The Cryosphere Discuss., 6, 1205-1267, 2012 "5\
www.the-cryosphere-discuss.net/6/1205/2012/ ‘6\5' The Cryosphere

doi:10.5194/tcd-6-1205-2012

Discussions

© Author(s) 2012. CC Attribution 3.0 License.

This discussion paper is/has been under review for the journal The Cryosphere (TC).
Please refer to the corresponding final paper in TC if available.

Formation and metamorphism of
stratified firn at sites located under
spatial variations of accumulation rate
and wind speed on the East Antarctic ice
divide near Dome Fuiji

S. Fujita', H. Enomoto®’, K. Fukui'’, Y. lizuka®, H. Motoyama', F. Nakazawa',
S. Sugiyama3, and S. Surdyk1

'National Institute of Polar Research, Research Organization of Information and Systems,
Tokyo, Japan

2Kitami Institute of Technology, Kitami, Japan

3Institute of Low Temperature Science, Hokkaido University, Sapporo, Japan

“now at: Tateyama Caldera Sabo Museum, Toyama, Japan

Received: 12 February 2012 — Accepted: 11 March 2012 — Published: 26 March 2012
Correspondence to: S. Fuijita (sfujita@nipr.ac.jp)

Published by Copernicus Publications on behalf of the European Geosciences Union.

1205

Jadedq uoissnosiq | Jadeq uoissnosigq |  Jadeq uoissnosiqg | Jaded uoissnosig

TCD
6, 1205-1267, 2012

Metamorphism of
firn in Dronning Maud
Land, East Antarctica

S. Fujita et al.

: “““ “““


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/6/1205/2012/tcd-6-1205-2012-print.pdf
http://www.the-cryosphere-discuss.net/6/1205/2012/tcd-6-1205-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

Abstract

The initial stage of postdepositional metamorphism in polar firn was investigated at
sites located under spatial variations of accumulation rate and wind speed along the
East Antarctic ice divide near Dome Fuiji. A better understanding of this process is
important for interpreting local insolation proxies used for astronomical dating of deep
ice cores. Three 2—4 m deep pits were excavated and physical properties, including
density p, grain size D, reflectance R of near infrared light and microwave dielectric
anisotropy Ag, were investigated at high spatial resolution. We found that Ae ranges
between 0.028 and 0.067 and that such high values occur in the surface ~0.1m. In
addition, short scale variations of p are correlated with those of Ag, and inversely
correlated with those of D, confirming contrasting development of initially higher den-
sity layers and initially lower density layers. Moreover, postdepositional metamorphism
makes these contrasts more distinct with increasing depths. Both the contrasts and A¢
for given values of p are higher under lower accumulation rate conditions and under
less windy conditions. Insolation efficiently causes evolution of strata of firn at the ice
sheet surface under such conditions. Under more windy conditions, the strata contain
more wind-driven hard layers with higher p and Ae and thus have larger fluctuations
of p and Ae. We suggest that the initial variability of p at the surface and the duration
of exposure to diurnal and seasonal temperature gradients play sequential roles in de-
termining the physical/mechanical properties of firn, which is retained throughout the
densification process.

1 Introduction and background

1.1 Metamorphism of the stratified firn on a polar plateau

Ice cores from polar ice sheets preserve proxies of past climatic conditions. Ice within
the ice sheet originates from surface deposition of snow and frost, which undergo phys-
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ical processes of formation, metamorphism and deformation in the firn of ice sheets
(e.g., Alley, 1988; Alley et al., 1982; Arnaud et al., 2000; Colbeck, 1983; Courville et al.,
2007; Dang et al., 1997; Fujita et al., 2009; Gow, 1965; Horhold et al., 2009, 2011; Hon-
doh, 2000; Maeno and Ebinuma, 1983; Salamatin et al., 2009; Salamatin and Lipenkov,
2008). The physical processes of formation, metamorphism and deformation have a
causal chain: initial formation of strata determines the firn types characterized by den-
sity, grain size, bonding between ice particles and crystal orientation, and thus affects
physical/mechanical properties of the firn throughout the densification processes (e.g.,
Alley et al., 1982; Freitag et al., 2004; Fujita et al., 2009; Horhold et al., 2011). For ex-
ample, crossover of the firn density has been reported; that is, the initially less dense
firn layer becomes denser than the initially denser firn layer (Freitag et al., 2004; Fujita
et al., 2009; Gerland et al., 1999; Hawley and Morris, 2006; Horhold et al., 2011) at
a common crossover density of 600-650 kg m~3 (Horhold et al., 2011). This crossover
of density is known to occur widely both in Antarctica and in Greenland. Studies of
the density crossover have suggested that the firn processes could be better under-
stood using high-resolution data resolvable for the components within the firn strata.
For example, at low accumulation rate sites such as the interior of East Antarctica, mil-
limetre and centimetre scales are suitable resolutions. In addition, Horhold et al. (2011)
demonstrated that mean density profiles obtained from high-resolution measurements
only partly show clear transitions in the densification rate at densities of either 550, 730,
or 820-840kg m~3, as these are commonly used in the literature. Their data empha-
sized the need for a physical model for firn compaction considering the high-resolution
data.

1.2 Transport process of gas molecules in firn during bubble close-off

Transport and fractionation processes of gas molecules in firn during bubble close-off
near the bottom of the firn are strongly influenced by the properties of the firn strata.
Near the bottom of the firn, firn air is progressively enriched with relatively small atoms
and molecules such as He, Ne, O,, and Ar relative to N, with time and depth, whereas
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larger gases such as Kr, CH,, CO, and Xe are not fractionated (Huber et al., 2006;
Severinghaus and Battle, 2006). This size-dependent fractionation is thought to occur
in response to the preferential exclusion of small gases from shrinking bubbles to the
residual firn open pores by molecular diffusion through the polycrystalline ice driven
by pressure differences (Huber et al., 2006; lkeda-Fukazawa et al., 2005; Severing-
haus and Battle, 2006). Bender (2002) discovered that variations in the O,/N, ratio of
trapped gases occur cyclically, with ages between ca. 160-385ka in the Vostok ice
core. He found that these variations corresponded to changes in summer insolation at
Vostok, suggesting that the O,/N, ratio in trapped gases may provide an accurate as-
tronomical timescale for very old ice cores. In explanation, he proposed that insolation
affects snow metamorphism and grain properties in shallow firn, and that the insolation
signature is retained throughout the firn, influencing O,/N, fractionation during bub-
ble close-off. Kawamura et al. (2007) found essentially the same relationship in the
Dome Fuiji ice core for the ages between ca 80-340 ka and accurately dated the core
by tuning the O,/N, record to the local summer insolation. The O,/N, chronology was
validated by time markers in the core for which radiometric ages are established. In
addition, Kawamura et al. (2004) presented the total air content (TAC) from the Dome
Fuji ice core for the last 340 ka. They found that TAC was also synchronous with lo-
cal summer solstice insolation: low TAC occurred at times of high summer insolation.
They hypothesized that insolation modifies the strength of metamorphism within strat-
ified firn, leading to modification of the gas diffusion paths near the base of the firn.
Raynaud et al. (2007) investigated the TAC of the EPICA Dome C ice core over the
last 440ka as a proxy for local insolation, proposing that long-term changes in TAC
recorded in ice from the high Antarctic plateau were dominantly imprinted by local
summer insolation. The O,/N, record and the TAC record from Vostok ice core were
studied by Suwa and Bender (2008) and Lipenkov et al. (2011), respectively, showing
synchronicity with local summer solstice insolation.

Firn properties that affect both close-off fractionation and TAC have been extensively
discussed (e.g., Bender, 2002; Fujita et al., 2009; Hutterli et al., 2008; Kawamura et al.,
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2004; Lipenkov et al., 2011; Raynaud et al., 2007). Fujita et al. (2009) proposed a phys-
ical model based on the high-resolution firn properties at Dome Fuji. The crossover
of density is an important process within the model. They discussed how earlier hy-
potheses could be interpreted (Sect. 4.4.3 in Fuijita et al., 2009). On the other hand,
both Raynaud et al. (2007) and Lipenkov et al. (2011) gave conceptual explanations
in terms of grain growth. They hypothesized that more intense insolation could cause
grain growth near the surface, leading to decreased porosity at close-off (see Sect. 5 in
Lipenkov et al. (2011) for their latest discussions). We note that the process of density
crossover was not introduced or used in their concept.

Fujita et al. (2009) investigated the evolution of the firn structure of a 112.59-m-long
firn core recovered at Dome Fuiji. They found that the firn at Dome Fuji contains hori-
zontal strata with thicknesses of several centimetres. Near the surface of the ice sheet,
the strata were characterized by contrasting bulk density. It was known from earlier field
studies of the East Antarctic plateau (Koerner, 1971; Shiraiwa et al., 1996) that sum-
mer insolation causes densification of surface firn. In the Dome Fuiji firn, Fujita et al.
(2009) found numerous examples of textures indicating that destructive deformation
preferentially occurred in the initially less dense firn (henceforth, ILDF) and that the
initially higher density firn (henceforth, IHDF) layers were more permeable to air near
the bottom of firn. We note that there is no distinct boundary density value between
the IHDF and ILDF because there should be a variety of intermediate states between
them. Nevertheless, these alternate conditions, initially high density or initially low den-
sity, are commonly termed in recent high-resolution studies of firn (Horhold et al., 2011).
Fujita et al. (2009) proposed a model forming a link between local insolation and the
fractionation of the trapped gas and also TAC in the ice as follows:

(i) The annual alternation of firn types develops in response to summer insolation.
Therefore, the firn contains horizontal strata with thicknesses of several centime-
tres. Summer insolation creates the IHDF layer of the surface firn. ILDF forms as
winter layers that did not receive direct irradiation from summer insolation at the
surface of the ice sheet.
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(ii) The IHDF is initially harder than the ILDF due to ice bonding between grains,
structural anisotropy and effect of crystal orientation fabrics (COF). The difference
in mechanical strength allows preferential deformation of weaker layers, causing
the ILDF to become denser than the IHDF.

(iii) During the bubble close-off process from its starting depth to its completion depth,
the ILDF continues to be denser than the IHDF by ~10kg m~2 due to preferential
deformation. Air bubbles in the ILDF tend to form earlier and at shallower depths
than those in the IHDF. The IHDF layers tend to remain permeable to air for longer.
In addition, the IHDF constitutes a 3-D network in the firn. The persistence of the
IHDF determines the deepest limit of vertical permeable firn in the bubble close-
off zone.

