6] Taylor Glacier presents an interesting study case for
several reasons. First, it has been the subject of an extensive
recent glaciological survey [Kavanaugh and Cuffey, 2009;
Kavanaugh et al., 2009a, 2009b], providing the data
required to reliably model the ice flow. Second, the glacier
flows through a region of rugged topography. This is rep-
resentative of Antarctic BIAs, many of which are found in
close proximity to mountain ranges and nunataks [Bintanja,
1999; Sinisalo and Moore, 2010]. Finally, the site is of
interest to paleoclimatic studies because the exposed ice has
ages between approximately 11.5 and 65 ka [Aciego et al.,
2007]. In particular the large (~1000 kg) ice samples
required for high precision '*C measurements of CH, can be
obtained from near the glacier surface [Petrenko et al.,
2008].

[7] In this work we combine 2-D flow line modeling with
comprehensive cosmogenic exposure theory to obtain a best
estimate for the '*C activity of ablating Taylor Glacier ice.
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Table 1. Constants Used in '* C Production Calculations

Mechanism i A; (g cm™?) PP ah AJp® (m)
Neutrons 150° 30.7 £ 5¢ 1.6
Muon capture 15104 475 £ 044 16.4
Fast muons 4320° 0.74 + 0.4¢ 47.1

At sea level and high latitude.

b14C production e-folding depth in ice.

°Lal et al. [1987]; Van de Wal et al. [2007].
dHez’singer et al. [2002a].

°Heisinger et al. [2002b].

The combined model allows us to assess the influence of
basal topography and solar modulation on the cosmogenic
4C production; we demonstrate under which conditions
these two effects become significant enough to deserve
consideration. We furthermore show production by thermal
neutron capture to be negligible under all conditions.
Although our focus is primarily on Taylor Glacier, these
conclusions are applicable to all studies of '“C in ice cores
and BlAs.

[8] The model also has applications that are very specific
to forthcoming *C samples from Taylor Glacier. During a
2010/2011 austral summer field campaign, samples for
radiocarbon analyses were taken at Taylor Glacier with the
purpose of better constraining in situ production rates. We
will show that at the sampling location the influence of ice
flow strain rates on '*C activity is minimal, greatly simpli-
fying data interpretation. More importantly, the model will
serve as a framework for correcting '*CH, measurements
over the abrupt methane increases observed for the last
glacial termination for the effects of in situ production, with
the purpose of reconstructing of the true paleo-atmospheric
signal.

2. Cosmogenic Production of '*C in Ice

[s] Cosmic rays consist largely of charged subatomic
particles originating from outside the Earth’s magneto-
sphere. Upon entering the upper atmosphere, particles of
sufficient energy cause nuclear disintegrations, from which a
shower, or cascade, of secondary cosmic ray particles is
produced. On interacting with the materials of Earth’s sur-
face, these secondary cosmic rays are capable of producing a
wide variety of terrestrial cosmogenic nuclei (TCN) (see
Gosse and Phillips [2001, and references therein] for an
overview of TCN exposure theory). In ice, '*C is produced
cosmogenically, primarily through neutron spallation of
oxygen atoms [Lal et al., 1990]. After production, the '*C
atoms are predominantly oxidized to form either '*CO, or
'4CO. The reported fraction of "*CO out of the total in situ
'4C ranges from 0.20-0.57 (the remainder being '*CO,) [Lal
et al., 1990; Van Roijen et al., 1995; Lal et al., 2000; Van
Der Kemp et al., 2002; De Jong et al., 2004]. A recent
study, however, suggests '*CH, is formed in small amounts
as well [Petrenko et al., 2009].

[10] Ice found in BIAs has experienced two intervals of
exposure: one in the accumulation zone and one during
ablation. Interpretation of the ablation signal is more
straightforward because all the cosmogenic "*C is retained. In
the accumulation zone, the presence of a ventilated porous
firn layer complicates interpretation. Given the results
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published to date, it is unclear how much , if any, of the '*C
that is produced in the accumulation zone is actually retained
[e.g., Smith et al.,2000; Lal et al., 2001; De Jong et al., 2004;
Van de Wal et al., 2007]. We focus our attention on '*C
production in the ablation zone. For ice older than ~50 ka,
essentially all of the accumulation-zone cosmogenic *C will
have decayed, and only ablation-zone production is of
importance. For younger ice inheritance will need to be
considered separately.

[11] We will consider four different mechanisms of in situ
cosmogenic "*C production in ice. Three of these involve
nuclear reactions with oxygen; the fourth involves the cap-
ture of thermal neutrons by the nitrogen present in the air
bubbles found in glacial ice.

2.1.

[12] We first consider neutron spallation reactions [Lal
et al., 1990, 2000], negative muon capture [Van der Borg
et al., 2001; Van Der Kemp et al., 2002; Heisinger et al.,
2002a], and fast muon reactions [Heisinger et al., 2002b;
Nesterenok and Naidenov, 2009]. The neutron and muon
fluxes incident on the glacier surface are attenuated in the ice,
giving a production rate P(z) that falls off with depth
following

Spallogenic and Muogenic Production

Pi(z) = Ple #/N = Pleri/ (1)

where P{ is the surface production rate, Z the overburden
in g cm 2, z the depth in cm, A, the absorption mean free
path in g cm ™% and p the density of the medium (for ice
we use p = 0.92 g cm ). Following Heisinger et al.
[2002a], the subscript i can take the values A, 1~ and
to denote neutron spallation (also referred to as the
hadronic component), negative muon capture, and fast
muons, respectively. The production constants used in this
study are summarized in Table 1, where the last column
gives the e-folding depth for each production mechanism.
Figure 2a shows the decrease of production rate with
depth.

