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ABSTRACT

We examine a firn core from a dome in southeast Greenland that exhibits distinct firn
densification. The ice was —20.9 °C at 20 m depth, and the core gives an average accumu-
lation rate of 1.0 m w.e. yr'! in water equivalent. However, the close-off density of 830 kg
m™ occurs at 83.4-86.8 m depth, which is about 20-m shallower than that obtained from
two empirical models. Where the density p > 750 kg m™, the densification appears faster
than that from the empirical models. As a result, compared to the empirical coefficient,
the actual compactive viscosity coefficient is nonlinear and decreases at p > 750 kg m™,
indicating that the firn with a higher density is softer than that from the empirical result.
We argue here that the high accumulation rate creates a high overburden pressure in a
short time. Thus, the relative softness of the firn may arise from (1) there being not enough
time to form bonds between grains as strong as those in a lower accumulation-rate area,
and similarly, (2) the dislocation density in the firn being relatively high.

INTRODUCTION

Polar ice sheets are good archives of paleoenviron-
mental events through the identification of proxies
preserved in the ice. Such paleoenvironmental proxies
are particularly well identified and dated in ice-sheet
domes. Therefore, many ice cores have been drilled
from ice sheet domes such as Dome Fuji (Watanabe
et al., 2003), EPICA Dome C (EPICA community
members, 2004), GRIP (Greenland Ice-Core Pro-
ject Members, 1993), GISP2 (Grootes et al., 1993),
and NGRIP (North Greenland Ice Core Project
Members, 2004). Such domes often have common
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characteristics such as (1) a low accumulation rate,
due to being in a polar inland area, and (2) a low
temperature, due to being inland and at a relatively
high elevation. Because the areas have low accumula-
tion rates and low temperatures, the firn cores can
provide reconstructions to past environments up to
several hundred thousand years old. Moreover, as the
areas experience limited melt, the measurements are
of high quality. However, firn cores from areas with
low accumulation rates have the disadvantages of low
temporal resolution for the purpose of environmental
reconstruction and might not track some seasonal or
annual events (Kameda et al., 2008).
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For paleoenvironmental reconstruction by gas proxy
from ice cores, firn densification is an important factor.
Firn densification is also a consideration for mass fluc-
tuations of glaciers and ice sheets (Bader, 1939, 1958;
Benson, 1962; Anderson and Benson, 1963), with the
basic characteristics described in textbooks (e.g., Cuffey
and Paterson, 2009). In inland Greenland, the transition
from firn to ice typically occurs at a depth of 50 to 80
m and at ages of 100 to 300 years (e.g., Schwander et al.,
1993; NEEM community members, 2013; Matoba et
al., 2015). The main physical influences on firn densifi-
cation are temperature, accumulation rate, and impurity
levels. Concerning the impurities, impurity in firn ac-
celerates deformation (densification) of firn, with Ca**
(Horhold et al., 2012) as well as CI', NH **, F~ (Fujita
et al., 2016) being key impurities for the deformation.
Concerning temperature and accumulation rate, warm
temperatures speed up the transition, but rapid accumu-
lation increases the transition depth. In polar ice sheets,
the high accumulation sites tend to be warm. This is
probably because warm temperatures produce much
more water vapor, which generally leads to greater pre-
cipitation rates. Thus, their temperature and accumula-
tion have counteracting effects on the transition depth.

However, a recently studied dome area in southeast
Greenland has one of the highest accumulation rates in
Greenland yet is relatively cold, and thus may have novel
firn characteristics. In a previous drilling project, we ob-
tained a 90-m firn core in the southeast dome of Green-
land (lizuka et al., 2016). The site (67.18°N, 36.37°W,
3170 m a.s.l) is located 185 km north of the town of
Tasiilaq in southeastern Greenland. Hereafter; we call
this site “SE-Dome.” (This site is also called “Ammas-
salik Ice Cap” in Weidick and Morris, 1998, or it may be
called “Dome Ammassalik.”) The borehole temperature
at a depth of 20 m was —20.9 °C.The main Greenland
ice divide has a fork at the southern Summit (GRIP/
GISP2). In the southern area of the fork, the two ice di-
vides extend southwest to near Narsarsuaq through Dye
3, and extend southeast to near Tasiilaq. Likely due to
the presence of a mountain under the ice sheet (Bamber
et al., 2013) and to a high snow accumulation (Burgess
et al., 2010), the SE-Dome area forms a dome more
than 3000 m above sea level (Fig. 1).

