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Abstract 

The evolution of the structure of a 112.59-m-long firn core recovered at Dome 

Fuji, East Antarctica, was investigated in order to improve understanding of firn 

densification and bubble formation processes, which are important for interpreting local 

insolation proxies used for astronomical dating of deep ice cores. Using selected samples, 

we measured physical properties including: (i) the relative dielectric permittivities in both 

the vertical and horizontal planes, (ii) the bulk density at a resolution of millimeters, (iii) 

the three-dimensional geometric structure of pore space, and (iv) crystal orientation 

fabrics. We found that the firn at Dome Fuji contains horizontal strata with thicknesses of 

several centimeters. Near the surface of the ice sheet, these strata are characterized by 

contrasting bulk density. Earlier field studies suggest that summer insolation causes 

densification of surface firn. Down to ~30 m, density maxima exhibited a clear positive 

correlation with the strength of structural anisotropy and c-axis clustering around the 

vertical. In contrast, the correlation is negative in deeper firn, confirming previous 

findings that initially less-dense firn became denser than initially dense firn. In addition, 

numerous examples of textures indicating that deformation preferentially occurred in 

weaker layers were found. Moreover, the initially dense firn layers were more permeable 

for air near the bottom of firn. We propose a model linking firn properties with conditions 
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for the gas transport processes near the bottom of firn. The model explains how stronger 

insolation can lead to bulk ice with a lower O2/N2 ratio and smaller total gas content.  
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1. Introduction 

Deep ice cores from polar ice sheets preserve proxies of past climatic changes 

[e.g., EPICA community members, 2004; Kawamura et al., 2007; Petit et al., 1999; 

Watanabe et al., 2003]. Deep ice originates from surface deposition of snow and frost, 

which undergo densification associated with mechanisms such as structural 

re-arrangement of grains, pressure sintering and plastic deformation in the firn of ice 

sheets [e.g., Alley, 1988; Hondoh, 2000; Maeno and Ebinuma, 1983; Paterson, 1994]. 

Thus, better understanding of these processes is important for ice core studies. In addition, 

better interpretation of paleoclimate proxy signals requires accurate dating of deep ice 

cores. 

During bubble close-off near the bottom of the firn, firn air is progressively 

enriched with relatively small atoms and molecules such as He, Ne, O2, and Ar relative to 

N2 with time (and depth), whereas larger gases such as Kr, CH4, CO2 and Xe are not 

fractionated [Huber et al., 2006; Severinghaus and Battle, 2006]. This size-dependent 

fractionation occurs in response to the preferential exclusion of small gases from 

shrinking bubbles to the residual firn air (open pores) by molecular diffusion through the 

ice lattice driven by pressure differences [Huber et al., 2006; Ikeda-Fukazawa et al., 

2005; Severinghaus and Battle, 2006]. Fractionation of the O2/N2 ratio also occurs 
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between bubbles and clathrate hydrate crystals within the ice sheet [Bender et al., 1995; 

Ikeda-Fukazawa et al., 2001; Ikeda et al., 1999] and between clathrate hydrate crystals 

and the atmosphere during the storage of ice cores after drilling [Ikeda-Fukazawa et al., 

2004; Ikeda-Fukazawa et al., 2005]. Bender [2002] discovered that variations in the 

O2/N2 ratio of trapped gases occur cyclically, with ages between ca 160-385 ka in the 

Vostok (Figure 1) ice core. He found that these variations corresponded to changes in 

summer insolation at Vostok, suggesting that the O2/N2 ratio in trapped gases may 

provide an accurate astronomical 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 O2/N2 

fractionation during bubble close-off. Kawamura et al. [2007] found essentially the same 

relationship in the Dome Fuji (Figure 1) ice core for the previous ca 80-340 ka and 

accurately dated the O2/N2 records by validation with radiometric-dated time markers in 

the core. The O2/N2 records of the Dome Fuji and Vostok cores should be synchronous 

with local summer solstice insolation [Kawamura et al., 2007]. However, the exact firn 

properties that affect close-off fractionation remain unknown [Bender, 2002; Kawamura 

et al., 2007].  

In addition, Kawamura et al. [2004] presented the total air content (TAC) from 



 6

the Dome Fuji ice core for the last 340 ka. They found that TAC was also synchronous 

with local summer solstice insolation: low TAC occurred at times of high summer 

insolation. They hypothesized that insolation modifies the strength of metamorphism 

within stratified 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 (Figure 1) ice 

core over the last 440 ka 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. They hypothesized that more intense insolation caused grain 

growth near the surface, leading to decreased porosity at close-off.  

Numerous studies have investigated firn densification processes and/or firn 

properties at various sites [e.g., Alley, 1988; Anderson and Benson, 1963; Gow, 1975; 

Maeno and Ebinuma, 1983; Paterson, 1994; Rick and Albert, 2005; Courville et al, 2007]. 

Among these sites, both common and distinct processes have been found to be dependent 

on environmental conditions such as the accumulation rate, temperature and wind speed 

[e.g., Alley, 1988; Paterson, 1994]. The physical properties of a 112.59 m long core 

drilled in 1993 at Dome Fuji (see Figure 1, lat 77°19’S, long 39°40’E, 3810 m above sea 

level, annual accumulation rate of ~27 kg m-2 [Kameda et al., 2008]), the second highest 

dome summit in East Antarctica, were investigated by Watanabe et al. [1997a], and 
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further in this paper. Watanabe et al. [1997a] conducted a preliminary investigation of the 

core including visual stratigraphy, bulk density, qualitative measure of permeability, grain 

size and air bubble volume. They reported that very developed depth hoar existed to a 

depth of ~6 m and that firn metamorphosed from depth hoar continued to ~40 m, 

maintaining the vertical structure characteristic of depth hoar. Hondoh et al. [1999] 

reported further physical properties of the core, including bubble volume during 

densification and bubble close-off.  

The introduction of innovative measurement methods has provided new 

opportunities to better understand these physical properties. Using the physical principle 

of wave propagation in a birefringent medium, Matsuoka et al. [1998] demonstrated that 

the open resonator method can be used to measure the relative dielectric permittivity 

tensor and small microwave dielectric anisotropy of polycrystalline ice in ice core 

samples from Dome Fuji. In deep ice cores, crystal orientation fabrics (COF) have been 

observed to cause the difference in the dielectric permittivity between the vertical and the 

horizontal direction (hereafter we use the term dielectric anisotropy to denote the 

difference) [Matsuoka et al., 1998]. However, firn is a dielectric mixture of ice and pore 

spaces, and it is well-known that ice grains and pore spaces develop vertically in snow 

and firn [e.g., Alley, 1987a; Kojima, 1967; Pfeffer and Mrugala, 2002]. This structural 
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anisotropy of pore spaces is also known to be associated with anisotropic dielectric 

properties [e.g., Sihvola and Kong, 1988]. For example, Lytle and Jezek [1994] observed 

that dielectric anisotropy in firn from a site near the summit of the Greenland ice sheet 

was 4-7 % of the relative permittivity due to the vertical elongation of snow grains. This 

value is markedly larger than that observed in the deep ice from Dome Fuji due to COF. 

This situation motivated us to assess the feasibility of using microwave dielectric 

anisotropy as a measure of the structural anisotropy of Dome Fuji firn.  

In order to document the physical properties and their evolution in the Dome 

Fuji firn, several methods were employed and are discussed further in Section 2. Firstly, 

we improved the existing open resonator system [Matsuoka et al., 1997; Matsuoka et al., 

1998] in order to obtain continuous measurements of the firn and ice cores. Secondly, 

continuous and high-resolution density measurements using the X-ray transmission 

method were performed [e.g., Hori et al, 1999]. Thirdly, X-ray-absorption 

microtomography was used to determine the 3-D geometrical structure of ice grains and 

pore spaces [e.g., Freitag et al., 2004]. Finally, X-ray pole figure measurements using 

X-ray diffraction methods were performed in order to obtain information on the COF. 

Published data on the qualitative measure of permeability, grain size [Watanabe et al., 

1997a] and air bubble volume [Hondoh et al., 1999] in the firn at Dome Fuji were also 
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used in this study. 

The dielectric anisotropy, geometrical structure, density, COF and the qualitative measure 

of permeability of the Dome Fuji firn were compared at millimeter and centimeter scales 

using selected samples from the 112.59 m long core [Watanabe et al., 1997a]. The core 

was drilled in 1993 [Motoyama et al., 1995] as a pilot hole for the deep ice core drilling 

conducted in 1994-1997 [Watanabe et al., 1999]. The core was preserved at 223 K to 

prevent deterioration due to post-coring metamorphism until the measurements for the 

present study were completed in 2002 and 2003. Samples for the 2002/2003 

measurements were from depths deeper than ~9.6 m, whose age is more than ~120 years 

before the coring in 1993 [Watanabe et al., 1997b]. Preservation of the old (>~120 years) 

firn samples isothermally at ~223 K for ~10 years is almost equivalent to using a core 

sample from a deeper depth but by less than 1 meter; practically post-coring 

metamorphism cannot affect results of measurements presented in this study. The data 

collected in this study provide unprecedented information on evolution of firn 

metamorphism, suggesting a causal chain linking local insolation and conditions for gas 

transport in firn during bubble close-off. 

 

2. Experimental methods  



 10

The methods used to obtain data from the ice core for this study are presented in 

Table 1 and described briefly below. 

[Table 1] 

2.1. Density measurement using X-ray transmission 

The continuous density profile of the Dome Fuji shallow ice core measured 

using the X-ray transmission method have been previously reported by Hori et al. [1999]. 

The intensities of X-rays transmitted through an ice-core sample were continuously 

measured using an X-ray detector during translation of the sample across the X-ray beam. 

The X-ray intensity profile was converted into a density profile using a calibration curve 

for X-ray absorption based on ice thickness. The spatial resolution of the density profile 

was approximately 1 mm. Slab-shaped samples of dimensions given in Tables 1 and 2 

were used for this study. 

[Table 2] 

 

2.2. Dielectric permittivity tensor measurement  

An open resonator was designed for the Ka band (26.5-40 GHz) using the 

physical principle of wave propagation thorough a birefringent medium. Dielectric 

anisotropy was measured using an experimental procedure described previously [Jones, 
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1976; Matsuoka et al., 1997; Matsuoka et al., 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 [e.g., 

Jones, 1976; Komiyama et al., 1991]. Ten samples, a to j, were measured, and are 

described in Table 2. The depths were chosen so that sampling intervals along the core are 

roughly equally spaced, to see variation of the firn properties along depth. The resonator 

and the sample were placed in a cold room at a constant temperature of 258 K. The 

electrical field in the resonator has a Gaussian distribution with a half-power diameter of 

~22 mm parallel to the slab and normal to the incident wave. The measured permittivity is 

thus a volume-weighted average within this Gaussian distribution. Source signals for the 

measurements were generated using a synthesized sweeper. Each sample slab was 

translated into the center of the electrical field by increments of five or ten millimeters. 