[13] Following convention, surface production rates are
listed at sea level and at high latitude. At elevation there is
less shielding by the overlying atmosphere, giving an
increased cosmic ray flux and radionuclide production. At
low latitudes, the Earth’s magnetic field shields more of the
incoming rays, leading to lower nuclide production. To
incorporate both effects, scaling relations are used, which
give nuclide production rates at any point at the Earth’s
surface relative to the reported high latitude sea level pro-
duction rates [Lal, 1991; Dunai, 2000; Gosse and Phillips,
2001; Desilets and Zreda, 2003; Desilets et al., 2006;
Lifton et al., 2005]. We use the scaling model of Lifion et al.
[2005], which provides the most detailed description of
muogenic scaling factors based on muon monitor data
covering a wide range of altitudes and latitudes. Further-
more, the Lifton scaling model includes the effect of solar
modulation, which can alter the spallogenic production by
~10% at the high geomagnetic latitudes of our study site
(Section 4.2).

[14] The altitude dependence is described by the atmo-
spheric depth X (in g cm™?), which equals the mass of the
overlying atmosphere traversed by the incident cosmic rays
at a given elevation. Note that X is directly proportional to
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Figure 2. (a) In situ '*C production rates with depth below
the glacier surface, using equation (1) and the values listed in
Table 1. The glacier surface is taken at sea level. The black
dashed line represents the sum of the individual mechanisms.
(b) Altitude dependence of the production using the Lifton
et al. [2005] model. The colors represent the three mechan-
isms; the vertical axis shows the integrated production

Q,‘ = f(;o P,‘(Z)dZ.

the barometric pressure. Radionuclide studies often use the
standard atmosphere as a basis for relating pressure to alti-
tude [Lal, 1991]. This works well in midlatitudes, but
because atmospheric pressure at a given elevation decreases
with increasing latitude this underestimates the cosmic ray
flux over Antarctica. Therefore we use the pressure-altitude
relation over Antarctica from Stone [2000]. The latitudinal
dependence of the cosmic ray flux is described by the
effective vertical cutoff rigidity Rc-, which is a measure of
the threshold energy required for a (charged) cosmic ray
particle to access a given point within the Earth’s magneto-
sphere. R( is inversely related to the geomagnetic latitude,
and the scaling model is latitude invariant at geomagnetic
latitudes greater than approximately ~60° S, equivalent to
Rc < 1.9 [Lifton et al., 2005]. Taylor Glacier falls within this
latitude range, and therefore we let R = 0. Figure 2b shows
how the integrated ice column production Q; = [§ P(Z)dZ
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changes with altitude. The integrated production Q; scales
linearly with the surface production rate PY, but is more
informative since it shows the total amount of in situ '*C
produced in the ice column. Spallogenic production shows a
more pronounced altitude dependence than muogenic pro-
duction, because the neutron flux is more strongly attenuated
by the atmosphere than the muon fluxes are.

2.2. Thermal Neutron Capture

[15] Glacial ice contains a finite amount of trapped air,
typically about 0.1 mL g~ ' at standard temperature and
pressure (STP). The final mechanism of "*C production we
consider is absorption of thermal neutrons by the nitrogen
(N,) present in gas bubbles, following the *N(n, p)*C
nuclear reaction pathway. This is the dominant mechanism
for radiocarbon production in the atmosphere. To the best of
our knowledge, this mechanism has been ignored to date in
studies of radiocarbon production in ice. In this section we
implement a simple neutron flux model to estimate the '*C
production rate by thermal neutron absorption.

[16] Low-energy neutrons, such as thermal neutrons,
originate from fast (spallogenic) neutrons whose energy has
been moderated through interaction with matter [Gosse and
Phillips, 2001]. On slowing down they first pass through
the epithermal energy range (0.5 eV < E, < 1 keV, with E,
the neutron energy), and subsequently the thermal energy
range (0 < E, < 0.5 eV), where neutron energy is on the
order of the thermal vibrations of their surroundings. At
these energies they can no longer lose their energy by
momentum transfer to incident nuclei, and the only sink
mechanisms to the thermal neutron flux are capture and free
neutron decay.