According to Bales et al. (2009), the region has an ac-
cumulation rate of 0.6—0.8 m in water equivalent (w.e.),
which is higher than that at other Greenland domes, due
to a high moisture supply from the Icelandic low in the
nearby Atlantic. Also, according to analysis of the DAS2
firn core (67.5°N, 36.1°W), the annual accumulation
during the years from 1936 to 2002 was about 0.9 m
(Pedro et al.,2012).Thus, a firn core from the SE-Dome
will have the advantages of coming from the highest ac-
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cumulation dome in Greenland and be of high quality
due to the cold temperatures. To obtain comprehensive
knowledge for firn densification, we should clarify the
firn densification mechanism under conditions of a high
accumulation rate.

In this study, we analyze a firn core in the SE-Dome
region that extends below the close-off depth (lizuka
et al., 2016). Here we describe the core’s physical char-
acteristics, focusing on the firn densification process of
the core as a case of high accumulation rate with low
temperature.

Ice Core Processing and Analytical
Procedures

The SE-Dome core (Fig. 1) was drilled to 90.45 m
depth during 22—27 May 2015 and then transported by
a 20-ft reefer ship from Tasiilaq, Greenland, to the Insti-
tute of Low Temperature Science (ILTS) at Hokkaido
University, Japan, arriving on 24 August 2015 (lizuka et
al., 2016). During transit, the ice was kept below —25 °C.
Upon arrival, we first confirmed that all firn-core sec-
tions were undamaged and had high quality. Then, we
processed and analyzed the ice in the ILTS laboratory
cold room.

For the analyses, we run stratigraphical observations
and bulk density measurements on whole sections. Bulk
density is measured with a volumetric method (measur-
ing weight and size of the cores). A continuous density
profile of the SE-Dome firn core is also measured using
the X-ray transmission method reported by Hori et al.
(1999). In this method, the intensity of X-rays transmit-
ted through a firn core sample is continuously meas-
ured using an X-ray detector during translation of the
sample across the beam. The X-ray intensity profile is
then converted into a density profile using a calibration
curve for X-ray absorption based on ice thickness. The
spatial resolution of the density profile is approximately
1 mm. To detect volcanic events, and thus locate dates,
we run electrical-conductivity measurements via the
continuous dielectric profile (DEP) method (Fujita et
al., 2016). This method produces a profile of electrical
conductivity at 250 MHz. To detect the year 1963, the
trittum content is determined using the liquid scintil-
lation method after distilling the meltwater (Kamiyama
et al., 1989).This method has an analytical resolution of
500 mm, which corresponds to about a half year.

According to a previous study, the ion concentrations
in the surface snow are lower than those at other sites
in inland Greenland (lizuka et al., 2016; Oyabu et al.,
2016). The reason is probably due to a dilution effect
from the high accumulation. However, the ion fluxes are
nearly the same as those in the GISP2 (Summit) snow
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of study location. The core is from 67.18°N, 36.37°W, and 3170 m a.s.l.

(Oyabu et al., 2016), implying that the contribution of
impurity to the firn deformation is smaller than that at
other sites in Greenland. So, for this study, we do not ac-
count for impurity effects on firn deformation.