Permittivity components were measured in both the vertical and horizontal planes of the 

ice sheet (v and h, respectively). For all measurements, v and h, were obtained 

simultaneously using a single frequency sweep without physical movement of the core 

[Jones, 1976; Matsuoka et al., 1997; Matsuoka et al., 1998]. In addition, only the real part 

(not the imaginary part) of the complex permittivity was measured. A resonant frequency 

of ~34 GHz was used. Accurate and precise values for the dielectric anisotropy  (= | - 
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h|) were then calculated. Errors involved with the measurements are discussed below.  

Each slab sample was 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  of approximately ±0.02 and ±0.002, 

respectively. The accidental errors in  within a sample with single thickness were at 

most ±0.001. Thus, any variations of  larger than the accidental error 0.001 were 

considered significant although measurable minimum  is 0.003.  The errors in  were 

markedly smaller than the permittivity errors due to the physical principle of 

measurement [Matsuoka et al., 1997]. The results and associated statistics obtained for 

ten samples used in the present study are given in Table 2. 

 

2.3. Geometrical structure using X-ray absorption microtomography 

A cylindrical specimen (15 mm in diameter x 15 mm in thickness), cut parallel to 

the core axis, was mounted on a rotating table positioned between a micro-focus X-ray 

tube (40 kV × 50 μA) and an X-ray intensifier (Shimadzu SMX-225CTS). The 

temperature of the specimens was maintained below 223 K with N2 gas. Upon X-ray 

exposure, the intensifier captured fluoroscopic images from every angle of rotation about 

the vertical core axis. These two-dimensional (2-D) images were electronically captured 
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perpendicular to the core axis at 0.025-mm vertical intervals. A 3-D image with 

dimensions 512, 512 and 400 pixels for the x, y and z directions, respectively, was 

reconstructed. The 3-D image was cylindrical with a diameter of 13.5 mm and a height of 

10 mm. A total of 23 specimens were measured, all sampled within the depth range of the 

ten samples listed in Table 2. An adjacent portion of the sample was used for the dielectric 

permittivity measurements so that dielectric permittivity and the geometrical structure 

data could be compared for all specimens.  

 

2.4. Pole figure measurements using X-ray diffraction  

The “Pole Figure Measurement” using the X-ray diffraction method was used to 

measure volume-weighted COF [Wenk, 1985]. This method does not give the orientation 

of individual crystals, instead giving a volume-weighted orientation, which is useful for 

measuring the preferred orientation of the c-axes in polycrystalline samples composed of 

very small grains. An automatic four-circle diffractometer (Rigaku SLX-2000) equipped 

with an X-ray tube (Cu, 60 kV  100 mA) was used for all measurements. A seven 

mm-thick horizontal section fixed onto a glass plate was measured at 253 K. The area 

measured was 30  60 mm2 in the horizontal plane and the incident depth of X-rays was 

approximately 1 mm depending on density of the firn samples. Seventeen core samples 
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were measured and seven pairs of measurements were made from pairs with differing 

density at the same depth, in order to investigate contrasting COF.  

 

2.5. Qualitative measure of permeability using an air-sucking system  

A continuous profile of a qualitative measure of permeability was measured by 

Watanabe et al. [1997a] using an air-sucking system on the firn core [Langway et al., 

1993]. Permeability (with dimension of area) is a specific material property that relates 

flow velocity to pressure drop across a sample by Darcy’s law [e.g., Albert et al., 2000]. 

However, the air-sucking system measures air pressure within the air-intake tube pressed 

onto the surface of the specimen. Therefore, the qualitative measure of permeability is 

expressed as pressure (Torr), and 760 Torr and 0 Torr correspond to free air and the 

perfectly impermeable firn, respectively. The term QMP is used in this paper to clearly 

distinguish this qualitative measure from real permeability. We note that Langway et al. 

[1993] and Watanabe et al. [1997a] termed the QMP as permeability and impermeability, 

respectively. QMP represents some volume of firn around the air-intake tube, with a 

diameter of 12 mm, pressed onto the surface of the specimen. The measured QMP can 

include airflow from many directions below the surface of the specimen and from a larger 

volume than the size of the air-intake tube. However, firn in the very vicinity of the 
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air-intake is the most effective to measured values.  

 

3. Results 

3.1 Variations in  

The density,  for each of the ten samples is shown in Figure 2 as both raw data 

and as a volume-weighted average for comparison with the spatial resolution of the 

dielectric data (see below). Each sample showed large variations in ,with the right axis 

of Figure 3(i) showing the magnitude of variation as the standard deviation  within 

each sample. Using all available detailed density data for the Dome Fuji cores, including 

both published and unpublished data by Hori et al., [1999], 3-m-deep snow-pit 

measurements in 2004 (K. Fujita, personal communication) and a recent 4-m-deep 

snow-pit measurements in December 2007 (S. Fujita, unpublished data),  was found to 

decrease gradually from a maximum of ~40 kg m-3 at the surface to a local minimum of 

~7 kg m-3 at depth between ~40  and  ~50 m.  then increased to a local maximum of 

10-20 kg m-3 at ~65 m, then decreased gradually. 

 

[Figures 2 and 3] 
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3.2 Variation of relative dielectric permittivity components with depth and density 

The vertical and horizontal components of relative permittivity, v and h, as well 

as the difference between them, , were measured for each of the ten samples in Table 2. 

v and h were positively correlated with for all samples (Figure 2), confirming that the 

dielectric permittivity is a function of firn density [e.g. Kovacs et al., 1995]. The vertical 

component, v, was larger than the horizontal component, h, for all ten samples (Figure 2 

(a)-(j)). v was found to equal h in samples (e) and (j) (see below), but no instances where 

v<h were found. Several general trends in v, h,  and  were observed over the entire 

depth range (Figure 3(i) and (ii)): v, h and  tended to increase with increasing depth, 

while  generally decreased with increasing depth and exhibited marked fluctuations 

(Figures 2 and 3(ii) and Table 2). Also,  values in firn at depths to ~100 m were 

considerably larger than in deeper cores from 100-350 m where it was ~0.010-0.015  

(Matsuoka et al. [1998] and unpublished data of S. Fujita). Within the individual samples, 

 was positively correlated with  in samples (a)-(d) (Figures 4 and 5), but tended to 

have negative correlation with  in deeper samples (e)-(j) (Figures 4 and 5). In samples 

(e) and (j),  was zero at certain depths. 

The relationship between and  at the scale of the sample length (<~0.5 m) 

was different from the large-scale tendency (Figure 4 (dotted line) and Figure 5). The 
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shaded area in Figure 4 is the expected range within which  can be explained by 

variability in COF [Azuma et al., 2000], calculated using dielectric mixture theory in 

terms of [Polder and Santen, 1946]. A realistic upper limit for polycrystalline pore-free 

polar ice near the surface at Dome Fuji was estimated to be 0.015 (Matsuoka et al. [1998] 

and unpublished  data of the Dome Fuji deep ice core). In addition, the greater the 

pore-space within the firn (i.e., the lower , the lower the effective value of  due to 

COF. Figure 4 shows that COF variations may explain a part of only for the deepest 

samples, (i) and (j). 

Vertical dotted lines in Figure 2 show pairs of small dips in  and small bumps 

in , suggesting the presence of physical processes linking anisotropy and density at the 

centimeter scale. These pairs appeared in samples (b) to (h), increasing from (f) to (h). In 

samples (i), near the bubble close-off depth, and (j), below the bubble close-off depth, few 

clear examples of these small dips in  associated with bumps in  were observed.  

[Figure 4 and 5] 

 

3.3. Geometrical structure of firn 

Figure 6 shows vertical and horizontal cross-sections of five firn samples 

selected from a total of 23 samples, obtained using X-ray absorption microtomography. 
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White and black areas indicate ice and pore-space, respectively, and whilst grain 

boundaries are not observable with this method, they should exist at the site of bonding 

[e.g., Alley, 1987a; Arnaud et al., 1998]. The data provides the 3-D structure of firn and 

the progress of pore spaces towards bubble formation. Some of physical features of the 

five samples are listed in Table 3, and are explained below. The geometrical structure 

tended to vary with depth, with denser samples exhibiting relatively more bonding 

between ice portions. Several of the vertical images, (Figure 6, 1v and 2v), showed 

elongation in both ice and pore spaces in the vertical direction. However, no structural 

anisotropy was observed in the horizontal cross-sections. In sample 3, at a depth of 44.79 

m where  was zero (Figure 2(e)), round shapes at the interfaces between ice and 

pore-spaces were not observed and both ice and pore-spaces appear fragmented,  

suggesting that a crushing event occurred in this layer (see Appendix). Another sample 

from 44.75 m depth exhibited similar morphology and interface characteristics (data not 

shown). In images of deeper firn (samples 4 and 5), ice occupied most of the area and the 

pores did not appear elongated. However, correlation-lengths in pore space [e.g., Vallese 

and Kong, 1981] both in the vertical direction (lv) and in the horizontal direction (lh) from 

the X-ray absorption microtomography revealed that the axial ratio (Ra), defined as lv/lh, 

were at least one or slightly larger for those samples (see Table 3 and below), indicating 
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that there was still slight structural anisotropy preserved at these depths. The 

correlation-lengths were calculated for the entire volume of the sample. 

The applicability of  as an indicator of structural anisotropy [Lytle and Jezek, 

1994] in the Dome Fuji firn was investigated (Figure 7). The axial ratio positively 

correlated with  for all samples with the exception of 44.75 m and 44.79 m where 

was zero (discussed in Appendix), and thus demonstrates the relationship between 

and structural anisotropy at Dome Fuji. 

The volume of air bubbles isolated from the open channels of air was also 

examined. VB is volume of isolated air bubbles within a unit weight of the firn sample. VB 

values were averaged over 20 depths shallower than 69.74 m (Figure 7). The average VB 

was 1.3 (2=1.0) x 10-6 m3 kg-1. The two samples, at 44.75-m and 44.79-m depth where 

was zero, had VB of 6.6 and 6.4 x 10-6 m3 kg-1, respectively. These unusually large 

values were excluded from the averaging. Causes of their extraordinary features are 

discussed in Appendix. At depths deeper than 69.74 m, VB is much larger, up to ~81 x 10-6 

m3 kg-1, which is discussed in section 4.3. 