(iv) A pressure lag occurs between the air in open pores and air in both closing and
closed air bubbles due to overburden pressure (Lipenkov, 2000). Thus, trans-
portation of gas molecules occurs through polycrystalline ice (both ice lattice and
grain boundaries) in the bubble formation zone. During this transportation, frac-
tionation of the gas occurs. TAC also decreases in the bubble formation zone.
Strata composed of the two types of firn can act as a centimetre-scale macro-
scopic zone for the transport of gas molecules. The mechanical persistence of
paths for the vertical diffusion of gas through open pores depends on the distinct-
ness of the alternation in firn type due to variations in the intensity of insolation.

In summary, modulation of the duration of the bubble close-off process from its start-
ing depth to its completion depth and the pressure lag Ap are hypothesized to be the
factors controlling the total amount of gas transport. The model both qualitatively and
quantitatively explains how stronger insolation can lead to bulk ice with a lower O,/N,
ratio and smaller total air content.

1210

Jadedq uoissnosiq | Jadeq uoissnosigq |  Jadeq uoissnosiqg | Jaded uoissnosig

TCD
6, 1205-1267, 2012

Metamorphism of
firn in Dronning Maud
Land, East Antarctica

S. Fujita et al.

: “““ “““


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/6/1205/2012/tcd-6-1205-2012-print.pdf
http://www.the-cryosphere-discuss.net/6/1205/2012/tcd-6-1205-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

1.3 Modelling a phase link between summer insolation and ice core gas records

A current issue in ice core studies is the further examination of the reliability of the
O,/N, ratio and TAC as local insolation proxies used for astronomical dating of deep
ice cores (e.g., Bender, 2002; Fuijita et al., 2009; Horhold et al., 2011; Hutterli et al.,
2009; Kawamura et al., 2007; Lipenkov et al., 2011; Raynaud et al., 2007; Suwa and
Bender, 2008). Kawamura et al. (2007) empirically determined that the O,/N,-based
astronomical time markers have low uncertainty, typically less than 2 ka. Hutterli et al.
(2009) proposed a physically based model that calculates insolation-induced relative
changes in vapour transport caused by the temperature gradient within snow and firn
in the past. They estimated that changes in the accumulation rate determines the ex-
posure time of a snow layer to the vapour transport. Hutterli et al. (2009) then claimed
that, at Dome Fuiji, phase shifts between the development of vapour transport and lo-
cal summer solstice insolation could be as large as several ka. This claim was based
on their Fig. 9b which actually showed only two cases of significant phase shift: at
~20ka BP and ~125ka BP, among the total of 27 insolation peaks/troughs during the
past 340ka. The remaining 25 cases showed small phase shifts of less than 1 ~2
ka, which are within the typical uncertainty of O,/N, tuning, supporting Kawamura’s
empirical approach (Kawamura et al., 2007). Moreover, the result is sensitive to the
choice of relationship between temperature and accumulation rate. Their alternative
model run with slightly reduced accumulation rates (within the uncertainty of accumu-
lation reconstruction) eliminated the phase shifts between the peaks of metamorphism
and summer insolation for the past 340 ka. S. Fuijita (in the editor's comment of Hutterli
et al., 2009) suggested that we need to consider the fact that summer insolation initially
causes rapid densification and hardening in the summit region of polar ice sheets (e.qg.,
Fujita et al., 2008; Koerner, 1971). Fuijita et al. (2009) discussed particular issues that
should be investigated to improve our understanding of the related physical processes.
The issues include: (i) how the initial densification evolves in the top few metres of the
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ice sheet after initial formation, and (ii) how these processes differ at sites with different
accumulation environments. These topics are developed in this paper.

1.4 The Japanese Swedish Antarctic Expedition in IPY 2007/2008

The issues outlined above were investigated during the Japanese Swedish Antarctic
Expedition (henceforth, JASE traverse) across Dronning Maud Land (DML) in austral
summer 2007/2008 (Holmlund and Fuijita, 2009; Fujita et al., 2011). The routes of the
traverse are shown in Fig. 1. The general purpose of the traverse was to form a better
understanding of the spatio-temporal variability of the ice sheet environment in DML.
The snow metamorphism process was one of the main scientific topics and is dis-
cussed in the present paper. Based on the traverse, several papers on the ice sheet
environment have been published: on spatial and temporal variability of snow accumu-
lation rate (Fuijita et al., 2011), on dielectric permittivity of snow (Sugiyama et al., 2010),
on density distribution of surface 1-m-deep snow measured along the JASE traverse
and its dependence on wind (Sugiyama et al., 2012), and on snow particle size and
its distribution (Ingvander et al., 2012). These studies form an important basis for the
study of firn metamorphism at sites along the same traverse route.

In DML, the large-scale distribution of the accumulation rate depends on the surface
elevation and continentality, and also that the accumulation rate differs between the
windward and leeward sides of ice divides in strong-wind events (Fujita et al., 2011).
Along the main ice divide, three 2—4 m deep pits were excavated at Dome Fuiji (hence-
forth, DF), a site called DK190 and the JASE Meeting point (henceforth, MP) (see
Fig. 1 and Table 1). These sites are located under variations of accumulation rate and
wind speed (Fig. 1 and Table 1). There are also weak gradients in terms of both eleva-
tion and temperature (Table 1). Prevailing windfield of the strong wind events is known
based on the glaciological investigations (Fuijita et al., 2011), as shown in Fig. 1b. The
three pits are equally spaced at ~200 km intervals within a ~400 km distance. Using
the walls of the pits, the physical properties of the firn were investigated. Measurements
of the firn density in the surface ~12cm were also made at 10 km intervals along the

1212

Jadedq uoissnosiq | Jadeq uoissnosigq |  Jadeq uoissnosiqg | Jaded uoissnosig

TCD
6, 1205-1267, 2012

Metamorphism of
firn in Dronning Maud
Land, East Antarctica

S. Fujita et al.

: “““ “““


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/6/1205/2012/tcd-6-1205-2012-print.pdf
http://www.the-cryosphere-discuss.net/6/1205/2012/tcd-6-1205-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

route connecting the three sites in order to understand the gradient of the depositional
environment. At the same time, meteorological conditions were continuously recorded
to understand factors influencing firn formation and metamorphism. In addition, firn
block samples were collected from the three pits. The block samples were transported
to Japan and their physical properties were investigated in the cold laboratory of the
National Institute of Polar Research (NIPR) in Tokyo. Data from the field and from lab-
oratory measurements are compiled and discussed in this paper.

2 Study area and methods
2.1 The JASE traverse in the study area

In the JASE traverse, the tracked-vehicle-based expedition used two starting points:
the S16 site near the Japanese Syowa Station for the Japanese team and the Swedish
Wasa Station for the Swedish team (Fig. 1). The JASE traverse traced a route con-
necting several Antarctic stations: Syowa — DF — EPICA DML (Kohnen) — Wasa. The
expedition began on 14 November 2007 for the Japanese team. The first pit study near
DF was made on 10—11 December 2007. The second and the third pit studies were
made at DK190 and MP on 20 December 2007 and 24—-26 December 2007, respec-
tively. Measurements of the surface snow density along the traverse route were made
between these dates. The meteorological conditions during the investigation period
are given in Fig. 2. The weather was clear sky most of the day, although sometimes
cloud cover increased and visibility decreased, in particular at timings when wind direc-
tion has a northerly component. Drifting snow was observed in the period between 20
and 23 December. Synchronized diurnal cycles are apparent both in air temperature
and wind speed. The temperature at 3.9 m height ranged between —18°C (max.) and
—-38°C (min.), and was —30 °C on average. Wind speed at 4.5 m height ranged between
0.3ms™ (min.) and 9.4 m s (max.), and was 4.1 m s on average, which is less than
the wind speed threshold for dune formation (>10ms‘1) (Birnbaum et al., 2010). We
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assume that weather conditions during the measurement period did not cause dramatic
temporal changes such as dune formation events (Birnbaum et al., 2010) or strong wind
events (Van As et al., 2007) influencing the near-surface snow conditions. However, the
summer period including the summer solstice is the time when metamorphism mostly
develops, and temporal changes of the snow properties should mostly relate to diur-
nal cycles of the meteorological conditions in the absence of extreme weather events.
We did not perform any systemic measurement of precipitation and sublimation dur-
ing the JASE traverse. However, twice-monthly continuous snow stake measurements
over four years made at DF (Kameda et al., 2008) have demonstrated that there is no
seasonality in the accumulation rate at DF under the present climate. This fact is dis-
cussed in Fig. 15 later in this paper. We therefore assume that a monthly accumulation
rate of the order of ~2kg m~" month™" occurred during the JASE traverse due to the
release of moisture from the air to the ice sheet.

2.2 Investigated properties, methods and sample transportation
2.2.1 Density measurements along the traverse route

In order to understand the spatial distribution of the depositional environment between
DF and MP, surface density was measured using two methods of firn sampling: (i) use
of a cylindrical (100 cm3) sampler of 0—11cm depth, and (ii) use of a box (100 cm3)
sampler with 3-cm depth resolution. The first method was used to measure density
averaged over 11 cm depth. A calibrated mechanical balance was used to measure
the weight of the sampled firn. At each site, the sampling points were randomly se-
lected to avoid unconscious bias in the selection of sampling points by the observer.
Measurements were made using at least three samples at a site. For the second type
of sampler, sampling points were again selected randomly at each site. Firstly, a 30-
cm deep pit was excavated into the snow surface. Then, using the vertical wall of the
pit, the density of snow was measured at 3-cm intervals to a depth of at least 18cm.
Both types of measurements were performed at 20 km intervals along the traverse.
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Finally, these two types of measurement were performed alternately every 10km. In
each measurement, the surface snow type was recorded as either soft new snow or
compacted hard snow. When the surface was wind slab or dune, they were recorded
as compacted hard snow. The thickness of the surface unit layer of a homogeneous
snow type was also observed and recorded.