REsuLTs AND DISCcUSSION

Stratigraphy and Density of Cores

The SE-Dome core consists of 189 sections, the av-
erage section length being 0.479 m. The bulk density
of these sections increases with depth as plotted in Fig.
2, part a (See Table Al for the raw values). At about
the 13.8 m depth, the value 550 kg m™ is reached, and
then at about 20.2 m, the value reaches 600 kg m™.
This density indicates the point where the firn grains
stop rearranging (Fujita et al., 2014).Then at about 64.0
m depth, 760 kg m™ is reached, meaning that below
this depth, dislocation creep is a significant factor until
close-oft (Salamatin et al., 2009). Finally, at about 86.8
m, the close-off density of 830 kg m™ is reached. These
bulk densities agree well with the X-ray density meas-
urements. For example, the X-ray close-off density is
reached at 83.4 m. In comparison to other cores, the
SE-Dome core has a relatively deep and young close-off
depth (Fig. 3).

The observed number of ice layers equals 60, with
an average thickness of 3.6 mm (Fig. 2, part a). Most
of the ice layers are <5 mm thick, but several are much
larger. For example, at 19.355 m depth (summer 2006),
the ice layer 1s about 20 mm thick, and at depths of both
22.715 m (about 2004) and 86.490 m (about 1961) lie

ice layers about 15 mm thick. Also, the 7.815 m depth
has 7.1-mm ice layer, which is probably due to summer
melting in 2012 (Nghiem et al., 2012). There is no ice
layer at all near the surface after the ice layer in 2012, in-
dicating cool summers around this region after 2013 to
present. To determine the age of these depths, we count
the density maxima and minima.

The profile of the X-ray density (Fig. 2, part b) has
several peaks that exceed twice the standard deviation
from a 2-m running average. These peaks indicate ice
layers as described above. Indeed, depths having ice lay-
ers over 5 mm thick occur where there are X-ray den-
sity peaks. The standard deviation of the 2-m running
mean is about 30 kg m™ near the surface and decreases
to 5 kg m™ at 20 to 30 m depth (580 and 650 kg m™). In
deeper firn, the standard deviation increases with depth
to 15 kg m™ at the close-off depth.

The minimum value of the standard deviation, here
between 20 and 30 m (580 and 650 kg m™), in gen-
eral marks the crossover point (Hérhold et al., 2011;
Fujita et al., 2014, 2016). At this point, an initially low-
density layer overtakes that of an initially high-density
layer. Concerning season variations, wind forcing in
winter in inland Greenland produces a homogeneous
high-density surface snow (Benson, 1962). But during
summer, insolation and temperature forcing after dep-
osition produces a mixture of high- and low-density
snow. So, the initially low-density layers come from
summer precipitation, the high-density layers come
from winter. As a reference, in this (southeastern) re-
gion, most precipitation falls during the winter months
(Cappelen et al., 2001).
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As the 2-m running-mean length roughly equals the
annual accumulation, deviations probably reflect season-
al variation. Thus, the SE-Dome region has about 60 kg
m™ (1 ©) of seasonal density variation near the surface,
which is smaller than the modeled one (about 200 kg
m™ under an accumulation rate of 0.9 m w.e. yr'; Li and
Zwally, 2004).

Accumulation Rate of SE-Dome Firn
Core

The smaller-scale density changes derive from the
high-resolution X-ray density profile in Figure 4. The
density fluctuates down to the 20-m depth with a pe-
riod of 1 to 1.5 m, indicating initial winter high- and
summer low-density layers. The fluctuations disappear
from 20 to 30 m at the crossover point. Below the 30 m
depth, the fluctuations reappear, probably due to having
inverted summer high- and winter low-density layers.

Some conductivity peaks are detected (Fig. 4). The
conductivity peak at 11.745 m depth is probably due
to the eruption of the Eyjafjallajokull volcano from
March to June 2010. In agreement with the eruption
date, the 11.745 m depth corresponds to spring 2010
from counting maxima in the X-ray density profile (Fig.
4, part a). Moreover, according to the Volcanic Ash Ad-
visory on the MET Office UK (http://www.metoffice.
gov.uk/), volcanic materials were transported to south-
eastern Greenland at this time. Thus, using this date, the
11.745 m depth corresponds to 5.27 m in water equiva-
lent, indicating an accumulation rate of 1.05 m w.e. yr
from spring 2010 to spring 2015.