[Table 3, Figure 6 and Figure 7] 

 

3.4 Crystal orientation fabrics 
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The results of the volume-weighted COF measurements are shown in Figure 8. 

The results were first projected on an equal-area Schmidt net (data not shown). The c-axis 

distribution did not exhibit a strong azimuthal dependence. C-axes tended to cluster 

around the vertical or become inclined near the horizon depending on the sample. The 

c-axis clustering around the vertical was expressed using the median inclination angle (), 

a parameter used in previous studies [e.g., Azuma et al., 2000].  is 0º, 60º, or 90º when 

the c-axes are completely aligned along the vertical, have a uniform distribution, or have 

a completely horizontal distribution, respectively. Although this method does not provide 

the orientation of the c-axis of each grain,  can be estimated from the volume-weighted 

COF.  was plotted versus density relative to the mean density of each sample (s) 

(Figure 8) to show dependency of COF on density within each sample. The values of  

ranged from ~10º to ~80º. At depths shallower than 17.2 m, s tended to be positively 

correlated with clusters of c-axes around the vertical, but this correlation tended to 

disappear or tended to be slightly negative for deeper samples (Figure 8). 

[Figure 8] 

 

3.5. Qualitative measure of permeability  

A continuous profile of QMP was measured by Watanabe et al. [1997a], and it is 
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given in Figure 3(iii) and Figure 9. The depth zone below ~65 m is the transition zone 

where firn progressively becomes impermeable (Figure 3(iii) and Figure 9(i)). Figure 9(i) 

shows that QMP markedly decreases with increasing depth but with large (~200 Torr) 

fluctuations. Both the upper and lower limit of QMP are delineated. 

[Figure 9] 

 

4. Discussion 

4.1. Summer insolation as the origin of layering near the surface 

4.1.1. Two major components in the snow stratigraphy in the Dome Fuji region 

 The initial formation of the physical layering at Dome Fuji is discussed in order 

to better understand the evolution of porous structure, fabric and density at depths deeper 

than ~9.6 m. 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; Paterson, 1994; Zhou et al., 2002]. On the plateau region around Dome Fuji, 

several pioneers [Endo and Fujiwara, 1973; Koerner, 1971; Shiraiwa et al., 1996] 

described the characteristics of the snow cover over a wide region including Dome Fuji 

and the Plateau Station (Figure 1, lat 79º 15’ S, long 40º 30’ E, 3624 m above sea level). 

Based on a number of 1-m and deeper snow pits, both Koerner [1971] and Shiraiwa et al. 
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[1996] reported that the annual layering observed in snow stratigraphy had two 

components; one generally consisted of a thin (0.3-4.0 cm), hard, dense, fine-grained 

layer, often associated with a hoar layer and a bonded grain crust, while the other section 

was softer, less dense, coarse-grained, and more homogeneous. Shiraiwa et al. [1996] 

reported that the former was a solid-type depth hoar and the latter was a skeleton-type 

depth hoar. For convenience, these two types are termed in this study as the initially 

high-density firn (IHDF) and the initially low-density firn (ILDF), and these terms are 

used to specify the initial state of the layers at the surface even after they are modified by 

metamorphism. Both Koerner [1971] and Shiraiwa et al. [1996] reported that the IHDF 

formed in summer and the ILDF in winter. In particular, Koerner [1971] found that the 

IHDF formed when a drift of surface hoar formed from weak wind (wind velocity >~4 

ms-1), based on thorough investigation on the effect of summer warmth and solar 

radiation through stratigraphic comparisons in early December and late January. He 

found that ice bridges formed between grains. Fujita et al. [2008] also found that the 

IHDF formed in a very short period of time near mid-summer through a comparison of 

snow type and density in the beginning of December 2007 and in the middle of January 

2008 along a ~300-km-long traverse route including Dome Fuji. They made numerous 

20-cm-deep pits and found that hard and compacted snow appeared at the top few 
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centimeters of the ice sheet due to drifted hoar by weak wind (average wind velocity = 

~4.5 ms-1), and the average snow density changed from ~300 kg m-3 to ~370 kg m-3 in the 

top three centimeters between the two sets of measurements. In addition, Koerner [1971] 

observed this annual alternation of firn types down to a depth of ten meters. These 

observations suggest that the IHDF is initially formed at the surface in summer and 

preserves its basic dense and hard condition to depths of ten meters.  

 

4.1.2. Major causes of summer metamorphism 

At Dome Fuji, the monthly rate of snow accumulation is approximately constant 

[Kameda et al., 2008]. Monthly average wind speed does not vary markedly, being 

strongest in July (6.5 m s-1) and weakest in January (4.5 m s-1) [Kameda et al., 2008]. 

Observations at Dome Fuji [e.g., Azuma et al., 1997] have shown that the top several 

centimeters of the ice sheet are subjected to the strongest temperature gradient in summer 

due to annual and diurnal cycles in temperature. Thus, the ice sheet surface in summer is 

characterized by high temperature, intense insolation and strong temperature gradient in a 

rather moderate microclimate. Generally, these three factors have the strongest influence 

on snow metamorphism [e.g., Colbeck, 1989] and the snow-hardening process [e.g., 

Ramseier and Sander, 1966]) after deposition. Gow and Ramseier [1963] demonstrated 
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from South Pole data that sintering proceeded most rapidly at surfaces exposed to solar 

radiation and the atmosphere. The strong temperature gradient can cause strong vertical 

movement of vapor near the surface [e.g., Alley et al., 1990; Anderson and Benson, 1963; 

Paterson, 1994; Pfeffer and Mrugala, 2002; Zhou et al., 2002]. Ramseier and Keeler 

[1967] showed that evaporation and condensation are the most important processes in the 

sintering phenomenon. Pfeffer and Mrugala [2002] conducted a series of laboratory 

experiments in which they investigated how the temperature gradient and initial snow 

density control the type of depth hoar that forms within snow samples. They found that 

hard depth hoar develops when the initial density is higher. They observed that in 

solid-type depth hoar, grains were connected by necks with vertically preferred directions 

of grain elongation and organization of grain-to-grain chains. Their observations explain 

why the COF is often clustered around the vertical in firn, as earlier suggested by 

Steffensen [1966]. In addition, their study suggested that the IHDF remains distinct from 

the ILDF after decades of exposure to temperature gradients. Moreover, they 

demonstrated that the compressive strength of IHDF is correlated with the magnitude of 

the applied temperature gradient.  

Overall, these earlier studies suggest that the annual alternation of firn types at 

Dome Fuji develop in response to summer insolation. We next discuss how the stratified 



 25

firn evolves with increasing depth.  

 

 

4.2. Evolution of density, porous structure and fabric with depth in firn  

4.2.1. Crossover of  and development of  

 The processes involved in the changes in  and  below 9.6 m to the bubble 

close-off depth are discussed. The fluctuation in  originated near the surface because  

is largest, ~40 kg m-3, within the shallowest two meters (Figure 3(i)).  The  of ~40 kg 

m-3 is comparable to the summer increase in surface density of ~70 kg m-3 which occurred 

at the top three centimeters at Dome Fuji in a summer [Fujita et al., 2008]. Thus, the 

fluctuation in is probably due to annual alternation of firn types initially formed and 

developed by summer insolation.  

The correlations of  to  and also  to  (Figures 4 and 5) change between 

~40 m and ~60 m depth. The - and - correlations must be similar because  is a 

function of  [e.g. Kovacs et al., 1995]. However,  was measured with one millimeter 

resolution whereas  and  were measured simultaneously with a resolution of ~22 mm 

(Section 2 and Table 1). Thus, the sampling volumes are not the same for each even after 

volume-weighted averaging of  in order to adapt it to the resolution of  and . Rather, 
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the - correlations provide information complementing the - correlations under 

discussion. Similarly to the changes of the - correlations, the correlations of -[s]) 

to  (Figure 8) change from positive to zero or slightly negative at depths between ~17 m 

and ~50 m. In addition, exhibited a local minimum at a depth between ~40 m and ~50 

m (Figure 3(i)). Then the depth range between ~40 m and ~50 m is common for the 

changes of the - correlations and - correlations (between ~40 m and ~60 m), 

-[s]) -   correlations (between ~17 m and ~50 m) and the local minimum of  

(between ~40 m and ~50 m). Over a wide depth range from ~10 m to over 100 m, both  

and  are expected to be monotonic, i.e.,  should increase and  should decrease over 

time (depth) for a given firn layer. It is unlikely that  evolves markedly within the firn, 

except for instances of crushing events such as those discussed in the Appendix. 

Therefore, it is highly unlikely that  and/or  change greatly at depths between ~40 m 

and ~50 m to modify the -, - and -[s])-  correlations. The only realistic 

interpretation of this result would be crossover of  as proposed by previous studies 

[Freitag et al., 2004; Gerland et al., 1999], i.e., the initially less-dense firn layer becomes 

denser than the initially-denser firn layer, thereby creating local minimum in .  

The IHDF is initially harder than the ILDF due to the apparent sintering 

phenomena as discussed in 4.1, i.e., grains in denser firn are bonded by ice bridges. The 



 27

IHDF also has higher structural anisotropy than the ILDF, indicating that structural 

anisotropy give additional compactive viscosity to the IHDF [Kojima, 1967; Pfeffer and 

Mrugala, 2002]. Thus, the ILDF deforms faster than the IHDF, which causes to be 

smaller with increasing time and depth. 

An important factor in the initial densification of snow is the mainly structural 

re-arrangement of grains caused by the snow load [Alley, 1987b; Anderson and Benson, 

1963]. Below a depth where closest-packing has already been attained, pressure sintering 

and dislocation creep become the dominant densification mechanisms [Maeno and 

Ebinuma, 1983]. However, these mechanisms should occur differently between the IHDF 

and ILDF because the consolidated states of these two types are very different and they 

should undergo different deformational histories. Initial densification proceeds more 

readily in the ILDF than in the IHDF because the ILDF is softer and has a greater capacity 

for packing, which makes it conducive to uniaxial compression. It is likely that the 

pressure sintering and dislocation creep occur more in the IHDF than in the ILDF from 

the initial stage because solid-type depth hoar is already hard and consolidated [Koerner, 

1971]. The average  of the ILDF becomes equal to that of the IHDF at a depth between 

~40 m and ~50 m where the density corresponds to approximately 630 kg m-3 (Figure 

3(i)). This crossover is simply for density, and it does not imply changes in the 
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densification mechanisms at this depth. The grain size profile in Figure 3(iii) [Watanabe 

et al., 1997a] shows that grain size tends to decrease to depths of ~65 m, implying that 

subdivision of old grains, polygonizations, dynamic recrystallization and production of 

new grains occur. 