2.2.2 Pit studies and firn block sampling

Pit studies were performed in order to understand the depth profile of both the physical
and chemical strata. In this paper, only physical properties are discussed. Two 4-m
deep pits were excavated at DF and at MP. In addition, a 2-m deep pit was excavated
at the DK190 site (Fig. 1 and Table 1). The DF pit was located at 77.298° S, 39.786° E,
about 3km northeast and upwind of the Dome Fuji deep ice coring site relative to the
prevailing wind direction. By analysis of the major ions, we identified age markers of
the Pinatubo (Philippines) 1991 eruption to estimate the ages of the strata (Table 1 and
Fujita et al., 2011). A picture of the wall within the pit at DF is shown in Fig. 3. Using the
wall of the pits, several measurements and sampling were made as follows (Table 2):

i. Dielectric permittivity at frequencies of 500-900 MHz was measured using a par-
allel lines resonator on a snow fork (Sihvola and Tiuri, 1986) at 3-cm depth in-
tervals. Sugiyama et al. (2010) has reported how the snow fork measurements
were carried out in the JASE traverse. At each depth, the snow fork sensor was
penetrated horizontally into the vertical pit wall twice. In addition, Sugiyama et al.
(2010) examined the relation between the dielectric permittivity £ and the bulk
density p at many sites along the traverse route. In the three pits in this study, the
bulk density p was also measured at 3-cm depth resolution using a 3-cm thick box
sampler. However, the snow-fork-based ¢ and direct p measurements basically
produced duplicate data. Thus, only the results of the snow-fork-based ¢ are dis-
cussed in this paper. Another reason for choosing this method is that the location
of the snow fork measurements is closer to the location of the firn blocks (Fig. 3).
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ii. Snow grain size D was determined visually using a reference gauge to determine
the approximate range of grain size. Grain size in this case reflects the size of the
agglomerates.

iii. Stratigraphy was observed visually. Distribution of the depth hoar, compacted hard
snow, crust layers and layer boundaries were observed and recorded. In addition,
the temperature profile was measured in 10 cm intervals using a calibrated ther-
mometer with Pt100 sensors.

iv. Using the same pit wall, snow block samples were collected for further measure-
ments of physical properties. They were collected at 0.5m depth intervals. The
typical size of the snow block was 0.5 m in depth and 0.25 m by 0.3 m in horizontal
cross section. The samples were transported to Japan via ground transportation
to the Antarctic coast and then by ship.

v. Snow was sampled for analyses of water isotope, major ions and trace metal
elements. Results from these chemistry samples will be discussed elsewhere.

As seen in Fig. 3, a pit width of about 2m was necessary because the pit wall was
used for multiple items of measurement and sampling. The variability of the stratigraphy
within a pit means that the thickness of each layer is not exactly the same from one
measurement/sampling to another. Such small gaps (to a few centimetres) are evident
when we compare depths of different items.

2.2.3 Transportation of the firn block samples

The last firn sampling was completed on 26 December 2007 at MP. Because deteriora-
tion of the firn sample was a concern, the boxes containing them were kept deep within
the sample sledge covered with aluminium-coated heat insulating material. In addi-
tion, the samples were transported with large amount of boxes containing the 3035-m
deep Dome Fuiji Station ice cores that the traverse team had a task to transport on
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the ground (Motoyama, 2007). Thus, the samples were kept basically in an isothermal
condition with only slow changes of temperature. The progress of the transportation
was as follows. During the JASE traverse, the ambient temperature was approximately
-30°C with diurnal cycles of about +5 °C on the Antarctic plateau (see Fig. 2, for ex-
ample). On 25 January 2008, the samples were transported from a site S30 on the
continent (69.05° S, 40.69°E; 1015m a.s.l.) to the cold storage of —28°C aboard the
Ice Breaker Ship Shirase by helicopter. The samples experienced the highest ambient
temperature between —15°C and —10 °C for a few days just before being picked up by
helicopter. After the samples arrived in Japan by ship, they were stored isothermally
at a temperature of —50°C at the Institute of Low Temperature Science in Hokkaido
University, Sapporo, until analysis in 2010 and 2011 at the National Institute of Polar
Research, Tokyo. To avoid possible effects of sample deterioration, the surface 3 cm of
the samples were rejected from the measurements as described below.

2.2.4 Measurements of the physical properties of the firn blocks

Physical properties of the firn blocks were investigated using the methods listed in
Table 3. These methods are described as follows.

i. Dielectric permittivity tensor measurement using an open resonator

Earlier studies have shown that dielectric anisotropy is a measure of geometri-
cal anisotropy in firn (Lytle and Jezek, 1994; Fuijita et al., 2009). The dielectric
permittivity tensor with the dielectric anisotropy was measured using an open res-
onator. The experimental procedure has been previously described (Fujita et al.,
2009; Jones, 1976; Matsuoka et al., 1997, 1998). This method enables precise
measurement of the dielectric permittivity tensor and the dielectric anisotropy if
appropriate sets of frequency and sample thickness are selected to reduce errors
(Jones, 1976; Komiyama et al., 1991). The open resonator and the slab-shaped
sample were placed in a cold room at a constant temperature of —15°C. The elec-
trical field in the resonator has a Gaussian distribution with a half-power diameter
1217

Jadedq uoissnosiq | Jadeq uoissnosigq |  Jadeq uoissnosiqg | Jaded uoissnosig

TCD
6, 1205-1267, 2012

Metamorphism of
firn in Dronning Maud
Land, East Antarctica

S. Fujita et al.

: “““ “““


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/6/1205/2012/tcd-6-1205-2012-print.pdf
http://www.the-cryosphere-discuss.net/6/1205/2012/tcd-6-1205-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

of ~20mm parallel to the slab-shaped sample and normal to the incident wave.
The measured permittivity is thus a volume-weighted average within this Gaus-
sian distribution in the slab-shaped sample. Source signals for the measurements
were generated using a synthesized sweeper. Each sample slab was translated
into the centre of the electrical field in increments of 5 mm. Permittivity compo-
nents were measured in both the vertical and horizontal planes of the ice sheet
(e, and gy, respectively). For all measurements, ¢, and &, were obtained simulta-
neously using a single frequency sweep without physical movement of the sample
(Jones, 1976; Matsuoka et al., 1997, 1998). Only the real part of the complex per-
mittivity was investigated. A resonant frequency of ~34 GHz was chosen from
many other measured resonant frequencies between 30 and 40 GHz. Accurate
and precise values for the dielectric anisotropy Ae (=|e, — &,|) were then calcu-
lated. Errors involved with the measurements are described below.

7-mm thick slab samples were prepared by cutting with a band saw followed by
microtoming. The error associated with sample thickness was +£0.2 mm, resulting
in systematic errors in measured permittivity and Ae of approximately +0.02 and
+0.002, respectively. The accidental (random) errors in Ag within a sample with
single thickness were at most £0.001. Thus, any variations of A¢ larger than the
accidental error of 0.001 were considered significant although measurable mini-
mum Ag is 0.003. The errors in Ag were markedly smaller than the permittivity
errors due to the physical principle of the measurement (Matsuoka et al., 1997).
We note that ¢ measured using the snow fork (Sihvola and Tiuri, 1986) in the pit
walls or dielectric profiling technique (DEP) (Moore et al., 1989; Wilhelms et al.,
1998) for measurements of ice cores is equivalent to g, in terms of the direction
of the electrical field vector in samples. Information of A¢ is available if ¢, is de-
tected. In some cases of less dense firn with coarse grains, resonant signals were
too weak to be detected due to scattering loss of microwaves within the sample.

ii. Density measurement using the gamma-ray transmission method
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The continuous density profile of the firn was measured using the gamma-ray
transmission method. The intensities of gamma-rays transmitted through a firn
sample were continuously measured using a gamma-ray detector during transla-
tion of the sample across the gamma-ray beam. The gamma-ray intensity profile
was converted into a density profile using a calibration curve for gamma-ray ab-
sorption based on sample thickness. The spatial resolution of the density profile
was 3.33mm in depth and 15 mm in width. Slab-shaped samples of 50 mm thick-
ness were used.

Measurement of Near-Infrared light reflectance on the firn surface

The reflectance of Near-Infrared (NIR) light is known to be correlated to the grain
size and specific surface area of snow (e.g., Aoki et al., 2000; Matzl and Schnee-
beli, 2006; Wiscombe and Warren, 1980). We used NIR reflectance as a measure
of grain size. An optical line scanner system was used. Takata et al. (2004) have
described the principle of the optical line scanning device for the transmission of
white light. We used NIR light instead of white light, and reflection of the light
from the firn sample instead of transmitted light. The light sources of NIR LED
are set above the firn sample. We use two rows of 24 NIR light-emitting diodes
(LEDs) 100 mm wide. The light source has a centre wavelength of 940 nm with
half power width of about 50 nm. We used a charge-coupled device (CCD) cam-
era (HAMAMATSU Model: C3077-79) which detects NIR light in a range of wave-
lengths between 300 nm and 1100 nm. The light sources and the CCD camera are
mounted on a moving stage and moved along the firn sample during the measure-
ments. The distribution of scattered light intensity from the 50- and 60-mm-thick
firn sample is measured, and the brightness intensity of each pixel is recorded on
a PC. The surfaces of the samples are smoothed with a microtome just before the
measurements. The CCD is focused on the top surface of the ice. After a mea-
surement, a scanned image of the whole ice sample is produced. Measurement
resolution is adjusted to 25 um pixel‘1 and the data were averaged over 2.5mm.
We used sample thicknesses of 50 mm and 65 mm for the first and the second set
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of measurements, respectively. We note that our sample thicknesses are of the
order of the penetration depth of NIR light, which is a few centimetres (Tanikawa
et al., 2011). Thus, the linescanned image of the NIR reflectance contains qual-
itative information of relative changes representing the penetration depth. The
brightness intensity was converted to values of NIR reflectance (henceforth R)
using two standard reflectors with reflectance of 0.99 and 0.81. In reality, most of
reflectance ranged between 0.6 and 0.8; we assumed a linearity of our system to
a reflectance of about 0.6.

iv. Imaging of ice grains and pore spaces using the Large Area Scan Macroscope

The Large Area Scan Macroscope (LASM) developed by Schafter+Kirchhoff
GmbH (Hamburg, Germany) was used to observe the size and shape of ice
particles in firn (http://www.sukhamburg.com/produkte/Zeilenkameras_e.html). It
is a scanner specialized for ice core research, initially developed for the Alfred
Wegener Institute for Polar and Marine Research in Bremerhaven (AWI). The mi-
crotomed firn surfaces of the thick sections are automatically scanned at a high
resolution of 5pm. Using this technique, we can observe features of ice grains
and pore spaces as 2-D cross section images. These images were in for the pre-
liminary analysis of the size of ice particles within the firn.

3 Results
3.1 Spatial variations of the depositional environment

The spatial distribution of the accumulation rate in the study area has previously been
presented (Fujita et al., 2011), and the elevation, accumulation rate and surface slope
are shown in Fig. 4a—c and Table 1. The density of the surface 11 or 12 cm thickness of
snow is compiled in Fig. 4d. The density and its fluctuation were lowest near DF where
the snow was more often observed to be soft and new snow. As we move toward
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DK190 and MP along the ice divide, the frequency of encountering hard and com-
pacted snow increases, showing a maximum approximately between DK190 and MP.
The thickness of the surface unit layer is compiled in Fig. 4e, and is shown to increase
as we move toward DK190 and MP. The depth profile of the density at 3cm resolution
is compiled in Fig. 4f. Like the distribution of the hard and compacted snow, surface firn
is denser and more variable again between DK190 and MP. In the field, the hard and
compacted snow along this leg looked like wind slab. Sugiyama et al. (2012) suggested
a coefficient between average density and average wind speed (13.5kg m™> (m s )‘1)
along the entire JASE traverse route. Based on the coefficient, we deduced spatial
distribution of the average wind speed in the right axis of Fig. 4d. We suggest that
DK190 is the windiest site among the three due to topographic effect of the ice sheet.
That is, convergence of upslope wind into a trough region between the ice divides D
and E occur in the strong wind events (see prevailing wind directions in strong wind
events indicated in Fig. 1b). Therefore, there were variations of depositional environ-
ment across the traverse. In the absence of any extreme weather events during the
traverse (Fig. 2), we interpret that our observation reflects a spatial distribution rather
than temporal changes. This spatial distribution in the depositional environment is also
visible in the pit data as we see below.