[17] To calculate both the epithermal and thermal neutron
fluxes near the ice-atmosphere interface, we use a model by
Phillips et al. [2001]. Table 2 gives the low-energy transport
parameters used here, where for each element £ we list its
mass 4, average log decrement of energy loss per collision &,
epithermal neutron scattering cross-section o, thermal
neutron capture cross-section oy, and the dilute resonance
integral for absorption of epithermal neutrons 7,. We also list
the estimated concentrations in atoms per gram of the dif-
ferent elements for both ice and atmosphere (Ve and Ny,
respectively). The low-energy neutron model is first verified
by comparing the calculated fluxes to measured fluxes in a
block of concrete at Los Alamos National Laboratory, USA
[Liu et al., 1994]. The model reproduces the observations
within 10%, giving us confidence that, at the very least, the
model will calcluate the fluxes to the correct order of mag-
nitude. Figure 3a shows the calculated epithermal and ther-
mal fluxes (P, and Py, respectively) for an ice-atmosphere
interface at sea level. We see that the epithermal flux in the
ice is strongly reduced. This is due to the presence of
hydrogen as the most abundant element, which is a very
effective moderator of epithermal neutrons (Table 2).This
strong moderation of epithermal neutrons leads to a sharp
increase in the thermal neutron flux over the atmosphere-ice
interface.

[18] From the calculated flux ®y we can derive the pro-
duction rate of '*C by thermal neutrons as

Pth(Z) = Uth,NMce,Nq)th(Z) (2)
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Table 2. Low-Energy Neutron Transport Parameters®
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k A (gmol ™) & (unitless) g (1072 cm?) om (T em?) I, (1072 cm?) Nice (10°° g7 1) Nogm (10%° g71)
H 1 1 20.5 0.33 0 667 0

N 14 0.14 11.5° 1.9¢ 0.034¢ 0.0456 325

e} 16 0.12 3.76 0.0002 0.0004 334 87.1

Ar 39.9 0.049 0.68° 0.675° 0.414 0.0027 1.94

*Values from Phillips et al. [2001] unless indicated differently.
®Sears [1992].

“Wagemans et al. [2000].

Mughabghab et al. [1992].

This is shown in Figure 3b together with the curve
P[/;S (Z) = omn Nice»Nq):h?ice o2/ M 3)

toward which Py (Z) approaches asymptotically as Z — oo.
The value of CIJ:h, ice 18 given by Phillips et al. [2001, equa-
tion 21]. From equation (3) it is clear that to first approxi-
mation the thermal neutron production has the same depth
dependence as the production by neutron spallation
(equation (1)); however, the surface production rate (and
thereby the integrated column production) is more than 2
orders of magnitude smaller. We shall therefore neglect *C
production by thermal neutrons in the remainder of this
work. Since all thermal neutrons are ultimately captured by
nuclei of the host material, one might wonder why the *C
production rate is so small. On comparing the values in
Table 2 it is clear that hydrogen absorbs the vast majority of
thermal neutrons by virtue of its abundance and relatively
large capture cross-section.

3. Taylor Glacier 2-D Flow Line Modeling

[19] The 'C activity of old ice in a BIA is a function of its
cosmogenic exposure history, and thereby its flow path. At
Taylor Glacier the individual ice parcels move both down
valley, as well as toward the glacier surface due to ablation
of overlying ice. In this section we present a 2-D ice flow
line model for Taylor Glacier with the objective of recon-
structing the trajectory of ice parcels.

3.1. Data Input to the Ice Flow Model

[20] The 2-D ice flow line modeling presented here is
based on a recent series of detailed studies of the dynamics
and mass balance of Taylor Glacier [Kavanaugh and Cuffey,
2009; Kavanaugh et al., 2009a, 2009b]. From these studies
we use the surface and basal digital elevation models, sur-
face velocities obtained from both satellite radar interfer-
ometry (InSAR) and Global Positioning System (GPS)
measurements of the displacement of a network of survey
poles, ice-surface ablation rates, and modeled horizontal
velocity profiles with depth.

[21] Figure 4 shows the outline of the glacier, with the
color scale depicting the surface flow speeds used in the ice
flow modeling. The red curve indicates the flow path along
which we shall calculate the exposure history of ablating ice
parcels. We let x be the flow-parallel coordinate with the
origin at the terminus, y be perpendicular to the flow and z be
the depth coordinate with z = 0 at the glacier surface. The
distance x (in km) is indicated with red markers in Figure 4.
The central flow line is constructed in two steps. The first

part from 0 <x <40.5 km follows the sampling transect of a
2009-2010 field campaign, the aim of which was to accu-
rately date the ablating ice. For x > 40.5 km we invert the
surface velocity field and trace back an imaginary ice parcel.
The flow line crosses two narrow regions of missing data
around x = 53 km; in these locations we adjust the path by
eye to obtain a smooth transition between the trajectories on
both sides.

[22] The ablation rate measurements are described by
Kavanaugh et al. [2009b]. We select poles along the center
flow line as shown in Figure 4. The poles were planted
during the 2002/2003 austral summer field season, and
measured during the 2003/2004 season. The majority of
poles relevant for this study were remeasured in the 2006/
2007 season. We include additional data for 17 poles that
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Figure 3. (a) Modeled thermal and epithermal neutron
fluxes at the atmosphere-ice interface at high latitude
(Rc = 0) and sea level. The ice surface is placed at Z = 0;
for Z < 0 we have atmosphere, for Z > 0 ice. (b) Production
rate of '*C through the "*N(n, p)'*C nuclear reaction given
the calculated neutron fluxes, together with the asymptote
given by equation (3).
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Figure 4. Color plot of glacier surface velocity inm a~' from InSAR remote sensing [Kavanaugh et al.,
2009a]. Regions with missing data show up as light patches; here high surface deformation due to strain
rates precludes phase unwrapping. White dots indicate survey poles used in this study, which are a subset
of the stake network of Kavanaugh et al. [2009a], selected for their proximity to the center-line flow path.
Ablation rate measurements as well as GPS velocity measurements are available for these poles. The red
line with distance markers (in km from terminus) indicates the center flow line used in this study, the black
line shows the glacier edge. The main '*C sampling site of the 2010/2011 austral summer field campaign
(77.762° S, 161.720° E, or x = 14.05 km) is indicated with a yellow diamond.