 

4.2.2.  as a marker to identify the origin of firn 

At depths below ~30 m, the layers of firn cannot be identified as either from the 

IHDF or from the ILDF from  alone due to the crossover of ; instead  may be an 

important marker to identify the origin of the firn. The ILDF experiences more 

deformation and thus has a smaller value of  because deformation is destructive for the 

structural anisotropy; The IHDF experiences less deformation, leading to  values 

larger than in the ILDF. There are not distinct boundary values between the IHDF and 

the ILDF because there should be a variety of intermediate states between them. 

Nevertheless, this  marker is useful and important in understanding the physical 

processes discussed below. 

 

4.2.3. Densification below the crossover depth to the  maximum 

For depths greater than ~30 m, densification processes are associated with 
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slower shrinking of pore space (Figure 3(iv)). In addition, the value of  in samples 

(e)-(h) in Figure 4 is much larger than  limit explained from c-axis clustering, implying 

that both the ice matrix and pore space have vertically elongated shapes on average to 

depths of ~90 m. Grain size tended to increase after a minimum at ~65 m depth (Figure 

3(iii), Watanabe et al., [1997a]), implying that the normal grain growth process starts to 

dominate at this depth (Figure 3(iii)).  increases after a minimum at depth between ~40 

m and ~50 m to a maximum at ~65 m (Figure 3(i)), suggesting that the densification rate 

is larger in the ILDF than in the IHDF. The pairs of small dips in  associated with small 

bumps in  at centimeter scales (Figure 2) are interpreted to independently support the 

hypothesis that the ILDF tended to deform more readily than the IHDF, as  is smaller 

(dips in ) due to the disruptions of the structural anisotropy associated with the 

enhanced densification (bumps in ). These pairs were most frequently found in samples 

(f), (g) and (h), suggesting that the preferential densification of the ILDF predominated 

over depths between ~54 m and ~88 m. 

The ILDF tended to deform more readily than the IHDF due to stronger ice 

bonding between grains in the IHDF, as discussed in 4.2.1, and the higher structural 

anisotropy in the IHDF, giving it higher compactive viscosity [Kojima, 1967; Pfeffer and 

Mrugala, 2002]. In addition, the COF data in this study suggest that the IHDF is also 
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stronger in terms of the COF. The c-axes in the IHDF become clustered about the vertical 

axis ( is 10-55°) and c-axes in the ILDF become distributed about the horizontal plane 

( is 70-80°) (Figure 8). According to the anisotropic flow law [Azuma, 1995], the strain 

rate for a given uniaxially compressive stress is highly dependent on ice with  close 

to 0° or 90° is hard, whereas ice with  close to 45° is soft. The strain rate is determined 

by the position of maximum resolved shear stress for the basal plane of the ice crystal 

lattice. Models for COF development in response to uniaxial compression indicate that  

increases with increasing deformation due to the rotation of grains associated with 

dislocation glide on the basal plane [e.g., Azuma and Higashi, 1985; Azuma, 1994]. 

Under such conditions, the IHDF and ILDF tend to become harder and softer, 

respectively, when deformation is increased. Moreover, there is another possible factor 

that may affect mechanical properties of firn; high impurity content in snow deposited in 

winter was speculated to be the cause of the more rapid densification observed in the 

winter layers in Greenland [Freitag et al., 2004]. Paterson [1991] hypothesized that high 

content of soluble ions such as chloride ions and sulfate ions might soften ice. In the 

Dome Fuji firn, sulfate ions show higher concentration in winter than summer [Iizuka et 

al., 2004; Iizuka et al., 2006]. Thus variations of sulfate ions are correlated to more rapid 

densification of the winter layer. However, it seems difficult to extract effects of sulfate 
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ions to mechanical properties; Paterson’s hypothesis needs be examined further. As for 

chloride ions, it is unlikely to be relevant because variation of the chloride ion is 

smoothed out in deeper firn at Dome Fuji [Iizuka et al., 2006]. 

In summary, the ILDF is reasonably expected to deform more quickly than the 

IHDF due to these three major factors: initial consolidation due to sintering, structural 

anisotropy and the COF. The speculation for the impurity effect needs to be examined as 

well. Analysis of the depth- and time-evolution of these three mechanical properties of 

firn is an important topic for further development. 

 

4.2.4. Densification below the  maximum 

At depths greater than the  maximum at ~65 m, densification processes are 

associated with a progressive decrease of the qualitative measure of permeability (QMP, 

see section 4.3) due to shrinking pore space (Figure 3(iii) and 3(iv)). In addition,  

progressively falls to the level explicable by c-axis clustering around the vertical in the 

samples (g)-(i) (Figure 4), implying that both the ice matrix and pore space have 

progressively lost their vertically-elongated shapes.  does not vary significantly at 

depths below ~65 m (Figure 3(i)). In addition, the - correlations and the - 

correlations are more negative in deeper samples (Figure 5), suggesting that the 
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deformation rate of the denser ILDF is as large as or larger than that of the less-dense 

IHDF.  The pairs of small dips in  associated with small bumps in  at centimeter scales 

were not clear in samples (i) and (j) at depths greater than ~103 m, which are as deep as or 

deeper than the depth range of bubble close-off (Figure 2). The lack of clear pairs 

suggests that differences in density and structural anisotropy between the IHDF and the 

ILDF decrease once bubble close-off is completed. The densification of firn at depths 

below the  maximum is related to air bubble formation processes and permeability 

within the firn (e.g., Figure 3(iii) and Figure 9), discussed further in section 4.3. 

The values of  are less than 0.013 and 0.014 in samples (i) and (j), respectively 

(Table 2 and Figure 4), indicating that structural anisotropy of the pore space does not 

significantly contribute to the values of  at these depths (see Figure 7). These samples 

have negative - correlations (Figure 5). It is highly likely that the residual  are 

caused by the contrasting COF in the IHDF and the ILDF, i.e., the c-axes in the IHDF are 

more clustered around the vertical than the ILDF (Figure 8). The negative - 

correlation suggests that the ILDF is generally denser than the IHDF even at these depths 

and also during bubble close-off processes. At this stage of depth, the major cause of the 

contrasting densification seems to be COF, rather than ice bonding or the geometry of the 

pores. The impurity effect may be another possibility that needs to be examined in future. 



 33

 

4.3 Air bubble formation and permeability 

Figure 9(ii) shows VB in the core at depths deeper than ~78 m [Hondoh et al., 1999]. VB at 

the completion of bubble formation is ~81 x 10-6 m3 kg-1. The data from the X-ray 

absorption microtomography show that micro-bubbles formed near the surface of the ice 

sheet [Lipenkov, 2000] comprise 1.6 (±1.2)% of VB at the completion of bubble formation, 

and that normal bubbles, formed by the shrinkage of pore spaces [Lipenkov, 2000], 

appear mostly at depth below ~70 m. The bubble formation rate with reference to the final 

VB at a depth zc at the completion of bubble close-off is ~5%, 10%, 25%, ~50% and ~75% 

at depths ~78 m, ~85 m, ~92 m, ~97 m and ~101 m, respectively. The starting depth (zs) of 

bubble formation is defined as a depth where 5% of final VB is attained. In case of Dome 

Fuji, zs is ~78 m. We note that near the bottom of the firn there are two different 

phenomena: the bubble close-off, which is the depth at which all bubbles are closed, and 

the "lock-in depth" or "lock-in horizon", where air no longer mixes easily with the 

overlying firn air and the atmosphere [e.g., Battle et al., 1996; Goujon et al., 2003; 

Schwander et al., 1997]. The latter horizon is often 3-8 m above the full bubble close-off 

in high accumulation sites. It has also been called the "air isolation depth". At Dome Fuji, 

it is possible that there is no major separation between the two horizons, as Kawamura et 
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al. [2006] did not find any evidence for a cessation of gravitational settling in the 15N 

data from firn air.  The bubble close-off process is completed at zc ~104 m, where the 

average density is ~830 kg m-3 (Figure 3(i) and Figure 9(ii)). zc at a depth between 104 

and 105 m was also independently determined in firn-air studies in the borehole at Dome 

Fuji [Ishijima et al., 2007; Kawamura et al., 2006; Sugawara et al., 2003]. Bubble 

close-off was complete at depths where the upper limit of the QMP approached zero 

(Figure 9(i)). The firn is still permeable when the lower limit of the QMP approaches zero 

at ~98 m.  

It is hypothesized that the higher and lower QMP values correspond to the IHDF 

and the ILDF, respectively. To verify this, the QMP profile was compared with  (Figure 

2(g)-(i)). A positive correlation was found. In sample (h) in the middle of the bubble 

formation zone, the correlation was best and the correlation coefficient r was 0.45. The 

relation is statistically significant at %=0.01, indicating that the IHDF with structural 

anisotropy keeps the firn less dense and creates permeable layers in the bubble close-off 

zone. Figure 10 shows scatter plots of the QMP as a function of ,  and , indicating the 

QMP is correlated to these. The correlation coefficients for samples (g) and (i) were lower 

at 0.40 and 0.37, statistically significant at %=0.40 and %=0.20, respectively. These 

statistically weak correlations are found within the very permeable firn (g) and near 
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close-off completion depth (i). Based on the correlation between the QMP and the origin 

of the firn in sample (h), we suggest that the numerous QMP peaks and troughs in Figure 

9(i) also correlate with the IHDF and the ILDF layers, respectively. In contrast to the 

correlation between the QMP and , the correlations between the QMP and were 

generally poor for the samples (g)-(i) (data are shown only for (h)). This implies that there 

is no critical density for pore close-off on the micro-scale and that pore close-off depends 

more on the history of a layer. 

[Figure 10] 

 

 Although bubble close-off is attained only when the upper limit of the QMP 

approaches zero, processes within the ILDF during the bubble close-off process remain 

uncertain. If the ILDF is thick and the strata are horizontally extensive, the ILDF may 

constitute impermeable layers and effectively prevent any vertical interaction of air 

between the IHDF layers. A similar situation in which horizontally-extensive layers 

create a so-called “non-diffusive zone” on the order of several meters has been observed 

in the seasonal contrast between summer and winter accumulations at higher 

accumulation-rate sites [Battle et al., 1996; Kawamura et al., 2006; Martinerie et al., 

1992; Schwander et al., 1993; Schwander et al., 1997; Severinghaus and Battle, 2006]. 
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However, based on comparisons of the QMP data of the slab-shaped firn core (Figure 

9(i)) with the borehole-based firn air profiles at Dome Fuji [Ishijima et al., 2007; 

Kawamura et al., 2006; Sugawara et al., 2003], we suggest that the upper limit of the 

QMP (a feature of the IHDF) are more important factors than the lower limit of the QMP 

(a feature of the ILDF) in controlling vertical gas exchange at low accumulation-rate sites. 