3.2 Depth profile of the strata measured in the field

Measured results for the three pits are shown in Fig. 5 for permittivity ¢, density p, grain
size D and stratification. We present results to a depth of ~2.5m to compare common
depths of the three pits. The average densities at MP and DK190 are slightly higher
than that at DF (see Table 4). We find more frequent appearance of compacted hard
snow in the pits of DK190 and MP than in DF. In particular, the shallowest 1-m of the
DK190 pit contains several layers of hard compacted snow. We find a tendency of grain
growth with increasing depth like earlier studies (e.g., Alley et al., 1982; Gow, 1965). In
addition, we see that p and D are often anti-correlated, confirming similar observations
in many earlier studies (Alley, 1988; Alley et al., 1982; Freitag et al., 2004; Gow, 1965;
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Koerner, 1971; Shiraiwa et al., 1996). Sugiyama et al. (2012) also demonstrated clear
anti-correlation between p and D in many pits excavated during the JASE traverse.
Layers of compacted hard snow are often characterized by higher o and smaller D. In
this way, the spatial distribution of the depositional environment is reflected in the strata
in the direction of depth.

Temperature profiles within the three pits are shown in Fig. 6. The variable range of
air temperature in the period of mid to late December (as in Fig. 2) is shown at the top
as a reference. Temperature gradients are the steepest near the surface and decrease
with increasing depth. DF is the coldest and MP the warmest among the three sites.
In the late summer such as January, the temperature gradients should be less steep
because of the conduction of the summer heat waves to deeper layers and starting of
cooler conditions at the surface after the summer solstice.

3.3 Physical properties of the firn blocks

Results of the measurements are compiled in Fig. 7a—c for the three pits. Some of the
0.5-long blocks were broken during transportation. Thus the shallowest 0.3 m portion
at DK190 and the shallowest 1.0 m portion at MP were rejected from measurements. In
addition, for each block sample, all surface 3-cm thickness portions were rejected from
measurements to avoid potential effects of additional metamorphism that may have
occurred due to thermally induced deterioration. The value of Ae should be a good
indicator of deterioration; we find no such features in the A¢ data as shown below.

For each site, two components of the dielectric permittivity, £, and ¢, are shown as
blue lines. Density p is shown as green lines. Dielectric permittivity and p is correlated
as found previously (e.g., Kovacs et al., 1995; Lytle and Jezek, 1994; Sugiyama et al.,
2010; Tiuri et al., 1984). An example scatter plot for this correlation is given in Fig. 8
for the firn at DF. The scatter plot agrees with a scatter plot for the snow-fork-based ¢
and p for a number of the 1-m pits excavated during the JASE traverse, published by
Sugiyama et al. (2010). We also see how ¢, and ¢, are distributed. In Fig. 7, &, €, and
p tend to increase with increasing depth due to densification. This tendency is the same
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as found in Fig. 5, and the data have finer resolution. A¢ is shown as red lines in Fig. 7,
and ranges between 0.28 and 0.67 for the three sites. Fluctuations of A¢ are positively
correlated with fluctuations of g, ¢, and p. The NIR reflectance, R, is shown as purple
lines. Over the scale of metres, R decreases with increasing depth. However, small-
scale fluctuations of A are also positively correlated with the other variables: ¢, ¢,, p
and Ae. We note that higher R should have correlation with finer grain size (e.g., Aoki
et al., 2000; Matzl and Schneebeli, 2006; Wiscombe and Warren, 1980). The variation
of R suggests growth of grain size with increasing depth and short-scale fluctuations:
higher ¢, €,, p and A¢ are associated with finer grains over short scales.

Grain size was checked against the images of the LASM for the samples of DF.
An example image is shown in Fig. 9. We extract features such as grain size, grain
boundaries and micro-bubbles within ice of the microtomed surface of firn. Brighter
grey parts are ice and dark parts are pore spaces on the microtomed surface. Average
grain size was only preliminarily determined from the images using rulers as a scale,
and the depth profile is given in Fig. 7a as a brown line. In Fig. 7a, we find that over
a metre scale, grain size increases with increasing depth and that at a finer scale,
fluctuations of grain size tend to have a negative correlation with the other variables, as
observed in the R data. We note that R represents backscatter of NIR light from within
the volume of the firn, thus it has more 3-D volume information than a 2-D image of
the microtomed firn surface. In addition, we note that the grain size from an image of
the microtomed firn surface represents a cross section of firn, and we often observe
necks of ice bonding. In contrast, grain size observed in the field represents the largest
diameter of the particles (agglomerates) that the observers could see. This difference
has been discussed previously (Freitag et al., 2008), and is the cause of the systematic
difference in D between Figs. 5a and 7a.

The image in Fig. 9 is from 1.05—-1.11 m depth at DF. This depth is characterized by
large changes of p and R, as also shown in Fig. 7a. We chose this example because
it can represent numerous such large contrasts observed in the strata (Figs. 5 and
7). On the lower side of Fig. 9a, we observe that ice bonding between smaller grains
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is well established (see Fig. 9b) whereas in the upper side of Fig. 9a, such bonding
between larger grains is not visible in the 2-D image. Detailed 3-D analysis for similar
contrasting firn was studied by Freitag et al. (2008), and demonstrated that within less
dense firn, firn with lower coordination numbers support the overburden weight. This
difference in ice bonding between grains in denser firn and less dense firn has been
also discussed as one of basic causes of the crossover of density (Freitag et al., 2004;
Fujita et al., 2009; Gerland et al., 1999; Horhold et al., 2011). In particular, numerous
centimetre-scale local densifications that occur with drops of Ae during the crossover
of density were discussed as indications of destructive deformation of the initially less
dense layer (see Fig. 2 in Fuijita et al., 2009).

4 Discussion
4.1 Features indicating evolution of metamorphism
4.1.1 High values of A¢ near the surface of the ice sheet

The depth span of the data in each panel in Fig. 7 contain approximately 30, 21 and
12 annual layers at DF, DK190 and MP, respectively; thus statistics and correlations
between variables represent these numbers of annual layers at each site. In this study,
A¢ is a measure of geometrical anisotropy within firn composed of an ice matrix and
pore spaces. Ag can be regarded as a measure of the development of metamorphism
in each pit. We find that Ae¢ ranges between 0.028 and 0.067. These high values can
be explained only by geometrical anisotropies, and are not possible to explain via the
much smaller effects of crystal orientation fabrics alone (Fuijita et al., 2009). Fuijita et al.
(2009) gave Acg values for ten selected samples of ~0.5-m-long firn from depths of
9.6 m to 112.6 m at DF. Our high values of Ae ranging between 0.028 and 0.067 are
almost the same as their highest values obtained from 9.59-9.83-m deep firn (see
Fig. 4 in Fujita et al., 2009). In the present study, we find such high values appear at
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~0.1 m depth of the snow surface at DF, which suggests that metamorphism in terms
of vertical anisotropy occurs at or near the very surface of the ice sheet by processes
that exist at the surface.

The temperature gradient is one important factor for metamorphism at the surface.
The measurements of the temperature gradient (Fig. 6) show that temperature is high-
est at the surface and that the temperature gradient is steepest there in the daytime
in summer. In addition, the variable range of air temperature in Fig. 6 means that the
firn is exposed to the highest heat/vapour flux at the surface. Therefore, it is reason-
able that metamorphism in terms of vertical anisotropy is highly developed at ~0.1m
depth. Down to ~2m, metamorphism proceeds further because this depth still expe-
riences a seasonal temperature gradient and thus is under the relatively strong influ-
ence of heat/vapour flux than deeper isothermal conditions (Alley et al., 1982). The
grain growth and densification in the uppermost ~2m (Figs. 5 and 7) are explicable
by heat/vapour waves from the surface. Interestingly, we find only weak growth of A¢
with increasing depth, although data of very surface portions are missing at DK190
and MP. This means that the basic anisotropic form is created mostly at the surface
or just beneath the surface. The cause of the high Ae values has been previously dis-
cussed (see Sect. 4.1.2. of Fujita et al., 2009). In short, the annual alternation of firn
types at Dome Fuiji develops in response to summer insolation. In summary, the for-
mation of the density of the strata at the surface is an initial condition of stratified firn,
and the insolation-based temperature gradient enhances metamorphism, which will be
discussed below.

4.1.2 Difference in the g,-A¢ correlation between the three pits

A main focus of this study is to understand how the p-Ae correlation is dependent on
the depositional environment, characterized by the accumulation rate, wind speed and
so on. Instead of exploring the p-Ae relation, we investigate the g,-A¢ relation because
&y, is a function of p. Examining the ¢,-A¢ relation has an advantage because the
sampling volume is exactly the same between the two parameters, whereas the p-A¢
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relation is affected by differences in sampling volume between the p measurement and
the Ae measurement. The scatter plot of ¢,-A¢ is shown in Fig. 10 for the three sites.
Approximately linear correlations are apparent. An interesting feature is the value of
Ae for given values of g, at each site. A¢ is higher at DF than at DK190 or MP, that
is, A¢ is highest at the site where both the accumulation rate and wind speed is lowest
among the three. The site DK190 contains many layers of compacted hard snow with
&y, values of 1.65-1.85, equivalent to p values of ~390—-~500 kg m~. These layers also
have high values of Ae ranging from ~0.05 to 0.067, causing fluctuations of Ag with
depth. However, at DF, A¢ values ranging from ~0.05 to 0.067 are attained for much
smaller values of ¢,. If we disregard data points of compacted hard snow, the ¢, -A¢
relation at MP is similar to that at DK190. To demonstrate the sensitivity of Ae versus
accumulation rate and wind speed of the sites, we extracted A¢ values at a constant
p of 365kg m'3, chosen simply as the mean value at MP. For convenience, we term
it as Aegggs. The Agggs values versus accumulation rate and versus wind speed are
shown in Fig. 11. We find inverse correlation between Ae and both accumulation rate
and wind speed. The effect of the lower accumulation late is explicable by the idea
that longer residence time within the shallow portion of the ice sheet could enhance
postdepositional metamorphism, as suggested in earlier studies (Courville et al., 2007;
Hutterli et al., 2009; Kawamura et al., 2007). At the same time, the effect of the lower
wind speed is also reasonably explicable by an idea that the heat of insolation at the
surface of the ice sheet is better preserved near the surface without disturbance or
mixing by wind. We will further attempt to analyse possible effects of the accumulation
rate and the wind speed later in this paper.