were remeasured during the 2009/2010 and 2010/2011 field
seasons. Consequently we have ablation rate estimates
averaged over 1 and 4 years for the majority of the poles,
and averaged over 7 or 8 years for 17 of the poles. Due to
annual variability in ablation rates the 1-year estimates differ
significantly from the 4-year estimates for all poles, with the
former being 4.7 cm a~ ' more rapid on average [Kavanaugh
et al., 2009b]. The 4-year estimates agree well with the and
7- and 8-year averages. For each pole we take the longest
available measurement period as a best estimate. For 7 poles
(all at x > 50 km) this period equals one year; their ablation
estimate is adjusted by subtracting 4.7 cm a~'. The single
year ablation offset from the long term average gives an
estimate of the year to year variability; as an ablation rate
uncertainty estimate we use 4.7 cm a~ ' divided by VN,
where N is the observation period in years (N =1, 4, 7, 8).
Pole positions are projected perpendicularly onto the flow
line; poles with their x coordinates less than 200 m apart are
averaged. Between stakes we use linear interpolation of both
ablation rates and uncertainty estimates. The ablation rates
along the glacier are shown in Figure 5a. The peak near x =
30 km is caused by strong katabatic winds coming down
Windy Gully (Figure 1).

3.2. Calculating Vertical Ice Velocities Relative to the
Surface

[23] To trace the trajectories of ice parcels downward back
into the glacier, we need to calculate flow velocities in the x,
z-plane. Let u, v, w be the velocity components along x, y, z;
u = (u, v) the horizontal velocity vector, ug = (us, vs) the

horizontal velocity vector at the glacier surface, and H the
total ice thickness. The component w is the vertical velocity
relative to the glacier surface, with positive w being flow
toward the bed. We write the horizontal velocity as [Azuma
et al., 1985; Grinsted et al., 2003; Kavanaugh and Cuffey,
20091]:

Q)

where f(z) is a scaling function which equals unity at the
surface f(0) = 1. Kavanaugh and Cuffey [2009] concluded
that Taylor Glacier is frozen to the bed; for this reason we
include no basal sliding (f(H) = 0). We use the numerically
solved scaling functions by Kavanaugh and Cuffey [2009] at
six points along the flow line, and use linearly interpolated
profiles in between. The profiles are accurate since they are
based on the actual stresses and estimated temperature pro-
files in Taylor Glacier. Three other shapes of f(z) were also
tested; see Figure 5c for details.

[24] Let b denote the surface mass balance in m a™ ', with
b>0 (b < 0) indicating accumulation (ablation). The ver-

tical velocity at the surface equals wy = b. At finite depth w
(z) is given by

1

w(z) = b+ /OZ &, (2')dz' (5)

where €., is the vertical strain rate ¢,,= ow/0z. We will
compare two methods to estimate €.,.
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Figure 5. (a) Ablation rates from stake measurements
(black dots with error bars) [Kavanaugh et al., 2009b]
together with the interpolated best estimate (blue line) and
uncertainty estimate (light blue shading). (b) Comparison
of surface strain rates estimates obtained from the GPS stake
network (horizontal axis) [Kavanaugh et al., 2009a] and
through remote sensing (vertical axis). Outlier on left
rejected in the slope fitting. (c) Uncertainty in parcel trajec-
tory reconstruction, with glacier surface and bed (solid black
lines) and 2010/2011 sampling site (arrow). Shaded region is
bordered by highest- and lowest-elevation trajectories, gen-
erated using é.,+ = max(0.2 X |€,[, 4.0 x 107*a™"). Solid
blue lines show four choices of f{z): (1) numerically solved
profiles from Kavanaugh and Cuffey [2009], (2) glacial plug
flow, or fiz) = 1, and (3), (4) fliz) = tanh(kz/H)/tanh(k),
with £ = 4 and k = 5, respectively [Grinsted et al., 2003].
The blue lines fall on top of each other, showing the trajec-
tory reconstruction to be insensitive to the choice of f{z).
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3.2.1. Estimating ¢ Using Mass Conservation
in the Ice Column

[25] Kavanaugh et al. [2009b] have estimated that within
the accuracy of their method, Taylor Glacier is in steady
state. Under this assumption (0H/0t = 0), mass conservation
in the ice column can be written as [Cuffey and Paterson,
2010]

H(V-u)+u- (VH)=b (6)

where u is the depth-averaged horizontal velocity. We
introduce the commonly used assumption that the horizontal
strain rates scale the same way with depth as the horizontal
velocity [Grinsted et al., 2003; Kavanaugh and Cuffey,
2009]