A non-diffusive zone at the deepest air sampling depth of 104 m was not observed at 

Dome Fuji. It indicates that, even when the lower limit of the QMP (lower dashed line) 

approaches zero at ~98 m depth where more than 50% of the bubble volume is already 

formed (Figure 9(ii)), the vertical diffusion of gas still occurs  until the upper limit of the 

QMP fluctuation (upper dashed line) approaches zero below 104 m. The Vostok and 

Dome C sites also have very small non-diffusive zones (~2 m) [Bender et al., 1994; 

Landais et al., 2006], suggesting that the ILDF does not play a significant role in isolating 

layers at low accumulation-rate sites. Whilst the ILDF is impermeable, the permeable 

IHDF has vertical as well as horizontal connections. Such a situation is reasonable 

considering the irregularity of the depositional environment in the low accumulation area. 

Koerner [1971] and Kameda et al. [2008] showed that 8.5% and 8.6% of the area 

investigated had zero or negative surface mass balance over a year at Plateau Station and 

Dome Fuji, respectively. These numbers mean that there is a large proportion of area 
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where surface mass balance is smaller than the average and almost the same snow 

constitutes the top several centimeters of the ice-sheet surface for two consecutive years, 

becoming strongly imprinted by insolation. Temporal and spatial variability of surface 

mass balance should create a variety of thicknesses, hardness and depth of the IHDF and 

ILDF layers. The irregularity of the depositional environment in the low accumulation 

area creates a 3-D network of the IHDF and ILDF layers within the firn. Finally, vertical 

gas diffusion can be enabled by "gaps" or permeable spots in the ILDF. It is precisely 

these "gaps" that may play a critical role in allowing O2 to escape to the atmosphere, and 

thus allow the bulk ice O2/N2 to fall below ambient. 

 

4.4. A model for modulation of conditions for gas transport by local insolation in 

firn 

4.4.1. An idealized model 

A model forming a qualitative link between local insolation and the O2/N2 ratio 

of the trapped gas (and also TAC) in the ice core is proposed in the light of results 

discussed above. Figure 11 schematically outlines this model, described in detail below: 

(i) The annual alternation of firn types develops in response to summer 

insolation. Therefore, the firn contains horizontal strata with thicknesses of several 
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centimeters. These were discussed in section 4.1. 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.  

(ii) The IHDF is initially harder than the ILDF due to ice bonding between grains, 

structural anisotropy and effect of COF. The difference in mechanical strength allows 

preferential deformation of weaker layers, causing the ILDF to become denser than the 

IHDF. The depth of the crossover in density is between ~40 and ~50 meters at present 

time at Dome Fuji. These results were discussed in section 4.2. 

(iii) During the bubble close-off process from its starting depth (zs ~78 m at 

present time at Dome Fuji) to its completion depth (zc ~104 m), the ILDF continues to be 

denser than the IHDF by ~10 kg m-3 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 the 

vertical permeable firn in the bubble close-off zone. These results were discussed in 

section 4.3. 

(iv) A pressure lag, p, occurs between the air in open pores and air in both 

closing and closed air bubbles. The internal pressure of an air bubble is equal to the 
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atmospheric pressure at the time of formation and gradually approaches the overburden 

pressure by compression in the firn [e.g., Lipenkov, 2000; Ikeda-Fukazawa et al., 2001]. 

Thus, the internal pressure of an air bubble depends on the time of its formation. For 

example, overburden pressures were estimated from the density profile in Figure 3(i) and 

they are higher than the atmospheric pressure by 0.45 MPa and 0.65 MPa at zs=78 m and 

zc=104 m, respectively. It has been presumed that the differences in pressure between 

closing/closed air bubbles and air in open pores drive two processes: effusion of air from 

closing bubbles to open pores through a small opening [Bender, 2002] and permeation of 

gas molecules from closed bubbles to open pores through the ice lattice [Huber et al., 

2006; Ikeda-Fukazawa et al., 2005; Severinghaus and Battle, 2006]. The former process, 

p-driven effusion, was proposed by Bender [2002] as a mechanism for gas fractionation. 

However, we suggest that effusion is unlikely to fractionate, because the channel sizes 

should be much larger than molecular size and also are quite variable in size. Instead, we 

suggest that effusion decreases the close-off porosity and hence decreases TAC without 

fractionation of gas molecules. In contrast, the latter process, p-driven permeation of gas 

molecules, causes both fractionation of gas molecules and a decrease in the air content of 

bubbles. Size-dependent fractionation occurs due to the preferential exclusion of small 

gases from shrinking bubbles by molecular diffusion through the ice lattice [Huber et al., 
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2006; Ikeda-Fukazawa et al., 2005; Severinghaus and Battle, 2006]. Thus, both 

accumulation of O2-enriched gas in the residual firn air and depletion of O2/N2 ratio in air 

bubbles occur in the bubble formation zone. TAC also decreases in the bubble formation 

zone. 

(v) The O2-enriched gas in the residual firn can escape to the ice sheet surface 

rapidly over a time scale of the order of 101 years due to the upward diffusive flux of 

enriched firn gas through channels of open pores [Severinghaus and Battle, 2006; 

Ishijima et al., 2007; Kawamura et al., 2006; Sugawara et al., 2003] at a depth where the 

QMP peaks are preserved (Figure 9(i)). At both Vostok [Bender et al., 1994] and Dome 

Fuji (K. Kawamura, personal communication, 2008), the O2/N2 ratio near the bottom of 

firn is higher than present atmosphere only by ~0.3 ‰, much smaller than at sites 

experiencing the lock-in effect (typically several ‰, e.g., Huber et al., [2006]; 

Severinghaus and Battle, [2006]), suggesting that upward diffusive flux of O2-enriched 

gas is sufficiently large to allow escape through the surface. 

(vi) Strata composed of the two types of firn can act as a centimeter-scale 

macroscopic zone for the p-driven transport of gas molecules. The mechanical 

persistence of paths for the vertical diffusion of gas through open pores depends on the 

distinctness of the alternation in firn-type due to variations in intensity of insolation. For 
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example, the upper limit of QMP in Figure 9(i) should be higher (lower) for ages when 

summer insolation were more (less) intense and, physically, the firn is harder (softer) due 

to strength of ice bonding, geometry of pore spaces, the effect of COF and additional 

possible effects from impurity. These conditions are also schematically explained in 

Figure 11(i). The changes of the upper limit of QMP in Figure 9(i) means that the depth of 

bubble close-off, zc, also changes since the gradient of QMP versus depth is determined 

by stress/strain-rate relations within each type of firn (Figure 11(i)). The changes in zc 

further means that age of the firn, defined as the time of the completion of bubble 

close-off t(zc), also changes.  Here,  ( t(zc) - t(zs) ) is defined as the duration from the start 

of bubble close-off in the ILDF until the completion of bubble close-off in the IHDF.  is 

longer (shorter) when summer insolation is more (less) intense. Importantly, it is assumed 

that the depth of the start of bubble formation in the ILDF is not significantly affected by 

insolation because this layer did not receive direct irradiation. Therefore, the shallower 

part of the bubble formation rate is not significantly affected by insolation (schematically 

shown in Figure 11 (ii) and (iii)). In contrast, bubble formation in depths deeper than this 

should be retarded (Figure 11 (ii) and (iii)). The intensity of summer insolation affects  

and hence determines the total transport of gas molecules, assuming that the total amount 

of gas transport is approximately proportional to the product of  and p. This principle 
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should work for both the permeation and the effusion mechanisms. In a closing air bubble, 

shrinkage is a time-dependent creep process of the ice matrix associated with surface 

diffusion and volume diffusion of water molecules [e.g., Paterson, 1994]. For a closed air 

bubble, permeation is a time-dependent transport process of the gas molecules within the 

ice matrix. Changes in the overburden pressure near the bottom of the firn may also affect 

the total amount of gas transport. In summary, modulation of  and p are hypothesized to 

be the factors controlling the total amount of gas transport. 

[Figure 11] 

 

4.4.2. A preliminarily quantitative check 

 A preliminarily quantitative examination was attempted. In particular, the 

diffusion length of gas molecules through the ice lattice, typical change in  and typical 

quantities of effusion and permeation are examined. Table 4 gives variable range of 

values related to the modulation of gas transport conditions by the local insolation at 

Dome Fuji for a period from 350 ka BP to present. Compatibility among the local 

insolation, O2/N2 ratio in trapped gases, TAC and variable range of depth for bubble 

formation are examined. 

[Table 4] 
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(i) Diffusion length: Ikeda-Fukazawa et al., [2004] and Ikeda-Fukazawa et al., 

[2005] estimated the diffusion coefficients of O2 and N2 within an ice lattice based on 

molecular dynamics simulations. The diffusion coefficients of O2 and N2 within ice 

lattice are 1.6 x 10-11 m2 s-1 and 1.2 x 10-11 m2 s-1, respectively, at 216 K, at the average 

present temperature at Dome Fuji [Kameda et al., 1997]. Also, the age of firn at depths of 

zs (~78 m) and zc (~104 m) are ~1.8 ka BP and ~ 2.5 ka BP, respectively [Watanabe et al., 

1997b], resulting in a time span  of ~0.7 ka. Diffusion length L is defined as: 

 

L= (Dn·)0.5     (1) 

 

where Dn is the diffusion coefficient of gas molecule n. Substituting in the Dn values for 

O2 and N2 gives L of 0.6 m and 0.5 m, respectively. These lengths of diffusion are much 

larger than the typical thickness of strata at low accumulation sites such as Dome Fuji, 

confirming that the permeation mechanism can actually occur at these thicknesses if there 

is a pressure lag, p.  

(ii) Typical changes of : Variation in the range of local summer insolation due to 

astronomical precession cycles is assumed to be up to ~30% (Table 4). Such variation can 
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cause a change in the depth of the completion of close-off (zc) by ~2 meters, considering 

the gradient of the upper limit of QMP versus z in Figure 9(i). The relationship between 

QMP and local summer insolation was approximated as linear. A zc of ~2 m gives 

changes in  of ~8% (zc/(zc-zs)), given zs ~78 m and zc ~104 m. This is similar to the 

amplitude of the TAC cycles observed in the Dome Fuji ice core  (Table 4) [Kawamura et 

al., 2004]. This very rough quantitative estimation at least implies that the model has no 

serious disagreement with the measured variation in TAC. 