The highest conductivity peak occurs at 43.420 m
depth (Fig. 4, part b). The peak is probably due to the
Pinatubo eruption on 15 June 1991. The 43.420 m
depth corresponds to late autumn because the inverted
density profiles correspond to a decreasing trend just
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before a minimum (Fig. 4, part b). This several-month
time lag is likely due to the long distance for the erup-
tion products to travel (Soden et al., 2002). The 43.420
m depth corresponds to 24.89 m in water equivalent,
indicating an accumulation rate of 1.04 m w.e. yr' from
autumn 1991 to spring 2015, and 1.08 m w.e. yr' from
autumn 1992 to spring 2015..

Another fixed date is provided by the tritium profile
in Fig. 4, part c. The tritium peak at 81.375-81.875 m
depth corresponds to 1963, arising from fallout from
hydrogen-bomb tests. The depth corresponds to 52.98—
53.38 m in water equivalent, indicating an accumulation
rate of 1.02-1.03 m w.e. yr™! from 1963 to spring 2015.

These three comparisons between 1991 and 1963
indicate that the high-resolution X-ray density profile
in Figure 4 preserves annual fluctuations. But due to
the low-amplitude of the fluctuations near the crossover
depth, this annual counting is not perfect. Nevertheless,
the high accumulation rate may enable partial annual
counting below the cross-over depth. Such counting in-
dicates that the ice close-off occurs in 1962, meaning
that 53 years is needed to close off.

In summary, the SE-Dome firn core has an accu-
mulation rate of about 1.0 (1.02 to 1.08) m w.e. yr!
with little decadal fluctuation. In the following discus-
sion, the firn temperature and accumulation rate of the
SE-Dome core are fixed at —20.9 °C and 1.0 m w.e. yr'".

Comparison with Firn Densification
Model

Many physical-based models of firn densification
have been proposed (e.g., Arthern and Wingham, 1998;
Zwally and Li, 2002; Helsen et al., 2008; Salamatin et al.,
2009); however, most require many physical parameters,
and some do not match measured profiles (Cuftey and
Paterson, 2009). Thus, instead we use empirical fittings.
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FIGURE 3. Characteristics of several firn cores with

For the polar high-elevation area, Sorge’s Law (Sorge,
1935; Schytt, 1958) as well as Herron and Langway’s
model (Herron and Langway, 1980) are such fittings that
match well with measured profiles of steady-state den-
sification (Cuffey and Paterson, 2009). Fitting to Sorge’s
Law requires only the surface density (p ), here 300 to
400 kg m™~, and the close-off depth (h{).The density (p,)
at any depth (h) is

P =p =[P, —p.Jexp h
R h /1.9

As shown in Figure 5 (parts a—c), the depth-density
curves derived from the parameter (h/1.9) match well
with measured profiles in some regions in the polar
high-elevation area. However, such a match does not
occur with the SE-Dome firn core. Figure 6 shows sev-
eral attempts to match this core to Sorge’s Law. For both
surface densities, the curves do not fit with the param-
eter (h/1.9 = 44.7 in the case h = 85 m). Instead, the h_
= 70% curve fits at p < 550 kg m~, and the h_= 130%
curve fits at 600 < p < 750 kg m™. At p < 550 kg m™,
the discrepancy may be related to the use of constant
values of the surface density, with the DF and NEEM
cores in Figure 5 showing a similar trend. However, un-
like those other cores, at 600 < p < 750 kg m™, the data
do not fit with the i = 100% curve, instead fitting h =
130%. The 130% higher fitting suggests that the close-
off depth should be about 108 m instead of the actual
depth of 83.4-86.8 m.