0 0
b= 2= f(2) 2
ox ox (7)
: ov 7 )81/5
>, = — = zZ)—
W ay ay

This is not always a good assumption near the bed, but
works well for the near-surface flow that is relevant to cos-
mogenic production estimation. Using the fact that on the
center flow line the transverse velocity v = 0 we can rewrite
equation (6) as

—(Ous  Ovs - OH
7 (G 52) e = ®)

where £ is the column average f = i (f(2)dz. Equation (8)

assumes that 6f/0x can be neglected. Using the incompres-
sibility of ice we can solve for the vertical strain rate

£ (2) z% (%—H - ;) )

Note that this approach is similar to the one developed by
Grinsted et al. [2003]; the main difference is the inclusion of
the u,0H/Ox term on the right hand side of equation (9),
which is neglected in the cited study. For Taylor Glacier we
cannot neglect this term, as there are large longitudinal
variations in glacier thickness. To calculate vertical veloci-
ties with this approach, we use measurements of (1) surface
mass balance (i.e., ablation rates), (2) horizontal velocity
field (ug, vs), and (3) ice thickness H along the flow line. We
also use the scaling functions f{z) as derived by Kavanaugh
and Cuffey [2009].

[26] This method does not ensure that w(H) = 0. After
calculating w(z) using equations (5) and (9) we have forced
the ice near the base (0.8H < z < H) to transition smoothly
toward flow parallel to the bed, or w(z) = 0 H/0 x - u(z). Note
that because the '*C production happens in the upper part of
the column only, this will not significantly influence our
results.

3.2.2. Estimating ¢,, From Measured Surface
Strain Rates

[27] As an alternative approach we calculate vertical

strain from estimates of horizontal strain rates derived from

InSAR and GPS surface flow velocities. Let éi;l,s and é%,s be

the longitudinal and transverse surface strain rate estimates
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Figure 6. Modeled ice parcel trajectories along the center flow line. Model time step of 1 yr; parcels are
traced 20 ka back in time. The dashed line indicates the 10 atoms g~ equilibrium depth.
from measurements of u. Using equation (7) and the surface values are on the order of 1000 atoms '*C g™, any

incompressibility of ice we obtain

6x(2) = — (&M, + &)/ () (10)
The reliability of this approach depends on the accuracy of
the surface strain rate estimates. Figure Sb shows a com-
parison between strain rate estimates based on the InSAR
and GPS data. We see that the slope of the correlation devi-
ates significantly from unity; that there is one clear outlier in
the transverse strain rate €,,; that there is much scatter in the
data (R* = 0.68 when ignoring the outlier); and that for
~20% of the points the sign is reversed. In equation (10)
the horizontal strain rates are added. By doing so the poten-
tial for error is increased further, as their uncertainties also
add up.

[28] When calculating ice flow trajectories based on ver-
tical velocities from this second approach, we find that they
fail to follow bedrock undulations as required. Furthermore,
mass conservation is violated as ice parcels emerge from,
and disappear into, the bed. Because the trajectories fail to
follow topological features, an ad-hoc adjustment (as used in
the first method) cannot be applied, because it leads to sharp
kinks in the flow trajectories and violations of ice continuity.
For the reasons outlined above, we will use the first method
(mass conservation in the ice column) to estimate ice parcel
trajectories in the remainder of this study.

3.3. Tracing Ice Parcels

[29] We calculate the (u, w) velocity field in the x, z-plane
at a spatial resolution of Az =35 m and Ax =100 m. Using a
time step At = 1 yr we trace parcels back into the glacier,
where we use linear 2-D interpolation of (u, w) to find the
velocity at each newly calculated position. The result is
plotted in Figure 6. The dashed line indicates the depth
where cosmogenic production and radioactive decay balance
out to give a '*C concentration of 10 atoms g~ ' to hypo-
thetical ice parcels staying at that depth indefinitely. Since

errors in the trajectory calculation below this line can intro-
duce at most a 1% error in calculated surface values.

[30] Any choice of strain rate parameterization introduces
an error. To assess the potential for error, we introduce two
extreme flow cases acting as an uncertainty envelope to the
true flow path. This is depicted in Figure Sc. The shaded
region is bordered by the two envelope scenarios, which are
calculated by using €. 4 0;_ in equation (5), where the
strain rate uncertainty is arbitrarily set to o;_ = max(0.2 x
|€2], 4.0 x 10~* a~"). We expect the true flow path to lie
within the shaded area enveloped by these two extreme flow
cases that represent a highest- and lowest elevation trajec-
tory. We will use this uncertainty envelope in the sensitivity
study presented in section 4.3. We furthermore test four
different choices of the shape function f{z), which are plotted
as the blue solid trajectories in Figure 5c. Note that the
curves cannot be distinguished easily, because the four tra-
jectories differ very little. It is clear that any uncertainty in
A2) is of lesser importance, and is included within the flow
envelope.