(iii) Possible change of the gas transport due to the permeation mechanism: The 

range of the O2/N2 ratio due to astronomical precession cycles is assumed to vary by 

~12 ‰ as observed in Dome Fuji ice core  (Table 4) [Kawamura et al., 2007]. We 

estimate the proportion of air that would have to escape from a given closed air bubble 

through the permeation mechanism to cause a change in the ratio by ~12 ‰. The flux of 

gas through the ice is assumed to be proportional to the permeation coefficient, which is 

the product of the diffusivity and solubility [Equation 3 in Severinghaus and Battle, 

2006]:  

 

wnnnn xpXDj /     (2) 
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where jn is the flux of gas n per unit area, Dn is again the diffusivity of gas n in the ice 

lattice, Xn is the solubility, pn is the partial pressure differences across the ice wall and xw 

is distance through the ice wall. Assuming that differences in pn are negligibly small for 

O2 and N2 and that xw is common, equation 2 is simplified as: 

 

nnn XDj  .     (3) 

 

The product of Dn and Xn gives the permeation coefficient. Again at 216 K, Xn of 

O2 and N2 within ice lattice are 2.3 x 10-10 and 1.4 x 10-10 mol mice
 -3 Pa-1, respectively 

[Ikeda-Fukazawa et al., 2005]. Then, the permeation coefficient DnXn is 3.6 x 10-21 and 

1.6 x 10-21 mol mice
 -1 s-1 Pa-1, for O2 and N2, respectively. Considering that the permeation 

coefficient of O2 is larger than that of N2 by a factor of 2.3, we estimate that for a given 

closed air bubble, the loss of ~3% air agrees with a change in the O2/N2 ratio of ~12 ‰. 

Finally, we hypothesize that nearly half of the variation in range of the TAC 

(~7%) is due to the permeation mechanism (~3%) and that the residual (~4%) is due to 

gas loss by the effusion mechanism.  
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4.4.3. Comparison with earlier hypotheses  

There have been several ideal models hypothesizing a link between local 

insolation and the O2/N2 ratio of the trapped gas and also the link between local insolation 

and TAC [e.g., Bender, 2002; Severinghaus and Battle, 2006; Kawamura et al., 2004; 

Raynaud et al., 2007; Hutterli et al., 2008]. The model presented in this paper explains 

the O2/N2 ratio and TAC together, whilst earlier ideal models tended to discuss them 

independently. Earlier hypotheses are reviewed in the light of the new data and present 

discussion. Each mechanism is discussed below. 

(i) Effusion mechanism during bubble close-off: Bender [2002] hypothesized 

that the cause of O2/N2 fractionation was gas effusion through air-channels during the 

pore closure. In the present model, effusion is interpreted as one of major mechanisms for 

loss of TAC but not as a cause of O2/N2 fractionation.  

(ii) Permeation mechanisms: Ikeda-Fukazawa et al. [2005] developed a model 

of gas loss through molecular diffusion from clathrate hydrates within the ice-core 

through ice crystals toward the ice-core surface during a period of core storage. 

Severinghaus and Battle [2006] presumed that fractionation was caused by selective 

permeation of gas through the ice lattice from slightly overpressured bubbles. The present 

model extends these ideas, proposing that permeation arises from flow from 
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overpressured bubbles in the ILDF to channels of open pores in the IHDF. This stratified 

structure is efficient for the transport of gas. 

(iii) Lock-in model to explain loss of TAC: Kawamura et al. [2004] 

hypothesized that insolation modifies the strength of metamorphism within stratified firn, 

leading to modification of gas diffusion paths near the base of the firn. They assumed that 

the summer layer could result in a sealing effect in the firn, forming a so-called lock-in 

zone near the close-off depth. Such a lock-in effect was not supported by the data in the 

present work. However, the local insolation modulation of the strength of metamorphism 

within stratified firn is the essential basis of the present model as in Kawamura et al.’s 

hypothesis. Also, this hypothesis may still be valid for explaining higher-accumulation 

sites such as Greenland, where O2/N2 has been shown to also vary inversely with 

insolation [e.g. Suwa and Bender, 2008]. At these sites there are indeed well-developed 

non-diffusive zones, in which O2/N2 is enriched. 

(iv) Grain size effect: Raynaud et al. [2007] hypothesized that more intense 

insolation could cause grain growth near the surface, leading to decreased porosity at 

close-off. Raynaud et al.’s hypothesis is independent of the mechanisms discussed in the 

present model. In order to examine Raynaud et al.’s hypothesis, layering of grain size, 

porosity and QMP in the bubble formation zone would need to be investigated to find 



 48

correlations between grain size and other physical properties. 

(v) Effect of pore shape: The vertically-elongated shape of pore spaces may play 

some role in the vertical diffusivity of gas thorough channels of open pores in the bubble 

close-off zone, explaining variations in the O2/N2 ratio and the TAC [e.g., Hutterli et al., 

2008]. However, we interpret that this is unlikely for two reasons. Firstly, the axial ratio 

becomes only as large as 1.0 in the bubble formation zone and firn with such isotropic 

pore spaces does not allow preferential diffusivity of air along the vertical. Considering 

the crossover of , stronger diffusivity of air occurs due to the mechanical strength of the 

porous structure. Secondly, non-diffusive layers in the ILDF can cut the vertical diffusion 

of air from immediately neighboring IHDF layers through the sealing effect. This sealing 

effect can occur only locally, since the 3-D network of the IHDF allows vertical diffusion 

as discussed in section 4.3.  

The present model is characterized by the local insolation modulation of 

mechanical properties in the IHDF; this was not considered in the earlier ideal models 

mentioned above. Mechanical properties of firn in terms of ice bonding between grains, 

geometrical shape of pore spaces, COF and additional possible effects from impurity are 

a subject that should be explored extensively. 
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4.4.4. Implication for other sites with higher accumulation rate  

The present model was proposed based on the data from a low accumulation site 

of Dome Fuji. Applicability of the model for other sites with higher accumulation rate 

should be examined. The crossover of  occurs commonly at sites with higher 

accumulation rate such as Berkner Island [Gerland et al., 1999] and Greenland [Freitag 

et al., 2004]. The crossover seems to be universal behavior of firn under climatic 

conditions of  these sites and Dome Fuji ranging from -25 ºC and 200 mm/a to -55 ºC and 

30 mm/a in temperature and in annual accumulation rate, respectively. Thus, as far as 

stratification formation is linked to summer insolation, the model should work at high 

accumulation sites through the common crossover phenomenon. Higher accumulation 

rate may reduce exposure time of surface snow to direct effect of irradiation, decreasing 

degree of metamorphism within unit thickness. At the same time, unit layers comprising 

stratification may be thicker due to larger accumulation. Also, the shallowest 

impermeable layers linked to the ILDF forms the non-diffusive zone. Then, in the model, 

would be smaller due to shallower formation of the non-diffusive zone. In addition, air 

molecules need to be transported for longer distances from the ILDF to the IHDF due to 

thicker ILDF. These conditions can cause the magnitude of the local insolation 

modulation smaller. An example may be an observation that O2/N2 fractionation in the 
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GISP2 (accumulation >200 mm/a and nearly 10 times higher than at Dome Fuji) core is 

weaker than that in Vostok ice core by ~2 ‰ (Figure 6 in [Suwa and Bender, 2008]).  

 

 

5. Concluding remarks  

 Several physical properties of firn including structural anisotropy, density and 

COF were measured at Dome Fuji in order to better understand densification and bubble 

formation processes. We found the alternation of firn types between IHDF and ILDF 

affect these physical properties throughout the densification processes. The diffusion of 

gas at depths near the bottom of the firn is dependent on the extent of alternation of firn 

microstructural characteristics, which is affected by summer insolation. This link 

explains the coherent variation observed in the O2/N2 ratios in gas trapped in the Vostok 

[Bender, 2002] and Dome Fuji [Kawamura et al., 2007] ice cores. This link also explains 

the coherent variation observed in the TAC in Dome Fuji [Kawamura et al., 2004], 

EPICA Dome C [Raynaud et al., 2007] ice cores. Mechanical persistence of the IHDF 

determines a depth for the completion of bubble close-off, and consequently determines 

the duration of the pressure lag between closing/closed bubbles and open channels of 

pores for a given layer of firn. The pressure lag causes transport of gas molecules until the 
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pore channels for the vertical diffusion of gas are closed in the IHDF. In this manner, the 

O2/N2 ratio and TAC in deep ice cores form a supporting physical model which can be 

used to further examine the reliability of the O2/N2 ratio and TAC as local insolation 

proxies used for astronomical dating of deep ice cores [e.g., Kawamura et al., 2007]. The 

O2/N2-based astronomical time markers have low uncertainty, typically less than 2 ka, as 

empirically determined by Kawamura et al. [2007]. According to the present model, the 

uncertainty can be diminished if the incidental fluctuation of the O2/N2 ratio and TAC 

values caused by irregularity of the IHDF/ILDF stratification can be removed. This 

irregularity is introduced by irregularity in surface deposition [Kameda et al. 2008]. 

Either larger samples for each measurement or an increased sampling rate along core 

depth is required to obtain data that represent larger volume of ice core. It is assumed that 

there is no time lag requiring correction in the O2/N2-ratio-based age and TAC-based age 

of the ice core because the properties of the IHDF is imprinted at the surface as an initial 

effect. The model may need to consider possible additional effects acquired from 

temperature gradients if vapor transport along the vertical between the neighboring 

IHDFs and ILDFs significantly modify mechanical properties of the stratified firn and if 

strength of such modification varies cyclically due to Milankovitch cycle.  

 We demonstrated that the air enclosure process could be understood only using 
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high-resolution data at millimeter and centimeter scales. High-resolution data of the 

distribution of snow/firn types and thickness of layers are needed to better understand 

how stratigraphy controls air enclosure on the micro-scale. X-ray-absorption 

microtomography is one important method for the analysis of detailed structure. Also, we 

demonstrated that measuring dielectric permittivity using an open resonator can also be 

used to study the structural anisotropy of pores in firn, and is suitable for continuous 

measurement along firn core samples. The complementary use of both provides a 

comprehensive understanding of firn structures within polar ice sheets. In addition, we 

demonstrated that the QMP data measured with the air-sucking method were significantly 

correlated with data from the other high-resolution measurements. Although we did not 

employ experimental setup necessary for the real  permeability measurement with a 

typical resolution of ~10 cm [e.g., Albert et al., 2000], the QMP data are useful in terms of 

effective high spatial resolution necessary for the study of the gas transport conditions 

during bubble close-off. 