The statistics of physical properties are given in Table 4. These values are compara-
ble with similar statistics of the 112.59-m-deep Dome Fuiji firn (Table 2 in Fujita et al.,
2009). The coefficients of the regression lines in Fig. 10 are listed in Table 5. At DK190,
data points representing hard compacted snow apparently reduce the gradient of the
linear regression line. This fact suggests that irregular insertions of the dune slightly
reduce formation of vertical anisotropy. It is possible that this phenomenon is associ-
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ated with rapid burial of thick dune layers during strong wind events, which reduces
the residence time of the firn layer near the surface. It is also possible that such thick
dune layers reduce amount of vertical vapour transport in temperature gradients. In the
entire data set, we found no features indicating post-sampling deterioration that might
have significantly affected measured variables.

4.1.3 Difference in the grain growth rate at the three pits

Behaviour of grain size D also indicates development of metamorphism. As a measure
of grain growth, the mean grain size at a depth of 2m (henceforth D,,,) was calcu-
lated. A depth of 2m was observed because effects of the temperature gradient are
much weaker at this depth than at upper depths. In Fig. 11, D, is plotted versus ac-
cumulation rate and versus wind speed. Again clearly, D, increases with decreasing
accumulation rate and with decreasing wind speed. We notice that the range of D,,,
is largest at DF. In Fig. 12a, D,,, is plotted against Aegg5. We find that D,,,, and Agggs
are correlated proportionally, suggesting that both are two different aspects of a series
of metamorphism phenomena. R is another measure of grain size. The mean value of
R at a depth of 2m (henceforth R,,) was also calculated. In Fig. 12b, we confirm a
linear correlation between D,,,, and R,,,, which is reasonable because A is an indica-
tor of D. In this plot, we again observe that the range of A, is largest at DF. Then,
evolution of the R-p relation is investigated in Fig. 13. Trajectories of the R-p rela-
tion show how the R-p relation evolves with increasing depth. The original data are
shown in Fig. 7. Two different trends are apparent in Fig. 13a. One is grain growth and
densification as a large scale trend over metres. Another is the development of alter-
nation of firn properties depending on its initial density. Light green arrows in Fig. 13a
show suggested directions of alternation between IHDF (initially high density firn) with
higher density and finer grains and ILDF (initially low density firn) with lower density and
coarser grains. Light orange arrows in Fig. 13a show the suggested direction of evolu-
tion of grain properties for IHDF and ILDF. At DF, a regular cyclic feature is observed
in the trajectory. At DK190 and MP, gradients of AR/Ap (shown as inclination of the
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light green arrows) are apparently lower than AR/Ap at DF. At DK190 and MP, cyclic
features is less clear, probably because of disturbance by very dense (>380kg m‘3)
layers of hard compacted firn.

We can find many important features in the data of Fig. 13. The features of the
IHDF and the ILDF are kept distinct or become more distinct with increasing depth
in the surface few metres, that is, their contrast in terms of density and grain size
becomes stronger with metamorphism. In addition, this tendency is strongest at DF
where both the accumulation rate and the wind speed are the smallest among the
three sites. Behaviour of Ae was also dependent on p as found in Fig. 10. All of the
parameters, o, Ae, D and hence R, show evolution of this contrast depending on the
initial density of the firn. A plausible explanation for the evolution of the alternation is
density-dependent growth of depth hoar (e.g., Pfeffer and Mrugala, 2002). In addition,
the difference in thermal conductivity and air peameability between the IHDF and the
ILDF should reinforce the contrasts in a positive sense: because the IHDF should have
higher thermal conductivity, the spatial gradient of temperature is steeper in the ILDF
than in the IHDF. Then, transport of vapour from the permeable ILDF to less permeable
IHDF results in more contrasted firn under the temperature gradient. Where the initial
alternation is more distinct, this effect should have a positive feedback. We suggest
that numerous strong contrasts of p, Ag, D and R, as observed in Figs. 5, 7, 9 and 13
are explicable by this positive feedback.

4.1.4 Relative roles of accumulation rate and wind speed

Based on dependencies of the measures of postdepositional metamorphism such as
Aesgs, Do, Rom and AR/Ap (Fig. 11 and Table 4) on the accumulation rate and the
wind speed, we analysed roles of the accumulation rate and the wind speed for the
postdepositional metamorphism. We assumed that these two factors act linearly to
the metamorphism; simultaneous equations were solved to find linear coefficients for
the accumulation rate and the wind speed. Statistical assessment was not possible
because number of the data was the same as the number of variables to solve. The
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four sets of solutions are given in Table 6. We note that both Aesgs and AR/Ap are
measures of metamorphism with reference to density. Curiously, for variations of both,
the solutions indicate that approximately 30 % and 70 % are explicable by variations of
accumulation rate and by variations of wind speed, respectively. For the measures of
metamorphism with reference to density, the solutions implied that the wind speed has
a dominant role. In contrast, both D,,,, and R,,,, are measures of grain growth. For varia-
tions of D,,,,, approximately 80 % and 20 % are explicable by variations of accumulation
rate and by variations of wind speed, respectively. For variations of R,,, approximately
60 % and 40 % are explicable by variations of accumulation rate and by variations of
wind speed, respectively. For D,,, and A,,,, we can suggest the variations of accumu-
lation rate commonly had larger effect than wind. Although our analysis has a limitation
in terms of statistical assessment, we suggest that the postdepositional metamorphism
at the study sites is caused by interplay of both variations of accumulation rate and of
variations of wind speed. We suggest that both are essential factors to determine the
postdepositional metamorphism. For both Agqg5 and AR/Ap, reduction of temperature
gradient by wind mixing seems to work strongly. In contrast, for D,,, and R,,,, the so-
lutions seem to suggest that residence time near the surface is more influential. This
implies that total amount of heat wave by insolation is a primariy controlling factor for
grain growth rathar than temperature gradient caused by diurnal cycles.

4.2 Effect of the strong wind events

We again note that the depositional environment at DK190 and MP is characterized by
more windy conditions than at DF (see Table 1). Birnbaum et al. (2010) have shown that
wind-driven dunes have an initial density of 380-500 kg m~ at EPICA DML (Kohnen).
This density range is the same as the compacted hard snow observed in the pits
and snow surfaces along the JASE traverse (see Figs. 4d.f, 5 and 7). Birnbaum et al.
(2010) reported that the formation of snow dunes only occurred with wind speeds of
> 10ms™', which are caused by a low-pressure system at EPICA DML. Based on
these observations, we can reasonably assume that the observed compacted hard
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snow layers were formed by the strong wind events. The new data of A¢ show that
compacted snow in dunes attain high values of Ae¢. This suggests that initial p is a
factor determining Ae regardless of the causes of the higher density, which could be
wind and/or heat/vapour flux. The difference in mean density between the three pits
(Table 4) is apparently due to the wind effects and not heat flux considering the small
differences in temperature. Heat flux will be discussed in the next section.

4.3 Densification effects associated with heat flux and weak wind

Both Koerner (1971) and Shiraiwa et al. (1996) reported that IHDF layers have their
origin in surface layers in summer, in Plateau Station (Fig. 1) and Dome Fuiji region,
respectively. In particular, Koerner (1971) found that the IHDF formed when a drift of
surface hoar formed from weak wind (wind velocity > ~4ms'1), based on thorough
investigation of the effect of summer warmth and solar radiation through stratigraphic
comparisons in early December and late January. He found that ice bridges formed be-
tween grains. Fujita et al. (2008) also reported in an initial report of the JASE traverse
that the IHDF formed in a very short period of time near midsummer through a compar-
ison of snow type and density at the beginning of December 2007 and in mid-January
2008 along a ~300 km long traverse route between MD364 (see Fig. 1) and DF. The
data are similar to that in Fig. 4, but for different legs of the JASE traverse. They made
numerous density measurements and found that hard and compacted snow appeared
in the top few centimetres of the ice sheet presumably owing to drifted hoar by weak
wind (see Fig. 2 for the associated meteorological conditions), and the average snow
density changed from ~300 kg m~2 to ~370 kg m~2 in the top 3cm between the two
sets of measurements. Koerner (1971) observed this annual alternation of firn types
down to a depth of 10 m. Our data at DF (Figs. 7a and 14a) support Koerner (1971)’s
observation. These observations suggest that the IHDF is initially formed at the surface
in summer and preserves its basic dense and hard condition in deeper (but well above
the crossover) depths.
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We again note that the surface is the interface where ice sheet is exposed to heat
fluxes, temperature gradients, snow accumulation, wind and atmosphere. When inso-
lation provides heat flux in summer, vapour flux should occur at the surface in both the
upper and lower directions due to the gradient of temperature and vapour pressure.
The short wave radiation can penetrate and heat the surface few millimetres of the
firn (e.g., Colbeck, 1983). Thus, the surface is a source of vapour production in the
daytime. To verify this hypothesis, a set of data was obtained on the day of the sum-
mer solstice during the JASE traverse. The temperature within very shallow snow at
1cm, 3cm and 10 cm was measured every few hours, and shown in Fig. 14 along with
the continuous data of the air temperature at 3.9 m height. Although this period was
not a typical clear sky day (see Fig. 2 for meteorological conditions), temperature and
wind speed show diurnal cycles typical of summer in this area. We see in Fig. 14 that
surface temperature is the highest in the daytime compared with firn underneath and
air above. In particular, around the time of local noon (10:00 ~11:00 UTC), the surface
1-cm temperature is markedly high. On the contrary, at night time (white night) when
the elevation angle of the sun is low, the surface 1 cm has the lowest temperature com-
pared to the air and deeper snow. This means that at night time (indicated by letters C
in Fig. 14), condensation of vapour is concentrated at the surface because the cooling
air releases condensed water here.