4. Results and Discussion

4.1. Taylor Glacier "*C Estimates

[31] Knowing the path (x(¢), z(¢)) of an ice parcel back in
time allows us to calculate the time evolution of the cos-
mogenically produced '*C concentration:

d["*c],
[ ]1 — P?(X(l))epz(t)//\‘ _ )\[14C]

d[MC]
dt

i

(11)

[14C]i(t) :Ai+ﬁ; idtr

Here ['*C]; denotes the concentration of "*C in atoms g~'
produced by cosmogenic mechanism i, A is the decay con-
stant (1/8267 a~'), and 4 is the inheritance from previous
cosmogenic exposure (e.g., in the accumulation zone). The

8 of 13



F02029
‘ ‘ —

A 2000 }| — Spallation |

. Muon capture /
i Fast muons /

O 1500}| = — — Total

2]

€

e

& 1000}

O

¥

g so0f /\“J\/*“
®

T

>

v 0 . . . .

0 10 20 30 40 50
Distance from terminus (km)
B

Error (%)

-50 : : : :
0 10 20 30 40 50
Distance from terminus (km)
C 500 ™~
N\
N x =14.05 km
400 >
'y 300f
[%2])
IS
S 200
"
go 1001

0 5 10 15 20 25 30
Depth (m)

Figure 7. (a) Modeled surface cosmogenic '*C concentra-
tion (atoms g~ ') for the three production mechanisms. The
black dashed line gives the total concentration, i.e., the
sum of the three individual mechanisms. (b) Error when
using the ablation-only approximation of equation (12),
expressed as a percentage of the full 2-D model solution.
Negative values means that the ablation-only approximation
underestimates the true in situ production. (c) Depth pro-
file of "C concentration for the three production mechan-
isms at the sampling site of the 2010/2011 field campaign,
x = 14.05 km.

2010/2011 sampling site was selected to have an ice age
>50 ka [Aciego et al., 2007], meaning that effectively all the
'4C inherited from the paleo-atmosphere and cosmogenic pro-
duction in the accumulation zone has decayed. Furthermore,
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we are interested in the ablation signal only. For these reasons
we let the inheritance A4; = 0; all ice parcels start with zero '*C
activity at the upstream edge of the model (x = 72.4 km) at all
depths. To avoid any artifacts originating from the model
domain edge we only use results for x <50 km. The calculated
concentrations are shown in Figure 7a. As we get further
away from the terminus, the signal increases due to an
enhanced cosmogenic surface production with greater alti-
tude, as well as lower ablation rates. Around x = 30 km
there is a local minimum in the '*C concentration, which is
due to the katabatic wind-induced ablation rate maximum
referred to earlier.

[32] We can compare our calculated surface values to the
estimate given by Lal et al. [1990]:

Poeri/A
14

(z) = ——— 12
e = s (12)
where a is the ablation rate a = —b. This double notation

is chosen to be consistent with notation used in both gla-
ciological and cosmogenic nuclide literature. Note that
equation (12) neglects the effects of strain rates and lateral
flow. We shall refer to equation (12) as the ablation-only
approximation. Figure 7b shows the error introduced when
using this approximation, expressed as a percentage of the
full 2-D trajectory modeling solution. The spallogenic
component is only sensitive to ice flow in the top ~20 m;
consequently, there is not much difference between the
trajectory modeling and the ablation-only approximation
(as both use identical vertical ice velocity at the surface).
The muogenic nuclide production deviates more strongly
from the ablation-only case, as it also occurs at greater
depths. Near the overdeepening at x = 40 km, the fast
muon production differs by up to 50% from ablation-only.
Because ice parcels come from greater altitudes (and
therefore higher production rates) upstream, the ablation-
only approximation tends to underestimate nuclide pro-
duction. Our 2010/2011 '*C sampling site at x = 14.05 km
(indicated by the vertical grey line) lies at a position where
the deviation from the ablation-only case is near a mini-
mum; when using equation (12) to interpret data, an error
of ~5% is introduced.

[33] Several previous studies have used 4C concentra-
tions in combination with equation (12) to estimate ablation
rates in glaciers and BIAs [e.g., Lal et al., 1990; Van Roijen
et al., 1995; Van der Borg et al., 2001]. Our modeling
results show that neglecting the flow history of the ice par-
cels can result in an error of up to 25% where topography is
rugged (black dashed line in Figure 7b); the proximity of
many Antarctic BIAs to mountain ranges and nunataks
[Bintanja, 1999; Sinisalo and Moore, 2010] suggests that
caution is warranted when estimating ablation rates from
radiocarbon data.

[34] Ice samples for gas analysis should be taken from
several meter below the surface, where they are less likely to
be compromised by gas exchange with the modern atmo-
sphere through (thermal) surface cracks. Figure 7c shows the
depth profiles of the different production mechanisms at the
sampling site. Below ~6 m depth the spallogenic component
is nearly absent; samples taken at these depths should allow
us to determine the muogenic production rates more accu-
rately than the current laboratory estimates (Table 1).
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Figure 8. (a) Right axis: observational record of monthly aver-
aged sunspot numbers (ftp:/ftp.ngdc.noaa.gov/STP/SOLAR
DATA/SUNSPOT NUMBERS/INTERNATIONAL/monthly/,
black dots), together with a 1 year running average (red line).
Left axis: Spallogenic surface production rate estimate using
the Lifton et al. [2005] scaling model at high latitude
(Rc £ 1.9) and sea level (dark blue), and the simplified sur-
face production rate of equation (A1) (light blue, marked).
The dashed line shows the long term (11.4 ka) average pro-
duction rate as given in Table 1, corresponding to a measure
of solar modulation S = 0.950 in the Lifton et al. [2005] scal-
ing model. (b) Uncertainty in spallogenic production as a
function of the ablation rate a given by equation (13),
expressed as a percentage of total spallogenic production.