Such a fit is similar to that found for the firn core
drilled at Mount Wrangell, Alaska (Shiraiwa et al., 2004),
a glacier with a high accumulation rate. That is, the depth-
density curve of the Wrangell firn core shown in Fig. 5,
part e, fits best when the parameter is 130% higher than
hc/1.9. Both of these cores densify faster than Sorge’s
Law at densities p > 750 kg m™. In comparison, consider
the ice from Mount Belukha, Russian Altai (Fig. 5, part d),
which is mountain glacier in a high-elevation area with
a normal accumulation rate. The depth-density curve of
the Belukha firn core fits well with the parameter hc/1.9
(here 19.47 m).The features common to both SE-Dome
and Wrangell are their high accumulation rates (1.03 and
2.49 m wee. yr' w.e.) and younger close-off age (Fig. 3).

The depth-density curve does not match Herron
and Langway’s model well either. For the initial stage
of densification (p < 0.55 kg m™), the density (p,) at
depth h is

a range of temperatures and accumulation rates. (a)
Relation of ice temperature with close-off depth. (b)
Close-off age of ice. (c) Accumulation rate. For the
raw data, see Table A2 in the Appendix.
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where

Z, = exp| pkoh +In| —2—
pi - ps

Here k, = 0.0862 at —20.9 °C.
For the following stage of densification (p > 0.55 kg
m™), the density (p,) at depth £ is:

where

pzk1 (h - hoss)

AO.S

Po.ss

Pi = Poss

Z, =exp h+In

Here k, = 0.0211 at —=20.9 °C, and the accumulation
rate A = 1.0 m w.e. year™.

18 / YosHINORI [1ZUKA ET AL. / ARCTIC, ANTARCTIC, AND ALPINE RESEARCH

Figure 7 compares the measured profile to model re-
sults. At the initial stage of densification, when p < 0.55
kg m™, the depth-density curve matches the model’s
result for 0.36 kg m™ of surface density. But at the fol-
lowing stage of densification, when p > 0.55 kg m™,
the depth-density curve of the SE-Dome firn core does
not match the model’s result for 1 m w.e. yr'' of annual
accumulation. For this accumulation rate, the estimated
close-oft depth would be about 107-108 m in depth,
the same value predicted from Sorge’s Law and much
deeper than the actual depth (from 83 to 86 m).

Firn Densification Mechanism in a High
Accumulation Area

We consider here why the depth-density curve of
SE-Dome firn core did not agree with the empirical
models. In particular, we ask why the SE-Dome core
densified faster at p > 750 kg m™ than that predicted
by Sorge’s Law (Fig. 6). Figure 6 shows a good fit first
to the H = 70% curve at p < 550 kg m™ and then
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to the H_ = 130% curve at 600 < p < 750 kg m™.
But then the measured density increases faster than the
130% curve at p > 750 kg m™. Consider the compac-
tive viscosity coefficient (n ; Pa s™') in Figure 8, part a.
The coeflicient of the actual density profile is calcu-
lated from the equation

d -1
G-p-(d—f) , ©)

where, p, 0, and ¢ are density (kg m™), overburden
pressure (Pa), and time (s), respectively. On the other
hand, the empirical compactive viscosity coeflicient (1))
with density dependence is calculated from the equa-
tion (Nishimura et al., 1983)

n. =

initial density (p, = 0.36)

parameter 1.3 times larger (130%) and 0.7
times larger (70%), respectively. The close-off
depths hc are listed in Appendix Table A2.