The initial formation of snow strata at and near the surface of the ice sheet has long
been a topic of discussion (e.g., Alley, 1988; Dang et al., 1997; Li and Zwally, 2004;
Zhou et al., 2002) in attempts to explain the density strata in numerical models. We note
that densification of firn at the surface in summer of observed large scale of values from
~300kg m~2 to ~370 kg m~2 was not reproduced by earlier modelling efforts for runs
for low accumulation sites even after introducing effects of the vertical movement of
vapour flux in the models. Rather, some model outputs suggest that the surface layer
in summer becomes the less dense layer due to heat flux and consequent vapour loss,
which is opposite to the observations near Dome Fuji and Plateau Station. A frequently
used assumption in earlier discussions is that the upward vapour flow escapes into
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the surface atmosphere, so no contribution is assumed for firn layer densification from
upward vapour reaching the surface. However, it seems natural that in diurnal cycles
in summer, the firn and the near surface atmosphere continually exchange vapour:
vapour saturated in the near surface atmosphere in the daytime would condense at
and near the surface of the firn at night time. This diurnal cycle repeats every day over
a larger seasonal cycle of temperature that is highest within a few days of the summer
solstice. In days before and after the summer solstice, evaporation and condensation
should dominate at the surface, respectively, because of the background seasonal tem-
perature cycle. We propose that the cause of the observed late-summer densification is
condensation of vapour on the surface. Vapour flux to the surface partly enhances crys-
tal growth by providing vapour to the existing firn matrix. The vapour flux concentrated
on the ice sheet surface also partly appears as frost hoar on the surface. The JASE
traverse teams observed the frost hoar sometimes at night, as reported in an earlier
study (lizuka et al., 2004). Surface frost is fragile and easily redistributed by weak wind
as observed by Koerner (1971) at Plateau Station. For dune-formation events, high
wind speeds (>10m 3‘1) are necessary (Birnbaum et al., 2010). However, for the frost
hoar on the surface, weak wind (wind velocity > ~4m s'1) is sufficient for redistribution
of fine particles (Koerner, 1971). Such weak wind blows almost every day (see Fig. 2).
On the ice sheet, such fragmented fine particles redistribute every night forming a thin
surface deposition of them. We again note that there is no seasonality in the accumu-
lation rate at present DF: two independent data sets are given in Fig. 15. According
to these, the monthly accumulation rate at DF is of the order of ~2kg m~2month™" in
December and January in the present climate. We comment here that a recent claim
by Laepple et al. (2011a,b) that there is a strong seasonality in the accumulation rate
(more than £30 %) in plateau of East Antarctica at present climate is not the case at
DF or near EPICA DML (Reijmer and Van den Broeke, 2003). Even under dominance
of surface sublimation (evaporation) from the surface in the daytime, a positive incre-
ment of the snow surface has been detected. The redistributed fine particles can be
closely packed because they are fragmented; therefore, nearest neighbours touching
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each other sinter together and make the snow mechanically stable and hard within a
short time. Even without fragmentation of the surface hoar, densification by conden-
sation connects grains with each other, constricting grain growth. Such surface layers
repeatedly receive heat flux in the daytime. We propose that the typical correlation be-
tween higher p and smaller D is associated with this densification that occur at the
surface. Further grain growth is restricted in such firn because neighbouring grains
constrict growth with each other. In contrast, in the ILDF, there are more pore spaces
where grains can grow to be coarser. This proposed process is an interplay of heat flux
with insolation, temperature gradient both in the firn and in the air caused by insolation,
and quite ordinary weak wind in diurnal cycles over the polar plateau in summer. Thus,
we suggest that the key factor for the entire process is insolation. We summarized the
proposed process in Fig. 16 and Table 7.

A question then arises whether or not the snow accumulation rate influences the
initial densification process on the high elevation ice divides such as DF. Here, we do
not discuss sites with very different conditions, such as sites characterized with very
windy conditions on the slope of the katabatic wind zone, much warmer coastal sites or
sites where the accumulation regime is highly synoptically induced. There are too many
factors to consider when we compare data from such a variety of sites. We simply con-
sider halving or doubling of the accumulation rate compared with the low accumulation
rate of the present DF. We note that the proposed surface densification is an interfacial
process, rather than processes that occur in the volume of firn. Major portion of den-
sification is highly limited spatially within the very surface centimetres of the ice sheet.
In addition, the monthly accumulation rate at DF is as small as ~2kg m~2month™" in
December and January in the present climate (Kameda et al., 2008; Fujita and Abe,
2006). Either halving or doubling of the accumulation rate would result in shifts of the
depths of densification by less than a few millimetres. Therefore, we propose that the
initial densification at the surface is virtually unaffected by changes in the accumulation
rate.
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4.4 Implications for modelling a phase link between summer insolation and ice
core gas records

Based on the results and discussion in this study, we suggest that a physically based
model that calculates insolation-induced relative changes in metamorphism requires
an initial densification process of the ice sheet surface in addition to the exposure of
firn layers to temperature gradient. More correctly, processes summarized in Fig. 16
and Table 7 need to be considered. Without the critical initial process of densification
at the surface, the models could result in unreliable, highly hypothetical estimation of
the phase shift between the development of metamorphism and local summer sol-
stice insolation. We suggest that the initial densification process should be the most
dominant imprint of insolation of physically based simulations, in addition to comments
made in Sect. 1.3. Moreover, wind clearly plays various roles for both formation and
postdepositional metamorphism of the firn layers. Based on the proposed processes in
Fig. 16 and Table 7, the most influential factor is always local summer insolation, which
implies that the real phase shift between the development of metamorphism and lo-
cal summer solstice insolation is rather small, compared with the modelling using only
vapour flux within firn in the calculation.

We also note that we need to model a relation between the local summer solstice
insolation and duration of the bubble formation zone, to reliably interpret local insola-
tion proxies used for astronomical dating of deep ice cores. This is a complex causal
chain, as described in Sect. 1.2. We need to study the still poorly understood high-
resolution mechanical processes within the IHDF and the ILDF throughout the den-
sification from the surface to pore close-off. The crossover of density is an essential
process to consider. The potential of the chemical impurities as an enhancement fac-
tor of the deformation (e.g., Horhold et al., 2011) should be examined as well, but it
seems unlikely that the destructive deformation within the ILDF during the crossover of
density is explicable by chemistry.

1234

Jadedq uoissnosiq | Jadeq uoissnosigq |  Jadeq uoissnosiqg | Jaded uoissnosig

TCD
6, 1205-1267, 2012

Metamorphism of
firn in Dronning Maud
Land, East Antarctica

S. Fujita et al.

: “““ “““


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/6/1205/2012/tcd-6-1205-2012-print.pdf
http://www.the-cryosphere-discuss.net/6/1205/2012/tcd-6-1205-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

Another implication of this study is that metamorphism strength could be highly in-
fluenced by wind conditions. Then, O,/N,-based orbital tuning dating and TAC-based
orbital tuning dating will be affected by wind conditions. Stronger wind at some stage of
the climate cycle may produce more fluctuations in the density strata of firn, and thus
result in bias or disturbance in the O,/N, ratio data and TAC data. In the present late
Holocene condition, DF is a site characterized by weak wind compared with surround-
ing sites in DML such as DK190, MP and EPICA DML (e.g., Fujita et al., 2011; Lenaerts
and Van den Broeke, 2012; Van den Broeke and Van Lipzig, 2003; Van Lipzig et al.,
2004). Nevertheless, we propose that wind speed is one factor to be considered when
examining the O,/N, data and TAC data from deep ice cores from multiple locations or
from different ages of the climate cycles.

5 Concluding remarks

Based on thorough observations of snow surface conditions, pit studies, laboratory
measurements and meteorological observations, we investigated the initial stage of
postdepositional metamorphism in polar firn at sites located under spatial variations of
accumulation rate and wind speed along the East Antarctic ice divide near Dome Fuiji.
The major findings and suggestions are summarized as follows.

1. Formation of the initial strata occurs at the surface of the firn. And then, post-
depositional metamorphism occurs most strongly within ~0.1 m of the surface.
Initial formation of the density strata at the surface determines the strength of
development of metamorphism due to the temperature gradient. Development of
metamorphism is directly correlated to the mechanical strength of the firn, causing
crossover of density in deeper firn.

2. For the initial formation of the density strata at the surface, the heat flux, tem-
perature gradient and the exchange of vapour between the air and firn in both
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directions are essentially due to insolation. This condition explains why the inso-
lation signature is retained throughout the firn, influencing gas trasnport during
bubble close-off. In addition, the initial formation of the density strata is an inter-
facial phenomena, which is virtually unaffected by changes (such as doubling or
halving) in low accumulation rate.

. The insolation-based temperature gradient enhances postdepositional metamor-

phism within subsurface volume of firn depending on its initial density. The ac-
cumulation rate modulate residence time of firn in the zone of the diurnal and
seasonal cycles of temperature gradient. This influences development of meta-
morphism with efficiency estimated in Table 7.

. Wind also play important roles in various ways. Average wind speed in summer

can modulate amplitude of the diurnal cycles of temperature gradient. As a re-
sult, higher average wind speed influences development of metamorphism with
efficiency estimated in Table 7. In addition, even weak wind can cause fragmen-
tation of the frost hoar that occur at summer nights. Moreover, at sites with more
windy conditions, the strata contain more layers of compacted snow with higher p
and Ae¢ due to wind slabs and dunes, and thus have larger amplitude of density
fluctuations.

. The processes summarized in Fig. 16 and Table 7 need to be considered in mod-

els of the density strata formation. In addition, development of metamorphism in
polar ice sheet can also be investigated using Ae, p, R and D as useful mea-
sures at many other sites. Then, effects of many controlling factors can be better
understood.

. Possible phase differences between development of metamorphism and local

summer solstice insolation, which potentially occurs with a probability of less than
a few percent, were proposed in a previous study (Hutterli et al., 2009) without
consideration of the surface densification. In addition, the causal chain from in-
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solation to O,/N, and TAC is quite long and complex, including processes of
formation, metamorphism and deformation. Thus, future modelling works should
include these essential processes; it seems premature to assert some absolute
numbers of the phase shift. The possible phase shift could be even smaller than
first claimed because of the dominant interfacial densification effect due to inso-
lation, which was missing from previous studies. Considering all the discussions
in this work, for most of O,/N, time markers of deep ice cores at least at DF, the
possible phase shift is less than 1 or 2ka.

