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ABSTRACT. The densification of dry polar snow and firn results in a continuous
increase of density with depth accompanied by significant density fluctuations within
seasonal layers. Density measurements of high spatial resolution reveal a persistent mini-
mum of density fluctuations in the vicinity of the snow—firn transition (0.55-0.65 g cm °)
in firn-core records. In this study we give an explanation for the fluctuation minimum by
applying a new method of X-ray microtomography to obtain three-dimensional (3-D)
structural data of a Greenland firn core. At 13 different depths between 10 and 78 m a set
of 16 samples of 40 cm total length for each depth interval was measured. A reconstructed
firn segment of 40 cm covers 1-2 years of snow accumulation. Using digital image analysis
techniques, different structural parameters are estimated including 3-D pore and particle
sizes and specific surface areas. It is shown that the densification rates of snow and firn
layers consisting of coarse particles are much higher than those consisting of fine particles
within the same depth interval. This causes a density crossing of fine- and coarse-grained
layers with a minimum of density variations at the crossover point. This crossing-over
implies that formerly dense layers in the seasonal density signal are not of the same origin
as dense layers in the deeper part of the firn column and that the seasonal density signal
will totally change shape with depth. It is speculated that in coarse- and fine-grained firn

the dominant mechanism of densification acts over different regimes of density.

INTRODUCTION

Structural properties of the initial particle compositions
including initial size, shape and density crucially affect the
process of sintering, as is observed for many materials in
ceramic science (German, 1996). Until now, little attention
has been paid to this aspect in relation to the densification
processes of polar snow and firn. However, the structural
variability in snow and firn is immense. The well-known
stratigraphic layering in firn is caused by seasonal, diurnal
or even faster changes of wind, air pressure, temperature,
solar radiation and other atmospheric parameters during
snowfall events or afterwards. A common feature is the per-
sistent minimum of density fluctuations in the vicinity of the
snow—firn transition (Gerland and others, 1999; Wilhelms,
unpublished data; this study).

Previous densification models have dealt with mean
density profiles, ignoring the seasonal variability in snow
and firn layers (Maeno and Ebinuma, 1983; Ebinuma and
Maeno, 1987; Wilkinson, 1988; Arnaud and others, 1998,
2000). The densification of polar snow and firn is understood
as a process of pressure sintering driven by the overburden
ice load and the surface free energy of the porous ice matrix.
The densification process has been divided into three stages
by two critical densities. The critical values indicate densi-
ties at which the rate of densification decreases significantly
due to a change in dominant densification mechanism.
During the initial stage the snow deposits are mainly com-
pacted by mechanical destruction and rearrangements of
grains due to grain-boundary sliding (Alley, 1987a) up to
the first critical density of 0.55gcem ° (equal to a porosity
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of about 04). The concept of critical density at around
0.55gem * was first used by Anderson and Benson (1963).
According to Anderson and Benson (1963), the critical den-
sity of 0.55 gem ? corresponds closely with the maximum
packing densities that can be attained with uniformly sized
granular aggregates. However, Gow (1968) observed that
intergranular bonding is well developed in snow aggregates
with densities <0.55gcm ~. Such bond growth at shallow
depths should inhibit any approach to a simply mechan-
ically packed aggregate at the critical density. The inter-
mediate stage is dominated by plastic deformation with a
power-law creep (Maeno and Ebinuma, 1983) until the
second critical density of 0.82-0.84 (equal to porosities of
0.11 and 0.08), where the pore space separates into isolated
air bubbles. During the final stage, the air bubbles are
further shrunk wuntil the density of bubble-free ice
(0919 gcm * at —25°C) is attained. An additional critical
density of 0.730 gcm * (equal to porosity 0.2) is suggested
by Ebinuma and Maeno (1987): at this density the grain re-
arrangement is completed and the contact area between ice
particles should become maximum.