Future studies are required to better understand and quantitatively model the 

physical mechanisms outlined in this paper. Particular issues to be addressed include: (i) 

How does the IHDF evolve in the top few meters of the ice sheet after initial formation? 

(ii) How do the processes differ at sites with different accumulation environments, i.e., 
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spatial variability? The crossover of  and the thicknesses of layers constituting the strata 

are two important keys.  (iii) Diffusion of gas molecules within the ice lattice is dependent 

on temperature [Ikeda-Fukazawa et al. (2005)]. How do processes differ at times of 

different firn temperature? (iv) The densification processes of the ILDF and IHDF should 

be separately analyzed and formulated in terms of ice bonding of particles, geometrical 

structure of pores, the COF within firn and possible effects from impurity content. (v) The 

transport processes, i.e., both permeation and effusion, of air in the ILDF and IHDF and 

their boundaries should be analyzed and formulated in terms of distribution of pressure 

within air bubbles, mean distance between closed bubbles and pore channels and 

temperature in the firn. (vi) X-ray-absorption microtomography may be able to show 

examples of closing/closed air bubbles, which will help to better understand micro-scale 

phenomena. (vii) Different measures of summer insolation (for example, peak of summer 

solstice insolation, integrated insolation over summer or duration of summer) may work 

differently to the direct insolation effect on the firn metamorphism [e.g., Huybers and 

Denton, 2008]. We need to explore the most effective measures of summer insolation for 

the surface metamorphism. 

 

Appendix: Crushing events  
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 Destructive deformation associated with vertical crushing events may 

occasionally occur. Based on unusual values and the unusually fragmented 

appearance of the structure in Figure 6(3), the L1-layer in Figure 2(e) at 44.79 m is likely 

to have undergone such an event. Another sample from 44.75 m depth exhibited similar 

morphology and interface characteristics. A value of zero for implies that these layers 

have lost not only their structural anisotropy but also COF anisotropy. Such conditions 

can only occur through catastrophic crushing. Crushing may be triggered when the 

normal stress in z exceeds the fracture stress. VB are 6.6 and 6.4 x 10-6 m3 kg-1 at 44.75 m 

and 44.79 m, respectively, and they are much larger than the ordinary values of VB of 1.3 

(2=1.0) x 10-6 m3 kg-1 at depths shallower than 69.73 m (see section 4.3), implying that 

the gas-entrapping mechanism for the microbubbles is also extraordinary in these layers. 

Over the previous 14 years, members of the ice-coring teams at Dome Fuji have heard 

low-frequency vibrations originating from deep within the firn, which might be caused by 

crushing events. The occurrence of such events is infrequent (several occurring 

throughout the year), and some have lasted for more than 20 seconds. The observers have 

reported that the sound appeared to spread and propagate over a wide area. Azuma et al. 

[2000] found several unusually isotropic COF layers in the COF data of the Dome Fuji 

deep core. Such examples are characterized by the median inclination  approximately 
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10~20° larger than those of adjacent depths. It is possible that these may have their origin 

in vertical crushing events.  

 

Notation 

TAC Total air content within unit weight of ice at temperature 273.1 K and under 

pressure at 0.1013 MPa, mlSTP kg-1 of ice 

v Relative dielectric permittivity along the vertical 

h Relative dielectric permittivity along the horizontal  

  Average value of the relative dielectric permittivity over volume (=|v/3+2h/3|) 

assuming that the permittivity is uniaxially anisotropic around the vertical.  

 Dielectric anisotropy (=|v -h|) 

QMP Qualitative measure of permeability (also referred to as impermeability 

[Watanabe et al. 1997a] or permeability [Langway et al., 1993]), Torr 

z Depth of sample in the ice sheet, m 

 Bulk density, kg m-3 

 Standard deviation of the bulk density in a sample, kg m-3 

s Bulk density averaged over a sample, kg m-3 

sBulk density of given depth relative to the averaged value over a sample, kg m-3 
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x Dimension of sample along one horizontal axis, mm 

y Dimension of sample along one horizontal axis but orthogonal to x, mm 

z Dimension of sample along the vertical, mm 

lv Correlation length along the vertical, mm 

lh Correlation length along the horizontal, mm 

VB  Volume of isolated air bubbles within unit weight of the firn sample, m3 kg-1 

Ra  Axial ratio defined as lv/lh 

Vi/Vp: Fraction of volume for the isolated air bubbles (Vi) out of volume for the total 

pore space (Vp) within a sample 

zs Depth of starting of the normal bubble formation where 5% of VB is attained with 

reference to the VB at zc, m 

zc Depth of completion of bubble close-off, m 

zc Variable range for depth of completion of bubble close-off, m 

 Median inclination, degrees 

r Linear correlation coefficient 

 Significance level (0 < < 1) 

p Pressure lag between closed air bubble and channels of open pore 

t(z) Age of firn as a function of depth 



 57

  Duration from the start of bubble close-off in the ILDF until the completion of 

bubble close-off in the IHDF:  = t(zc)- t(zs)  

L Diffusion length, m 

Dn  Diffusion coefficient of molecule of gas n within ice, m2 s-1 

jn  Permeation flux of gas n through ice lattice, mol m−2 s−1 

Xn  Solubility of gas n in ice lattice, mol mice
−3 Pa−1  

pn  Partial pressure differences of gas n across the ice wall, Pa 

xw  Distance through the ice wall, m 

Dn Xn Permeation coefficient, mol mice
 -1 s-1 Pa-1 

(O2/N2) Deviation of O2/N2 ratio from present atmosphere, ‰ 
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Figures 

Figure 1: Topographic map of Antarctica. Surface elevation data are from ERS-1 radar 

altimetry. Stars indicate locations of sites mentioned in the text. 

 

Figure 2: Dielectric permittivity and density for the ten samples (a) to (j) given in Table 2. 

Open circles and solid circles indicatev and h, respectively, using the upper left axis. 

Solid triangles indicate  (=|v - h|) using the right axis. Density  (kg m-3) is shown 

using the lower left axis. The gray dotted line is the 1-mm resolution density. Open 

squares show Gaussian-weighted average density with a half-power width of ~22 mm to 

give the same resolution as the dielectric measurements. For three samples (g)-(i), the 

qualitative measure of permeability, QMP (Torr), (see sections 2.5, 3.5 and 4.3), of the 

core measured previously are given [Watanabe et al., 1997a], using the middle left axis. 

The impermeable and free levels are 0 and 760 Torr, respectively. Data on a different 

scale are shown in Figures 3(iii) and 9(i). Vertical dotted lines indicate depths where pairs 

of  dips and  bumps occur. “L1” in (e) indicates an unusual layer where it is proposed 

that  is zero. We discuss plausible causes of zero  in the text (see Appendix). Arrows 

with letters “C” indicate depths at which COF measurements were performed by the 

X-ray diffraction method. Arrows with letters “T” and numbers indicate depths where 
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X-ray absorption tomography was undertaken. These results are presented in Figure 6.  

 

Figure 3: General trends in the physical properties over the entire depth range of the ice 

core. (i) Dots show  (left axis) for the ten samples (a)-(j) labeled in Table 2 and Figure 2. 

The solid line represents bulk density measurements [Watanabe et al., 1997a]. Solid 

circles and open circles show the standard deviation, , of density for every 1.0 m or less, 

with the right axis showing the magnitude of variation within each sample. Solid circles 

show data from the present study and an earlier study [Hori et al., 1999]. Open circles 

show data from an ice core drilled at Dome Fuji in 1999 (A. Hori, unpublished data). 

Solid triangles are from a 3-m-deep pit in 2004 (K. Fujita, unpublished data). Open 

triangles are from a 4-m-deep pit in 2007 (unpublished data). Dotted line represents 

suggested mean tendency of.  has a local minimum at a depth and density of 

(z1=~40-50 m; 1=630 kg m-3) and a local maximum at (z2=~60-70; 2=720). The bubble 

close-off depth/density is (z3=104; 3=830) ([Watanabe et al., 1997a] and Figure 9(ii)). 

Dashed lines are shown to emphasize the coordinates of the points (zi and I, i=1~3) in the 

graph. (ii) Open circles and solid circles show v and h, respectively, on the left axis. 

Crosses show  on the right axis. (iii) Left axis shows mean tendency of grain diameter 

measured by Watanabe et al. [1997a]. A minimum is found at ~65 m. Right axis shows 
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the QMP (Torr) (see section 4.3). The depths of samples (g), (h) and (i) in Table 2 and 

Figure 2 are indicated with arrows. (iv) The geometric structure of the firn was analyzed 

using X-ray absorption tomography in Figure 6. The ordinate is the “mean free path” 

(mm) which is the mean continuous length in ice or pore space without obstruction, 

calculated using the 3-D volume data. Note that data in layer L1 in Figure 2(e) were 

excluded because an anomaly, presumably formed by a crushing event (see Appendix), 

which interrupts the continuous tendency of the physical properties within the firn.  

 

Figure 4: Distribution of  versus  for the ten samples labeled in Table 2 and Figure 2. 

 is averaged from the 1-mm resolution data so that it has the same resolution as  (see 

Figure 2). Open circles and open triangles are used to discriminate between neighboring 

samples. The dotted line is the fitted curve to a quadratic function for the entire data and 

each solid line is the linear fit for each sample each sample. The dashed curve and the 

shaded area at the bottom indicate values of  for ice with the perfectly vertical c-axis 

and the variable range of  caused by the crystal orientation fabrics, respectively. In the 

shallow range, we observe a positive correlation between  and , while a negative 

correlation was dominant at a deeper range (see Figure 5). This finding suggests that firn 

with smaller  deforms more readily.  
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Figure 5: Correlations (r) between  and  (solid squares) and between  and  (open 

circles) for the 10 samples at variable depth z (m) given in Table 2 and Figure 2. The 

correlation between  and  decreased from ~0.9 to ~–0.4 from a depth of ~10 m to over 

100 m, and the correlation between  and  also decreased from ~0.7 to ~–0.4 from a 

depth of ~10 m to over 100 m. Exponential fit was used to express suggested tendencies. 

 

Figure 6: Results of the X-ray absorption microtomography. Five examples were selected 

from 23 measurements. For each sample, one vertical-section image and one 

horizontal-section image is shown, with each panel showing an area of 10 mm x 10 mm. 