7. Another topic to be developed in future is counting annual layers of the Holocene
part of ice cores using Ag, p, R and/or D. We now understood that how these pa-
rameters behave in layered strata. Even if accumulation rate is low, if the site
is characterized by weak wind, it is worth the attempt to count annual layers
to deeper depths to understand the accumulation rate history at DF over the
Holocene.
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Table 1. Basic information of the three sites for the pit studies. 6, 1205-1267, 20

Jaded uoissnasiqg

ltems DF DK190 MP Metamorphism of
Latitude (° S) 77.298 76.794 75.888 —  firnin Dronning Maud
Longitude (" E) 39.786 31.900 25.834 -, Land, East Antarctica
Elevation (m) 3800 3761 3661 @ .
Bottom depth (m) 4.1 2.2 4.2 = S. Fujita et al.
Depth (m) of deposition of Pinatubo 1.15 1.39 1.75 g-
1991 eruption as 1992/1993 =
time marker (Fujita et al., 2011) éo _
Annual accumulation rate (kgm2a™')  25.6+1.7 34.1£2.3 41.9+2.8 @
between 1992/1993 AD and ! !
2007/2008 AD (Fujita et al., 2011) o
10 m snow temperature (°C) -58.6% no data -54.2 O ! !
4 m snow temperature (°C on -57.4 ~55.5° -54.1 3
the days of the pit studies) é ! !
Average wind speed (S.D.) (ms™) 2.8(£1.7)° (DF+~2.0) 4.8 (+2.6)° S
[ore-z0) . 1
°
@ Watanabe et al. (1997). K ! !
b Extrapolation of data at shallower depths. See Fig. 6. -
¢ Data at 2 m height during years from 1994 to 2001 (Takahashi et al., 2004). Data at hourly intervals were used. ! !
94 There is no observational data. However, these values are derived from average snow density in the vicinity of ) _
DK190 and a coefficient between average density and average wind speed (13.5kg m™3 (m s )'1) studied by g
Sugiyama et al. (2012). =
€ Data at 3m height during the year 2009. The observational data is from the Automatic Weather Station (AWS) 23 _
JASE2007 (Keller et al., 2010). 9
3
Q
?
~
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Table 2. Methods used in the pit studies to understand the depth profile of the physical strata
of firn in Antarctica.

Method

Depth and resolution

Target physical properties

Density measurement us-
ing 100 cm® box-type snow
samplers and balance

3cm resolution along the
entire depth of the pits

Bulk density p

Dielectric permittivity mea-
surement at 500-900 MHz
using a snow fork

Same as above

High frequency limit permit-
tivity € and bulk density p
estimated from ¢ (Sihvola
and Tiuri, 1986; Sugiyama
et al., 2010)

Visual observation of the
strata

Continuous along the en-
tire depth of the pits

Stratification, grain size D
and snow type. D reflects
diameter of agglomerates,
rather than sizes of grains
on the surface of cross sec-
tion images.

Temperature measurement
with a thermometer and a
Pt100 sensor, with errors of
+0.3°C

Every 10cm

Temperature profile within
firn
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Table 3. Methods used in the laboratory measurements of the firn blocks.

Method

Depth and resolution

Sample
thick-
ness

Target physical prop-
erties

Dielectric permittivity ten-
sor measurement using an
open resonator (Komiyama
et al., 1991; Jones, 1976;
Matsuoka et al., 1997)

At 5 mm intervals with a
resolution of 20 mm

7mm

Dielectric permittivity
along the vertical and
horizontal, ¢, and ¢y,;
Dielectric anisotropy,
Ae = e, - &

Density measurement us-
ing the gamma-ray trans-
mission

At 3.3 mm intervals with
a resolution of 3.3mm
in depth and 20mm in
width

50 mm

Bulk density, o with
errors of less than
1%.

Reflectance of the Near In-
frared (NIR) light at a wave-
length of 940 nm

Continuous measure-
ment with resolution of
less than 1mm. Data
were averaged over
every 2.5mm in depth
and 45 mm in width.

50mm
and
65 mm

A qualitative measure
of the grain size

Imaging of the firn structure
using Large Area Scanning
Macrosocope (LASM)

Continuous, 5 pym

50mm

Grain size and shape,
distributuion of pore
space
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Table 4. Statistics of physical properties of firn at the three pits.

ltems Depth (range) (m) DF DK190 MP
Density p (kg m~3) 0.0-1.0 333 (30) 360 (56) 349 (30)
(Mean and S.D.)?
1.0-2.0 355 (25) 378 (27) 372 (18)
2.0-2.5 384 (49) - 384 (29)
surface-pit bottom 364 (38) 370 (43) 373 (29)
& (Mean and S.D.) 0.0-1.0 1.51 (0.03) 1.69 (0.09) -
1.0-2.0 1.55 (0.05) 1.65 (0.05) 1.63 (0.03)
2.0-2.5 1.57 (0.03) - 1.63 (0.03)
&, (Mean and S.D.) 0.0-1.0 1.55 (0.03) 1.74 (0.10) -
1.0-2.0 1.60 (0.06) 1.70 (0.05) 1.67 (0.03)
2.0-25 1.61 (0.04) - 1.67 (0.04)
Ag (Mean and S.D.) 0.0-1.0 0.038 (0.003) 0.049 (0.009) -
1.0-2.0 0.047 (0.007) 0.044 (0.007) 0.041 (0.007)
2.0-2.5 0.040 (0.004) - 0.046 (O 007)
Maximum and minimum Ag 0.0-1.0 0.047,0.030 0.066, 0.031
1.0-2.0 0.067,0.034 0.060, 0.028 0.065, 0.031
2.0-2.5 0.048, 0.032 - 0.062, 0.034
Agggs: A at p =365kg m~3P - 0.057 (0.005) 0.041 (0.005) 0.045 (0.005)

(
Grain size, D (mm) (Mean and S.D.)° nearz =2.0m¢ 1.31 (0.30) 1.15(0.18) 1.07 (0.12)
1.07 (0.18) 0.99 (0.12)
(
(

at ~15yrago layer®  1.19 (0.30)
R (Mean and S.D.) nearz =2.0m¢ 0.63(0.03)  0.67(0.02)  0.67 (0.02)
at ~15yrago layer®  0.67 (0.03) 0.67 (0.02) 0.67 (0.02)
AR/Ap (x 104 kg™ " m®) - 9.6 3.1 44

2 These density values are from data of p at the pit wall in the field, using a box-type snow sampler.

P These values were derived from regression lines in Fig. 10.

¢ These values of D are from observational data on the pit wall in the field, reflecting grain agglomerates.
9 Mean values at a depth of 2m on fitted curves

© Depths for the 1992/1993 AD layers (15 yr before 2007/2008 AD) are given in Table 1.

fsee gradients of short scale fluctuations of the R-p plot in Fig. 13. Estimated error for the gradient is less than 10 %.
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Table 5. Regression lines for the g,—A¢ plot of Fig. 10.

Site

Regression lines

DF
DK190
MP

Ag = —0.085(+0.012) + 0.083(£0.008) x &,
Ag = —0.072(+0.010) + 0.070(£0.006) x &,
Ag = —0.198(+0.028) + 0.148(+0.017) x &,
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O
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g S. Fuijita et al.
Table 6. Coefficients for accumulation rate and wind speed to explain variations of measures g'
of postdepositional metamorphism. o g
o
ltems? y-intercepts Accumulation rate  Wind speed Accumulation rate  Wind speed @
coefficient coefficient fraction” fraction” ! !
Aeggs 0.084 ~0.0003 ~0.0067 0.3 0.7 ! !
AR/Ap (x107%) 20.3 -0.12 -2.8 0.3 0.7 o
Rom 0.56 0.0017 0.011 0.6 0.4 é
& Concrete values of these quantities at the three sites are given in Table 4. g- ! !
b Approximate fraction of variations explained by variations of accumulation rate or by variations of wind speed. o)
)
: [
@
®
[9)
(=
(7]
o
5
- IR
)
©
@
=

(&)
()
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Table 7. Factors controlling formation of firn strata and initial stage of postdepositional meta-
morphism: Il. The other controlling factors in various time scales, in addtion to processes of
diurnal cycles caused by insolation in summer.

Metamorphism of
firn in Dronning Maud
Land, East Antarctica

O
m .
— . = S. Fujita et al.
Factors Controlled processes Does it give effects to for- Related figures and »
mation and evolution of lay-  tables @,
ers and interfaces (FELI), g
temperature gradient meta- o
volume or both? 8
Surface accumulation rate  Mass input on the surface without seasonality No major simple effect Fig. 15 a ! !
Residence time of firn layers near the surface  TGM Fig. 11a and Table 6 .
Wind Weakening both surface heating and surface  FELI and TGM Figs. 2, 11b and
cooling Table 6 o
Compaction of surface snow FELI Fig. 4 and Table 4 D
Fragmentation, drift, deposition and packing FELI [} ! !
of surface hoar %
Strong wind events Forming dune layers and wind-slabs FELI Figs. 5, 7,9, 10 and 25
13 e
S
Strata of IHDF and ILDF Heterogeneous flow of vapour and heat within  TGM strongly dependent Figs. 5, 7, 9, 10 and T ! !
stratified firn on physical properties of 13 )
Local summer insolation Effective strength of the diurnal/seasonal cy- FELI and TGM Fig. 16 =
due to Milankovitch cycles cles indicated in Fig. 16.
lar activities
Degree of cloudiness Weakening effect of the insolation FELI and TGM Fig. 2 ) _
[
Q
c
»n
o
S
3
QO
°
@
. e
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Fig. 1. Topographic map of Antarctica. (a) Red solid circles indicate locations of the pit sites.
Routes of the JASE traverse are shown as red lines on the map. (b) Studied area. Surface
elevation contour lines have a spacing of 100 m. Bold blue dashed curves indicate ice divides
on the ice sheet surface. For convenience, we labelled the ice divides DML-D and DML-E (see
Fujita et al., 2011). Thick black arrows are the suggested prevailing directions of the strong
winds of the strong wind events (see Fuijita et al., 2011). Measured average wind speeds at
DF and MP are given in Table 1. Based on spatial variation of the snow density, approximate
mean wind speed at 2m height was deduced. It is later given in Fig. 4. Spatial distribution of
wind speed is correlated to the location on the ice divide with respect to trough shape of the
ice sheet topography between the ice divides DML-D and DML-E. Upslope component of the

Directions of the strong
wind in the strong wind events
=== Ice divides

strong wind can converge into regions between DK190 and MP.
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Date on December 2007