4.2. Solar Modulation of the Cosmic Ray Flux

[35] We will now examine how solar modulation of the
cosmic ray flux affects the '*C content of ablating ice
parcels. Variations in solar activity mostly influence low
energy cosmic rays, while high energy rays are less affected
[Lifion et al., 2005, and references therein]. At the high
latitudes of our study site the geomagnetic field provides
little shielding. Thus effectively all cosmic rays are admitted,
including the low energy rays that are modulated by solar
activity. Consequently variations in solar activity should be
considered when studying cosmogenic production in polar
regions. Note that spallogenic production is most sensitive to
solar modulation; muons are produced by incoming primary
cosmic ray particles of higher median energies, which are
not affected by solar modulation. The scaling model by
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Lifton et al. [2005] incorporates solar activity by relating
cosmic ray intensity to sunspot numbers, of which there is
an observational record dating back to the 17th century
[Hoyt and Schatten, 1998]. Following Lifion et al. [2005],
the tree ring 14C-based sunspot number reconstruction by
Solanki et al. [2004] is used prior to the existing observa-
tional record. Only spallogenic production rates are sensi-
tive to solar modulation in the scaling model.

[36] Figure 8a shows the changes in the spallogenic '*C
surface production rate for the last 4 solar cycles at sea level
and high latitude (i.e., any site with R < 1.9, our model uses
R = 0). Production is lowest during periods of high solar
activity. The dashed line represents the long term average
production rate as given in Table 1.

[37] How much these variations influence the '*C content
of an ice parcel depends on the ablation rate. In appendix A
we derive an analytical expression for the relative uncer-
tainty o4i/['*C], in the spallogenic production term as a
function of ablation rate:

Osol

K An
o,k "

How the uncertainty o, changes as a function of a is plotted
in Figure 8b, expressed as a percentage of total ['*C],. For
Taylor Glacier (@ = 0.1-0.3 m a™ ') the influence of solar
modulation is relatively small. The reason is that ice parcels
are exposed to several sunspot cycles on their way to the
surface, causing the variations to average out. Solar modu-
lation should be considered at Greenlandic high ablation
sites such as Pakitsoq, where annual rates of ~2.5 ma ™' can
be found [Reeh et al., 2002; Petrenko et al., 2009]. At such
sites the ice parcels are transported through the exposed top
~5 m over a time interval much shorter than the duration of
a sunspot cycle, causing a 10 % variation with time. At these
sites the sampling date should be taken into account when
analyzing '*C data.

[38] Solar modulation mostly influences the spallogenic
production. Cosmogenic '*C production at depths z > 5 m is
dominated by muogenic production, and therefore less sen-
sitive to solar activity (and thereby sampling date). Conse-
quently, for ablation sites solar modulation can be neglected
at z > 5 m. For accumulation sites the solar variations in
nuclide production are transported into the ice, and should
always be considered when accumulation rates are high.

4.3. Sensitivity of Results to the Main Sources
of Uncertainty

[39] Although solar modulation does not play a major
role at Taylor Glacier, the modeled '*C concentrations are
subject to a number of other uncertainties. We present a
sensitivity study comparing the magnitude of potential
errors, the results of which are shown in Figures 9a—9c. The
colors in the figure correspond to different sampling depths
in the ice. We look at both the surface concentrations, as
well as concentrations at depths which are more suited for
gas measurements (i.e., ice not subjected to gas exchange
through near-surface cracks, commonly observed at BIAs).

[40] We analyze the three main sources of uncertainty:
(1) the choice of strain rate parameterization, (2) the ablation
rate estimate based on measurements from a limited number
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Figure 9. (a) Uncertainty in the strain rate parameterization.
For each point along x, and at the indicated depths, we eval-
uated three potential back-trajectories; our best estimate tra-
jectory (solid curve) and the two enveloping highest- and
lowest-elevation trajectories of Figure 5c (shaded region).
(b) Uncertainty in the ablation rate estimate as shown in
Figure 5a. Modeled '*C concentrations using our best esti-
mate ablation rates (solid curve) and using ablation rates of
a + lo, (envelope to shaded region). (c¢) Uncertainties due
to the cosmogenic production rates found in literature, as
summarized in Table 1. Modeled '*C concentrations using
the published production rates (solid curve) and using pro-

duction rates of P! + 10; (envelope to shaded region).

of years, and (3) uncertainty in the cosmogenic production
rates as found in literature. For each plot the darker central
lines give our modeled best estimate total cosmogenic '*C
concentrations, whereas the shaded areas give the uncer-
tainty estimate. In our discussion of the sensitivity study we
focus on the part of the glacier where x < 35 km, which is the
part that exposes the oldest ice, and is therefore most
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interesting for paleo-climate reconstructions [Aciego et al.,
2007].