80 100

n=n, exp(K-p)- exp(li—i], (7)

where, 1 = 0.001 to 0.007 N*s m~, K = 2.57 x 107
m® kg™, AE is an activation energy equal to 51.6 kJ
mol™, k, is Boltzmann’s constant, and T'is the tempera-
ture. The empirical plot in density versus compactive
viscosity coefficient in Figure 8, part a, shows a wide
range of values because of a wide range of values for
M, As a result, direct comparison is not possible be-
tween the empirical and the actual coeflicients. How-
ever, the fit is linear in the linear-log plot at the lower
densities. On the other hand, the actual compactive
viscosity coefficient () is nonlinear (Fig. 8, part a),
saturating at a fixed value when p >750 kg m™. The

initial density (p, = 0.39)

900 - 900 -
a b
_ 800 - 800
£
o 700 - \ 700
<
2 600 600 -
e
8 500 - 500 4 FIGURE 6. Same as Figure 5, but
y for the SE Dome firn core. Density-
400 1 400 1 depth profiles are bulk (red) and
300 . ‘ . . 300 . . . . . x-ray (blue) measurements. (a) With
0 20 40 60 80 100 0 20 40 60 80 100 initial density of 360 kg m™. (b)
Depth (m) Depth (m) Initial density of 390 kg m™.
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FIGURE 7. Same as Figure 6, but
instead compared with the Herron
and Langway (1980) model. Measured
density-depth profiles are bulk (red
line) and x-ray (blue) measurements.
At the initial stage of the densification
(p < 550 kg m™), black, dark gray, and
light gray curves are model results for
surface densities of 0.39, 0.36, and 0.30,
respectively. In this model, the results
are sensitive to accumulation rate only
when p > 550 kg m™. Orange, yellow,
light green, green, and light blue curves
are model results for accumulation
rates of 0.5, 0.75, 1.0, 1.25, and 1.5 m
w.e. yr'!, respectively. Model parameters
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Depth (m)

lower compactive viscosity coeflicient at p > 750 kg
m™ means that the SE-Dome firn at p > 750 kg m™ is
actually softer than the empirical relation predicts. This
indicates that the SE-Dome firn is more deformable at
p > 750 kg m™.

To better understand the densification, consider the
relation of overburden pressure (Pa) to strain rate (m
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FIGURE 8.

are K, = 0.0862 and K, = 0.0211, with a
temperature of —20.9 °C. Parameter h_
is set to our measured value of 13.8 m.

100

yr"). Comparing various sites, the SE-Dome core has a
higher strain rate than other Greenland sites (SIGMA-D
and NEEM cores) at a given overburden pressure (Fig.
8, part b). The difference is especially large, about one
order of magnitude, at higher pressures (> 4 X 10° Pa;
750 kg m™). This indicates SE-Dome firn is more de-
formable at p >750 kg m™ compared to that at other

1.E+00

i SE-Dgme

_1E01

ke Wrangell

1.E-02

1.E-03

N
m
o
B

Strain rate (m yr

1.E-05

1.E-06 X

1.E+03 1.E+04 1.E+05 1.E+06

Overburden pressure (Pa)

Inferred ice properties from the core. (a) Compactive viscosity coefficients (Pa s™). Blue and

red circles are coefficients of bulk density from Equation (1) in the text. Blue circles are calculated from raw
data. Red circles are calculated from a sixth-order polynomial approximation of the density-depth plot. As the

raw data produces some negative coefficients because

of density reversion between adjacent datapoints, the

polynomial approximation is also used for the calculation. For the constants in the polynomial approximation,
see Appendix, Table A3. Light green (1, = 0.001) and blue lines (1, = 0.005) are empirical coefficients from
Equation (2) in the text. (b) The relation between overburden pressure (Pa) and strain rate (m yr') of several

firn cores; SE Dome (red), NEEM (green), SIGMA D

(orange), Belukha (purple), and Wrangell (light blue).

Polynomial approximation of the density profiles is used for the calculation. For the constant numbers of

polynomial approximation, see Appendix, Table A3.
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Greenland sites. The Wrangell core has an even higher
strain rate than the SE-Dome core. As the Wrangell core
has about 2.5 times the accumulation rate of the SE-
Dome core, the Wrangell firn may be more deformable
than SE-Dome firn. On the other hand, Belukha firn is
less deformable than SE-Dome firn. Of the five cores
plotted in Fig. 8, part b, Belukha firn has the highest ice
temperature, indicating that this relation of overburden
pressure (Pa) and strain rate (m yr™') does not depend on
the ice temperature. Rather, accumulation rate is one of
the key factors that determines the strain rate for a given
overburden pressure.