A microscopical approach for a geometrical model of
pressure sintering was introduced by Arzt (1982) and ap-
plied to the densification of Antarctic firn by Arnaud and
others (2000). It is based on pressure-sintering processes of
monosized spheres with adjusted initial densities for the in-
termediate state, assuming that aggregates of particles satis-
fy the requirement of zero contact areas at that density. A
more detailed understanding of firn densification would im-
prove the interpretation of the climate record stored in
polar ice cores. Density variations at the firn—ice transition
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Fig. I (a) Reconstructed horizontal cross-section through a cylindrical firn sample B26_51_1 from 51'm depth in raw data for-
mat. The pores appear in bright and the ice matrix in dark grey values. The outlined square indicates the 12 mm <12 mm area of

interest for analytical processing. Notice the blurred pore areas close to the margin caused by the filling with fine snow after drilling.
(b) Dypical grey-level histogram of a single cross-section. (¢ ) Binarized firn cube of B26_51_1. It is 12X 12x 12 mm’” in size and
built from a stack of 300 segmented images. The pore space is coloured in white, whereas the ice matrix is transparent.

are a source of uncertainty in the estimation of gas ages and
age distributions in isolated gas bubbles, which are crucial
for dating the gas content (Stauffer and others, 1985).

Several studies have investigated the structural proper-
ties of polar firn and snow mainly based on estimates from
two-dimensional (2-D) thin sections (Gow, 1975; Alley and
others, 1982, Alley, 1987b; Arnaud and others, 1998). They
focus on the evolution of mean values during densification.
Only Alley and others (1982) separate fine- and coarse-
grained firn in a study of an Antarctic firn core and specu-
late about different mechanisms which may control the den-
sification process in fine and coarse firn. Estimates from
three-dimensional (3-D) reconstructions by means of X-
ray computer tomography (XCT) have been relatively
recent. Lundy and others (2002) have measured snow den-
sity by XCTusing a probe chamber cooled by dry ice which
demonstrates the capabilities of the technique.

In this study, we present high-resolution profiles of struc-
tural data from an 80m long firn core to investigate the
influence of structure on densification. A method of XCT
operating in a cold room was developed which allows a suit-
able processing of more than 200 cube-shaped samples of
polar firn covering the whole range of seasonal variations
along the core. From the 3-D reconstructions the specific
surface areas, pore and ice particle sizes are derived. It will
be shown that the densification depends on particle size and
explains the observed characteristic minimum of density
fluctuations in the density profiles of polar firn. All
measurements were carried out on samples of the firn core
B26, retrieved during the North Greenland traverse of the
Alfred Wegener Institute in 1995 (Schwager, 2000). The
borehole was located at 77°15' N, 49°13’ W. The mean accu-
mulation rate was 0.180 mw.e. a . The mean firn tempera-
ture was —30.6°C.

X-RAY TOMOGRAPHY ON POLAR FIRN

The pore structures of snow and firn specimens were meas-
ured at —25°C by XCT using a portable Micro-CT scanner
(1074SR SkyScan) inside a cold room. All the grease of the
movable parts was replaced with a cold-temperature grease
(ISOFLEX TOPAS L32, Kliber company). The CT scan-
ner works with an integrated microfocus X-ray tube which
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runs at 40 KV with a current intensity of 1000 pA. A
charge-coupled device (CCD) camera of 768 x 512 pixels
and 256 grey levels is used as an X-ray detector. The object
is placed on a movable turntable between source and de-
tector. During the scanning procedure the object rotates at
intervals of 0.9°. A set of 210 shadow images is captured
while the rotation completes a semicircle. A digital convolu-
tion algorithm with back-projections for fan beams trans-
forms these shadow images into a series of horizontal cross-
section images which represent the 3-D structure of the ob-
ject based on local differences in X-ray absorption (Skyscan
1074 instruction manual, 2002, http://www.skyscan.be). The
pixel resolution of the reconstructed grey-level images is
40 pm. The distance between adjacent reconstructed
images 1s also 40 pm. Therefore the reconstructed object is
represented by a 3-D grid of grey values (voxels) with a spa-
cing of 40 um in z, y and z directions. In analogy to the
term pixel used in the 2-D case, a voxel is defined as the
smallest distinguishable box-shaped part of a 3-D space.
The maximum specimen size for reconstruction is limited
to cylinders 29 mm in diameter and 204 mm in height.
However, for digital image analysis only a cubic region of
12 mm side length is chosen, which minimizes the proces-
sing to 300 x 300 x 300 voxels. The area of interest is
located 1in the interior of the reconstructed object to restrict
data analysis to pore-structure areas which are not dis-
turbed by sample preparation. The cylindrical snow and
firn specimens are drilled out of the main core with a hole
Saw.