Fig. 2. Meteorological conditions observed during the investigation period. Date and location
of the observation are given on the bottom and top axis, respectively. Both air temperature
and wind speed was measured by the onboard Automatic Weather Station (AWS) which was
calibrated with manual observations every day. The temperature sensor and the wind sensor
of the onboard AWS were at a height of 3.9m and 4.5m, respectively. At every noon UTC,
manual observations provided data of wind direction, visibility (in km), cloud cover (from 0 to
10) and meteorological phenomena. Weather was clear sky in most of the days. But cloud
cover sometimes increased and visibility decreased, in particular when northerly component
of the wind direction increased. Drifting snow was observed in a period between 20 and 23
December. Diurnal cycles are apparent both in air temperature and in wind speed.
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Fig. 3. A picture of the pit wall at DF on 10 December, 2007. Two scientists are collecting
firn samples in the pit. Letters indicate positions of measurements or sampling for different pur-
poses. P is for the permittivity measurements with the snow fork. D is for density measurements
using a box sampler. S is for observing stratigraphy and temperature measurements. B is for
sampling firn blocks for analyses of physical properties. C is for sampling snow for chemistry
purposes.
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Fig. 4. Variations of the ice sheet environment between Dome Fuiji (DF) and the JASE meeting point (MP) through
DK190. The abscissa is distance from Dome Fuiji Station along the JASE traverse route. (a) Surface elevation from the
Digital Elevation Model (DEM) (Bamber et al., 2009). (b) Accumulation rate averaged over 722 a and 15 a (Fuijita et al.,
2011). (c) Surface slope derived from the DEM. (d) Using left axis, we show density of surface firn averaged over 11 cm
or 12cm thickness. When the surface was soft new snow and compacted hard snow, cyan solid circle markers and
magenta solid square markers are used, respectively. A brown fitting curve is given. We suggest that density is highest
near DK190. Based on this average snow density and a coefficient between average density and average wind speed
(13.5kg m~3 (m s")'1, (Sugiyama et al., 2012), we deduced spatial distribution of the annual average wind speed.
The scale for the wind speed converted from the density scale is given in the right axis. We suggest that DK190 is the
windiest site among the three due to topographic effect of the ice sheet. (e) Thickness of homogeneous layers covering
the surface. Markers are the same as in (d). A regression line is given for each type of surface firn, showing a slightly
increasing trend as we move away from DF. (f) Density profile of 22 shallow pits at 3-cm resolution.
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Fig. 5. Depth profile of the strata measured in the field. Density (red line), grain size (blue line)
and stratigraphy were measured at (a) DF, (b) DK190 and (¢) MP. The snow structures are
classified as faceted crystals and depth hoar (cyan), compacted snow (magenta) or a crust
layer (red line). Note that density was measured as dielectric permittivity £ using the snow fork
(Sugiyama et al., 2010; Sihvola and Tiuri, 1986). Along with the measured ¢ values on the
bottom axis, we give a scale of density p (the second bottom scale) using the ¢-p relation given
by Sugiyama et al. (2010). An example of the LASM image (see text) at the depth portion with

yellow shading is given in Fig. 9.
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Fig. 6. Temperature profiles in the three pits measured using the wall of the pits. The variable
range of the air temperature in the period of mid to late December (Fig. 2) is shown at the top
as a reference. 10 m snow temperature is —58.6 °C (Watanabe et al., 1997) at DF and —54.2°C
at MP, respectively. At 4-m depth, temperatures are close to these values.
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Fig. 7. Physical properties of the firn blocks at (a) DF, (b) DK190 and (c) MP. Density p with
3.3mm resolution is shown as the green line with the top axis. Near-Infrared reflectance R
is given as a purple line with a scale on the bottom axis. Two components of the microwave
dielectric permittivity, ¢, and g, (¢, > &), are shown with a blue line and on the bottom axis. The
dielectric anisotropy A¢ (=|e, — &) is shown with a red line and the top axis. For DF, measured
grain size from LASM images (see text) is given as yellow-brown lines and the bottom axis. An
example of the LASM image at the depth portion with yellow shading is given in Fig. 9.

4+ & 4
05 0607 0815 1.7 19 070503

€

e

R

1258

e ————F— + +
0.5 0.6 0.7 0.8 1.5 1.7 1.9

£

R

05 0607 0315 17 19

£

Jadeq uoissnosiq | Jadeq uoissnosiq | J4edeq uoissnosiq | Jaded uoissnosi(

TCD
6, 1205-1267, 2012

Metamorphism of
firn in Dronning Maud
Land, East Antarctica

S. Fujita et al.

WHHHM


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/6/1205/2012/tcd-6-1205-2012-print.pdf
http://www.the-cryosphere-discuss.net/6/1205/2012/tcd-6-1205-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

3071 a | | | I’
25+ / 1
w20+ / T
15+ 1
1.0 : : : —= 4% : : : il
0 200 400 600 800 250 300 350 400 450

p (kg m=3) p (kg m=3)

Fig. 8. Relation between the two components of permittivity values (¢, and g, on the ordi-
nate) and the density values (o on the abscissa) at the DF pit. (a) Blue and red dots are
the horizontal components ¢, and the vertical components ¢,, respectively. Grey dots are
permittivity equivalent to g, measured using the snow fork in 1-m pits along the JASE tra-
verse (Sugiyama et al., 2010). The dashed curve is a relation proposed for the Antarctic
firn (Kovacs et al., 1995). (b) Same plot as (a) for the graph area indicated by the box in
(a). The two regression lines are as follows: ¢, = 0.00181(+£0.00005) o + 0.953(+0.018) and
g, = 0.00184(+0.00005) p + 0.983(+0.017).

1259

Jadeq uoissnosiq | Jadeq uoissnosiq | J4edeq uoissnosiq | Jaded uoissnosi(

TCD
6, 1205-1267, 2012

Metamorphism of
firn in Dronning Maud
Land, East Antarctica

S. Fujita et al.

40


http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/6/1205/2012/tcd-6-1205-2012-print.pdf
http://www.the-cryosphere-discuss.net/6/1205/2012/tcd-6-1205-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

1.05 |

1.11

10 mm 1 mm

Fig. 9. (a) An example of the Large Area Scan Macroscope (LASM) image at 1.05-1.11m
depth at DF. The depth range of this image is indicated in Figs. 5a and 7a. Brighter grey parts
are reflections from microtomed ice parts and dark parts are pore spaces on the microtomed
surface. The upper and lower portions are less dense firn and dense firn, respectively. Strata
are clearly visible. (b) Enlarged image of the portion of compacted snow. Grain size, grain
boundaries and micro-bubbles within ice can be determined from the images. Very white parts
result from the effects of scattered light within the firn sample.
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Fig. 10. Relation between the permittivity values (g, on the abscissa) and the dielectric
anisotropy values (Ae on the ordinate) for the three sites. The top axis is a reference scale
for density converted from ¢, using the regression line in Fig. 8b.
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Fig. 11. Two graphs show relation between measures of post metamorphism versus accumu-
lation rate or annual average wind speed. (a) Red symbol markers with left axis show relation
between Ag values for p = 365 kgm™ (Aesg5 on the left axis) and the 15 a average of annual
accumulation rate at the three sites. Also, blue symbol markers with right axis show relation
between mean D values at z = 2m (D,,, on the right axis) and the accumulation rate. Aggg5
was used as an approximate mean value of A¢ for the three sites. The 15 yr average of annual
accumulation rate was used as a measure of recent accumulation rate covering depth range of
the pits. Depths of the time markers are given in Table 1. The averaged D values at z = 2 (m)
were used as a depth where temperature gradient metamorphism are more or less completed.
(b) Aesg5 and D,,,, are plotted versus annual average wind speed at the three sites. Wind speed
is based on observations at DF and MP and estimation at DK190 (see text).
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Fig. 12. (a) A relation between A¢ values for p = 365 kg m=3 (Aegg5 on the left axis) and the
averaged D values at z = 2 (m) (D,,,, on the abscissa) for the three sites. A linear correlation
is suggested. (b) A relation between D,,, and the averaged R values at z = 2 (m) (R,,, on the
abscissa) for the three sites. A linear correlation is observed.
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Fig. 13. Trajectories of R-p relation for the three pits. The abscissa and the ordinate are p
and R, respectively. Data points (dots) are connected by lines along depths to emphasize how
the R—p relation evolves with increasing depth. Raw data were smoothed over every 10 mm to
remove noise in the original data. Light green arrows show suggested directions of separation
(contrasted evolution) between IHDF with higher density and finer grains and ILDF with lower
density and coarser grains. Light orange arrows show suggested direction of evolution of grain
properties for IHDF and ILDF. At DF, a cyclic feature is more clearly observed in the trajec-
tory. At DK190 and MP, gradients of the AR/Ap, that is, the gradient of the light green arrows
are apparently lower than that of DF. Cyclic features tend to be disturbed by very dense (>
380kg m™~2) layers caused by strong wind events. The gradients of AR/Ap are given in Table 4.
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Fig. 14. Temperature within the surface snow on the day of the summer solstice (see Fig. 2). At
three depths of 1 cm, 3cm and 10 cm, temperature was measured using a calibrated thermome-
ter and a local Pt100 sensor. Data are plotted with the measured values of the air temperature.
In the daytime around the noon, surface temperature is the highest, which means that the ice
sheet surface is source of evaporation. In the night time, condensation should dominate at the
surface because of the radiative cooling.
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Fig. 15. Two independent data sets commonly show no seasonality in surface mass balance
at DF under present climate. (a) Average monthly surface mass balance at DF from January to
December in four years (1995-97 and 2003) with the SD of the data. Data are from 36 snow-
stake farm compiled by Kameda et al. (2008) with small corrections for the seasonal changes
of surface snow density by up to 10 % as observed by Takahashi and Kameda (2007). Fitting
with periodical functions (red curve) indicated no seasonality. (b) Daily cumulative precipitation
at the roof of DF from February 2003 to January 2004 (Fujita and Abe, 2006). Note that this
data set already contains evaporation effects because the sampler was exposed in the outside
of the Dome Fuji Station. The cumulative snow in winter 6 months (from April until September)
is the same as that in summer 6 months (from October until March) within a difference of 3 %.
The former data set (a) is influenced by wind-driven undulations of the snow surface. We see
effects of wind as SD of the data. In contrast, the latter data set (b) is not influenced by any
effects of wind-driven undulations of the snow surface.
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I. Processes of diurnal cycles caused by insolation in summer

Daytime Night time
Ai Warmer air is Vapour is released from cooling air to the
Ir saturated with vapour. ice sheet surface as condensation or falling

diamond dust.

Weak wind causes fragmentation
L. of surface hoar, forming
Rad'?t"’e deposited and packed layer of it.
cooling i i i

Heating by insolation
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(Evapolation)
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Interface
ondensation of vapour onto firn matrix
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within firn

o Grain growth
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postdepositional Evolution of vertical anisotropy
metamorphism Alternation of denser firn and less dense firn

Condensation

Fig. 16. Factors controlling formation of firn strata and initial stage of postdepositional metamor-
phism: I. Processes of diurnal cycles caused by insolation in summer. Schematic figure shows
processes at plateau sites characterized by low accumulation rate and weak wind, such as DF.
The items in the column indicates locations in the vertical at the ice sheet surface. The items
in the row indicates daytime (left) and night time (right). Red colour and blue colour show warm
and cold conditions, respectively. Arrows indicate vertical directions of vapour flow and heat
flow. Diurnal cycles apparently cause evolution of interfaces and layers at the surface of the ice
sheet, which is buried later with time by accumulation. Diurnal cycles also cause temperature
gradient in the volume of the firn. The summer day processes should work more strongly than
the summer night processes in the period before summer solstice because of the increasing
trend of air temperature day by day. However, the summer night processes should appear more
in the late summer because of cooling trend of the air temperature and warmed firn by heat
conduction during the summer. In addition to these processes associated with diurnal cycles,
Table 7 shows processes that should operate in various time scales.
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