We have two possible reasons why the SE-Dome
firn is more deformable at p > 750 kg m™ than predic-
tion. First, the SE-Dome region has one of the highest
accumulation rate areas in polar ice domes (Fig. 3). A
high accumulation rate creates a high overburden pres-
sure in a short time. The short time leads to a weaker
bond strength between grains than that of the same
depth in a lower accumulation rate area. This condi-
tion makes it easier to deform (densify) the snow/firn
than that of the same depth in a lower (or normal)
accumulation rate area. In other words, firn in high
accumulation rate areas are predisposed toward a high
overburden pressure at p > 750 kg m™ without fully
bonded growth, resulting in a more rapid densification
than that in the empirical steady-state condition. The
second possible reason is that, dislocation creep is a
significant process in densification at p > 750 kg m™
(Salamatin et al., 2009). As a high accumulation rate
creates a high overload pressure in a short time, the dis-
location density is likely to increase in firn in a shorter
time than that in firn with a normal accumulation rate.
Thus, the SE-Dome core may have faster densification
at p > 750 kg m™ than the depth-density curve with a

normal accumulation rate.

CONCLUSION

We have shown that the core from SE-Dome in
Greenland has a distinct firn-densification profile due
to the area’s high accumulation rate. Probably because
of the high accumulation rate, the SE-Dome firn core
preserved its annual fluctuation even after the cross-over
point and caused the depth-density curve to deviate
from Sorge’s Law and the Herron and Langway model.
Concerning the latter, the modeled close-oft depth (108
m) is over 20 m deeper than the actual depth (from 83.4
to 86.8 m).

The actual compactive viscosity coeflicient was
nonlinear, particularly at p > 750 kg m™, indicating
that the SE-Dome firn at p > 750 kg m™ is softer

than that from empirical plots. Among firn cores from
other areas, both of the high-accumulation cores
(SE-Dome and Wrangell) tend to be more deform-
able (high strain rate) at the same overburden pressure
than that from the models. We offered two hypotheses
for this greater deformability at p > 750 kg m™. The
high accumulation rate creates a high overburden
pressure in a short time. The short timing has two ef-
fects: Compared to firn in a lower accumulation-rate
area, here (1) there is not enough time to form strong
bonds between grains, and (2) the dislocation density
is likely to be higher.
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TABLE A2

Temperature, accumulation rate, close-off depth, and age of several firn cores.

Temperature  Accumulation rate Close oft depth

Location (°C) (m w.e. yr'h) (m) Age (yr) References

Vostok =57 0.02 95 2500

Dome C —54 0.04 100 1700

South Pole —51 0.07 115 1020

GISP2 =32 0.22 77 230

Site A =30 0.26 75-80 185

Byrd —28 0.14 64 280

Agassiz Ice Cap =25 0.16 53 235

Siple Dome 25 0.11 55-60 350

Little America 24 0.22 51 150

Siple Station —24 0.50 70 95

Devon Ice Cap -23 0.22 62 210

Dye 3 -19 0.49 65-70 100

S2 -19 0.13 38 220

Maudheim -17 0.37 67 125 Table 2.2 in Cuffey and

Roi Baudouin —15 0.38 46 80 Paterson (2009)
NEEM Community

NEEM -29 0.22 73 205 Members (2013)

Sigma D —26 0.24 60 250 Matoba et al. (2015)

Dome Fuji -57 0.03 103 2500 Hondoh et al. (1999)

Wrangell -19 2.49 92 25 Shiraiwa et al. (2004)

Belukha -15 0.46 37 80 Okamoto et al. (2011)

SE-Dome —21 1.03 86(83) 55(53) this study
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