As a first step in digital analysis, a median filter of a
mask of 3x3 voxels is applied to the images. The filter re-
places the grey level of each voxel by the median of the grey
levels in the neighborhood of that voxel and reduces noise
patterns with spike-like components, as can be seen in the
raw dataset of the reconstructed cross-section images
(Fig. la). In a second step, the images are separated in voxels
representing solid ice or air-filled voids by applying a single
global threshold value to the bimodal grey-level histograms.
Due to the large differences in X-ray absorption between air
and ice, the mean grey levels of ice and void representing
voxels differ by as much as 100 units, which leads to a clear
separation in spite of the rather simple segmentation
method. As the global threshold, a grey value of about 160
is taken which is the mean of the two clearly identifiable
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maxima in the bimodal grey-level histograms. The 300 bi-
narized images are pooled to estimate the porosity, density,
specific surface area, pore and ice-cluster size distribution
functions.

The porosity n is given as the ratio of void representing
voxels to the total voxel number of the considered firn cube.
The density p is derived from porosity n with the approxi-
mation

p= (n - l)picc (1)

with a density of bubble-free ice pjce = 0.919¢g cm 2 at-25°C.

The specific surface area Agpe is defined as the surface
of the pores inside the firn cube divided by the cube volume.
Agpec 1s derived by counting the faces of the pore voxels
which lie at the borders of the ice voxels in the cubic matrix
grid. The number of faces is multiplied by a single face area
of a cubic voxel which is equal to 1600 pm? and afterwards
divided by the total volume of the firn cube.

The pore and ice-cluster size distribution functions are
derived from 3-D opening-size distributions first introduced
by Serra (1982) in mathematical morphology. An opening
operation is defined as an erosion filter followed by a dila-
tion. For the analysis of ice clusters and pores we used the
opening with spherical structuring elements of different
diameter, ignoring the distinction between pore bodies and
throats as well as the grain boundaries of the ice matrix. In-
stead, the pore space is divided into a set of spherical pores
of different diameter. Hereafter, a pore voxel at any point
within the pore space contributes to that size fraction that
is given by the largest sphere which includes this point and
which fits totally into the pore space. In the context of the ice
phase, we introduce the term ice-cluster size instead of using
the well-defined terms crystal size or grain-size, because the
derived ice spheres could represent a part or a set of crystals.
However, comparison measurements will show that the
sphere is a good representation of a single ice grain in
Greenland polar firn.

The openings are performed on the 3-D voxel matrix
following the implementation by Vogel (1997). The openings
are calculated for both the pore and ice phase, using spheri-
cal structuring elements of increasing diameter. After each
opening, the volume densities of the selected phases are
obtained from the proportion of the remaining voxels. The
volume densities represent pores or ice clusters that are
larger than spheres with the diameter of the related struc-
turing element. From the volume density data, the size dis-
tributions are derived by differentiation. The mean values of
the pore (dpore) and ice-cluster diameters (djc.) are volume
weighted.

The structural properties are calculated from 208 recon-
structed firn samples of B26. The samples are taken from 13
different depth intervals of 40cm length beginning at
depths of 10.18, 12.76, 13.60, 14.38, 15.68, 18.66, 23.00, 27.6,
32.00, 40.00, 5140, 66.36 and 78.31 m. They are picked from
depths where the density profile measured by gamma ab-
sorption shows a typical cycle over the whole range of
small-scale variation. For each depth interval, approxi-
mately 16 firn cubes 12 mm on a side are measured. Based
on the mean accumulation rate of 0.180 m w.e. afl, the 16 firn
cubes of each depth interval cover the accumulation of
about lyear in the upper part (10-20 m) and up to 2 years
in the lower part of the firn core (40-80m). Since a single
firn cube of 12 mm side length consists of about ten ice crys-
tal layers, this is equivalent to 1000 crystals per cube volume.
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Fig. 2. Gamma porosity ( solid lines ) in comparison to the por-
osity values measured by XC'T ( circles connected with dotted
lines) for different depth intervals. The porosities of XCTare
averaged over 12 mm depth intervals.