White and black areas represent ice and pore spaces, respectively. For each sample, depth 

z, density , dielectric anisotropy , and correlation length [Vallese and Kong, 1981] of 

pore space along the vertical and along the horizontal (lv and lh, respectively) were found. 

 

Figure 7: Relationship between axial ratio, Ra, of the pore space geometry and . Ra is 

defined as lv/lh and was calculated for the 23 X-ray absorption microtomography 

measurements. The numbers near marker symbols are depths (m) of the samples. Results 

from two samples at 44.75-m and 44.79-m depth (see Appendix) are shown as solid 
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circles. Ra and are positively correlated except at these two points. A linear regression 

line is given as a dotted line. When Ra is 1,  is ~0.01. We suggest that this residual  is 

an average COF component of .  



Figure 8: Results of crystal orientation fabric measurement using the X-ray diffraction 

method. The volume-weighted distribution of the c-axes was expressed by the median 

inclination angle, which shows the median alignment value of the c-axes. The abscissa 

is density relative to the mean value within each sample, s. The numbers near 

marker symbols indicate the depths (m) of samples. Different marker symbols show 

results from three different depth ranges. Pairs of neighboring depths where density is 

different are joined by lines to highlight the contrasting values of dependent on the sign 

of s. 

 

Figure 9: (i) The qualitative measure of permeability, QMP, in the firn core at depths (m) 

in the bubble formation zone in the firn core. The QMP was measured by Watanabe et al. 

[1997a] using an air-vacuum system. The diameter of the air-intake is 12 mm. The 

impermeable and free levels are 0 and 760 Torr, respectively. Near the bubble close-off 

depth, the upper and the lower limits of the QMP are delineated using dashed lines. The 
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shallowest impermeable sample portion appears at 100.3 m but sequences of many 

impermeable sample portions only appear below ~104 m. Down to 104 m, the core is still 

permeable. Three depths, FA1-3, show where the firn-air sampling was conducted in the 

borehole at Dome Fuji in 1999 [Ishijima et al., 2007; Kawamura et al., 2006; Sugawara 

et al., 2003]. Firn-air could be sampled down to FA2, but not at FA3. At Dome Fuji, the 

bubble close-off is complete at the depth where the upper limit of the QMP fluctuations 

reach zero. The depths of the samples (h) and (i) in Table 2 and Figure 2 are shaded. (ii) 

Bubble volume in the firn ice [Hondoh et al., 1999], found using a method similar to that 

developed by Schwander and Stauffer [1984] based on the ideal gas law. Air bubbles 

isolated from air channels are formed mostly in the depth range to ~104 m. Error bars 

represent  of values based on repetitive measurements for each sample. 

 

Figure 10:  QMP of the core sample (h) versus ,  and . “r” in each panel gives the 

linear correlation coefficient. The QMP has a better correlation with  than that with . 

 

Figure 11: Schematic diagram of the proposed mechanism for the modulation of 

conditions for gas diffusion near the bottom of firn in the ice sheet as a result of variations 

in local insolation. The common abscissa for the three graphs is z, where zs and zc are the 
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starting and completion depths of bubble formation and bubble close-off, respectively. In 

the present ice sheet at Dome Fuji, zs is ~78 m, defined as a depth where 5% of VB is 

attained with reference to the VB at zc. zc is ~104 m. (i) Schematic graph of the 

depth-permeability relationship such as Figure 9(i), which shows how changes in the 

upper limit of the permeability peaks translate into changes in the depth of completion of 

bubble close-off. (ii) Schematic graph for depth-VB relationship such as Figure 9(ii). 

Bubble formation in the IHDF tends to be retarded in ages of intense insolation. It affects 

the duration available for gas transportation from closed/closing air bubbles to channels 

of open pores. (iii) Schematic graph for depth-∂VB/∂z relationship, which shows 

increasing rate of volume of isolated air bubbles with depth. The depth-∂VB/∂z 

relationship constitutes a peak, which broadens when retardation of bubble formation in 

the IHDF occurs. At depths between zs and zc and during a period between t(zs) and t(zc), 

there are pressure lags p, between closing/closed bubbles and channels of open pores. 
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Tables 

 

Table 1: Characteristics of the measurement methodology used to examine the Dome Fuji 

ice core in the present study 

Method  
Text Section 
and references 

Target physical 
properties  

Continuous/spot? 
Resolution in 
depth 

Shape and size of the 
sample a 

Density 
measurement using 
the X-ray 
transmission method 

2.1., [Hori et 
al., 1999] Bulk density,  

Continuous  
~1 mm 

Slab 
x=25 mm, y=60 mm, 
z= ~500 mm 

Dielectric 
permittivity tensor 
measurement using 
an open resonator 
method  

2.2., [Jones, 
1976; 
Matsuoka et 
al., 1997; 
Matsuoka et 
al., 1998] 

Dielectric permittivity 
along the vertical and 
horizontal, v and h; 
Dielectric anisotropy, 
 =|v-h| 

Continuous 
~22 mm 
(see text) 

Slab 
x= 5 mm, y=60 mm, 
z= ~500 mm  

Geometrical 
structure using X-ray 
absorption 
microtomography 
method 

2.3., [Freitag 
et al., 2004] 

3-D firn structure (e.g., 
axial ratio, Ra, mean free 
path, volume of isolated 
bubbles and open pores 
etc.) 

Spot  
13.5 mm b 

Core cylinder,  
15 mm diameter in the 
horizontal, z= 15 mm 

Pole figure 
measurements using 
X-ray diffraction 
method 

2.4., [Wenk, 
1985] 

Crystal orientation 
fabrics as volume 
weighted quantity (e.g., 
Median inclination, , 
etc.) 

Spot  
1 mm c 

Slab  
x=30 mm, y=60 mm, 
z= 7 mm 

Qualitative measure 
of permeability using 
an air-vacuum 
system  

2.5., 
[Langway et 
al., 1993; 
Watanabe et 
al., 1997] 

Qualitative measure of 
permeability (QMP)d 

Continuous 
>12 mme 

Bulk core with a flat 
surface, x=35 mm, 
y=70 mm, z=500 mm

ax, y and z are sample dimensions along the horizontal axis, orthogonal axis in the 

horizontal, and the vertical, respectively. 
b 13.5 mm is the size of the 3-D image in which pixels have a resolution of 0.025 mm. 
c The incident depth of X-rays into the 7-mm-thick specimens. 
d See text section 4.3. 
e 12 mm is diameter of the top of the air-intake for the vacuum pump. Effective resolution 

of the QMP resolution is slightly larger than that. However, the values reflect firn 

property mostly in the very vicinity of the air-intake. 
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Table 2: Sample depth and statistics for density,  and for the Dome Fuji ice core 
Sample Depth (m) Density (kg m-3) a  
ID Top Bottom Mean SDb Mean SD. Mean SD Max. Min. 
a 9.59 9.83 418  12  1.88  0.02 0.054  0.009  0.068  0.034 
b 12.32 12.73 469  12  1.93  0.02 0.045  0.012  0.069  0.022 
c 24.53 24.89 573  6  2.11  0.02 0.026  0.007  0.043  0.011 
d 28.81 29.22 590  8  2.19  0.01 0.030  0.017  0.045  0.020 
e 44.40 44.83 625  7  2.32  0.02 0.015  0.013  0.037  0c 
f 54.08 54.40 687  9  2.46  0.02 0.021  0.004  0.029  0.008 
g 69.40 69.78 746  7  2.62  0.03 0.020  0.008  0.040  0.010 
h 87.57 88.02 787  7  2.76  0.04 0.014  0.003  0.018  0.005 
i 103.59 103.92 837  4  2.91  0.01 0.008  0.004  0.013  0.006
j 112.13 112.57 869  7  2.96  0.02 0.009  0.003  0.014  0c 

a  is an average value over volume (=|v/3+2h/3|), assuming that the dielectric 

permittivity has uniaxial anisotropy. 
bSD: Standard deviation 
c The value is less than 0.003. 
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Table 3: Physical features and 3-D firn structure of the five samples in Figure 6, extracted 

from X-ray absorption microtomography data 

Sample z   lv 
a lh 

a Ra 
b Vi/Vp 

c VB d 
ID (m) (kg m-3)  (mm) (mm)  (%) (x 10-6 m3 kg-1) 
T1 12.44 481 0.057 0.33 0.28 1.18 0.1 0.9 
T2 29.12 588 0.025 0.32 0.30 1.07 0.3 1.9 
T3 44.79 628 0 e 0.26 0.18 1.44 1.0 f  6.4 f 
T4 69.73 757 0.012 0.29 0.28 1.04 0.5 1.4 
T5 103.84 844 0.007 0.25 0.25 1.00 44.8 g  55.5 e 

a lv and lh are correlation-lengths of pore space [e.g., Vallese and Kong, 1981] both in the 

vertical direction and in the horizontal direction.   
b Ra the axial ratio (Ra), defined as lv/lh. 
c Vi/Vp is fraction of volume for the isolated air bubbles (Vi) out of volume for the total 

pore space (Vp) within a sample. Isolation here means only from the air outside of the 

cylindrical sample used for the measurement.  
d VB is volume of isolated air bubbles within a unit weight of the firn sample. 
e The value is less than 0.003. 
f This sample may be affected by crushing events, see Appendix. 
g In the real firn of the ice sheet, Vi/Vp for the sample T5 should be much larger because 

here many bubbles at the surface of the cylindrical sample are counted as open pores. This 

effect may also weakly occur in the other samples. 
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Table 4: Variable range of values related to the local insolation modulation of gas 

transport conditions at Dome Fuji for a period from 350 ka BP to present. 

Parameters Unit Max. 
 

Min. 
 

Variable range 

     % 
Local insolation at 77 ºS 
on Dec. 11 a 

W m-2 ~610 ~470 ~140 ~30 b 

(O2/N2) 
a, c ‰ ~ -13 d ~ -25 d ~12 - 

TAC a mlSTP kg-1 of ice e ~91 d ~85 d ~6 ~7 
Variable range of depth 
forbubble formation 

m - - ~2 f  ~8 g 

a Data are from Kawamura et al. [2007] and Kawamura et al. [2004] 
b Relative to the minimum value of the local insolation 
c Deviation of O2/N2 ratio from present atmosphere 
d The maximum and the minimum correspond to the minimum and the maximum of the 

local insolation. 
e STP means temperature at 273.1 K and pressure at 0.1013 MPa. 
f zc: variable range of zc, discussed in the text. 
g zc/(zc-zs)  
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