[41] The uncertainty contribution of the strain rate
parameterization (Figure 9a) shows little depth dependence
between the surface and z = 20 m. This is because the strain
rates mostly influence the flow at depth, whereas the near-
surface trajectories are fixed by the ablation rate and are only
minorly influenced by strain rate uncertainties. The fact that
the best estimate solution does not lie in the middle of the
uncertainty band, but rather at the lower end, results from the
exponential depth dependence of the nuclide production.

[42] As long as the ablation uncertainty o, is small relative
to the ablation rate a, the resulting uncertainty in '*C pro-
duction is expected to be proportional to the amount of
production itself as per equation (12). This is what is indeed
observed for x <35 km where a is large (Figure 9b). As o,
approaches a (i.e., for x > 35 km), the uncertainty in '*C
increases rapidly with increasing x.

[43] For all depths considered, the nuclide production rates
as found in literature are the largest source of uncertainty. In
particular, the fast muon production rate has a large uncer-
tainty of about 60% (Table 1). As shown in Figure 7c, the
spallation component is insignificant below 5 m depth. This
implies that the deeper samples (5-20 m) collected at Taylor
Glacier for '*C analyses during the 2010/2011 season would
allow us to improve substantially on the current estimates for
muogenic '*C production from '°O. Such improved pro-
duction estimates would be important not just for studies of
14C in ice, but for cosmogenic studies of other materials,
such as e.g., quartz and carbonate rocks commonly used in
exposure dating [Gosse and Phillips, 2001].

5. Summary and Conclusions

[44] In this work we investigated in situ cosmogenic '*C
production at ablation sites. First, we implemented a thermal
neutron flux model for the air-ice interface, and found that
thermal neutron capture by nitrogen in air bubbles produces
only negligible amounts of "*C.

[45] Second, by modeling the trajectories of ice parcels at
the center line of Taylor Glacier we calculated a best-estimate
4C concentration of ablating ice. We found that the com-
monly used ablation-only approximation by Lal et al. [1990]
tends to underestimate production as the ice flows down from
parts of the glacier that have higher production rates. For
sections of the glacier where the basal topography is rugged,
the ablation-only approximation deviates from the full model
solution by up to 25%. This has important consequences
when '*C measurements are used to estimate ablation rates.

[46] Third, we demonstrated that the influence of solar
modulation is strongly dependent on ablation rate. At low
ablation sites, such as Taylor Glacier, the effect is small due
to temporal averaging over several sunspot cycles. At high
ablation sites, such as Pakitsoq, Greenland, solar modulation
introduces an uncertainty of up to 10% in the spallogenic
component. In these cases the sampling date needs to be
considered when interpreting data.

[47] We introduced two methods to parameterize vertical
strain rates with depth. The first method is based on con-
servation of mass in the ice column; the second method is
based on measured surface strain rates. The second method
proved to be less reliable, because (1) estimated surface
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strain rates from InSAR and GPS measurements show a
poor correlation, (2) flow lines do not follow bedrock, and
(3) mass is not conserved.

[48] We presented a sensitivity study where we compared
potential errors introduced by uncertainties in the strain rate
parameterization, the ablation rates, and the published cos-
mogenic production rates. We found that the cosmogenic
production rates are the largest source of uncertainty. In the
2010/2011 austral summer, Taylor Glacier ice was sampled
with the aim of constraining the cosmogenic production
rates more strongly. By sampling at depths >5 m the
muogenic components can be isolated, which have the
largest uncertainty in their production rates. The modeling
results presented here will aid us with the interpretation of
'4C measurements on these samples.

Appendix A: Derivation of Equation (13)

[49] For simplicity we assume a sinusoidal solar modula-
tion of the spallogenic surface production

PY = k + Re{rexp(2int/T +i0)} (A1)
where 7 = 11 yr is the period of the sunspot (or Schwabe)
cycle, 0 is the phase of the cycle, k= 28.7 and x = 3 are fitted
by eye to the modeled production rate curve, and Re{.}
denotes the real part of the expression. The simplified pro-
duction of equation (Al) is plotted in Figure 8a, together
with the modeled production. Ignoring inheritance and
radioactive decay, the spallogenic '“C in an ice parcel that
ablates at the glacier surface at £ = 0 is given by

Cly(2) = Re{ /_ :/a {k + K exp (@ + i@)] exp <'j\—‘:t) dt}

(A2)
Note that this equation also holds for the accumulation zone,
in which case the integral goes from 0 to z/a, and a is
replaced by —a in the integrand. The solution at the surface
is given by

k K sin(f + )

1C1,(0) = 1o 2 (A3)
v (&)
with
= arcsin i—j / (ZTW) ’ + ([p\—z) : (A4)

The first term in equation (A3) gives the time-invariant long-
term average ~C concentration; the second term gives the
time (i.e., ) dependent part caused by solar modulation.
When solar variation is neglected in the analysis of "*C data,
the phase 6 of the sunspot cycle is not fixed, and an uncer-
tainty oy, is introduced. On dividing the second term in
equation (A3) by the first term we obtain for the relative
uncertainty:
pa

& (A5)

e+ ()
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