COMPARISON TO GAMMA-ABSORPTION AND
OPTICAL METHODS

To evaluate the precision of the XCT method, the density of
B26 is independently measured by a non-destructive gam-
ma-absorption method. Details of the absorption method
are given by Wilhelms (1996). The density is horizontally
averaged over the entire circular cross-section of the firn
core which is approximately 100 mm in diameter and meas-
ured with a vertical resolution of 2 mm (Fig. 2). For com-
parison, the density is converted to porosity n using
Equation (I). Figure 2 displays n measured by both gamma
absorption and XCT in different depth intervals. The
XCT—porosity values are averaged over the volume of the
firn cubes of 12 mm side lengths. The porosity values meas-
ured by the two independent methods are in excellent
agreement with each other in the porosity range 0.2-0.3 or
at 40 m depth, respectively, where the deviations are <1%.
However, for porous firn (n>04) the XCT method shows
slightly higher porosities than the gamma-absorption
method. In high compacted firn (n<0.2) the gamma ab-
sorption method produces higher values.

Another, more qualitative verification of the non-de-
structive XC'T method is performed on a selected firn cube
B26_66.4 from 66 m depth using the optical serial sectioning
method (OSM) described in Freitag and others (2002).
Identified cross-sections measured by XCT are compared
to surface sections of the same firn cube after it is cut and
recorded by a CCD camera which is sensitive in the visible
range. The porosities derived from XCTand OSM for the
same surface sections are in good agreement, with devia-
tions <5%. In a sensitivity test, the threshold of the XCT
images is varied by 20 units and leads either to artificial ice
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Ing. 3. (a) Highly resolved density profile of firn core B26 measured by gamma absorption. Additionally, the running mean over a
600 mm w.e. window and two model curves are plotted using the Herron and Langway (1980) approximation and an exponential fit.
(b) Densuity fluctuations with depth indicated by the twofold standard deviation of the running mean in a 600 mm w.e. window. Notice

the distinct minimum between 20 and 30 m.

1slands inside of pores or to an expansion of pore areas into
locations where the optical method has identified the ice
matrix. Thus, the test confirms the value of the global
threshold as the mean of the two local maxima in the bimo-
dal grey-level histograms even in the qualitative sense of
geometrical similarity.

The reproducibility of the XCT measurements is inves-
tigated by scanning the same firn cubes with a delay of
3 months, which was approximately the time-span for the
whole laboratory campaign. The deviations in porosity and
specific surface area are around 2%, low enough to detect
the smallest changes during the densification of polar firn
with this method.

RESULTS

The high-resolution density profile of the Greenland firn
core B26 is measured at 2 mm intervals by gamma absorp-
tion and shown in Figure 3. The data are averaged with a
running mean of 600 mm w.e. which is about the snow accu-
mulation of 3 years. The mean density (in gem ) follows an
empirical fit given as

p(2) = 0.918 — 0.58¢0%=

where z is the depth in meters. An approximation with the
empirical formula of Herron and Langway (1980), taking
into account the firn temperature of —30.6°C and accumu-
lation rate of 0.180mw.c.a ' at B26, underestimates the
mean densification with depth (Fig. 3a, dotted curve). In
the lower part of the firn core the measured densities are
up to 8% higher than is predicted by the Herron and Lang-
way approximation.

The small-scale fluctuations are illustrated in Figure 3b
where the two-fold standard deviation from the running
mean over a 600 mmw.e. window is plotted. Per definition
95% of the data are in that range. Beginning with values of
008gcem * in the uppermost meters, the fluctuations
decrease to a minimum of 0.02 g cm * in the range 20-30 m
(0.55-065¢g cm ?). However, between 30 and 40 m the fluc-
tuations increase to 0.04 g cm . Below 65 m the fluctuations
decrease.

The firn structure measured by XCT on single cubes
shows ice-cluster and pore size distributions unimodal in
shape (Fig. 4). The distributions representing a firn layer
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12mm thick can be best fitted by Gaussian distribution
functions. The widths of the pore size distribution functions
Opore (as defined in the Gaussian function) decrease
continuously from 041+009mm at 10m depth to
031+ 003 mm at 78 m depth. The widths are approxi-
mately 50% of the mean pore diameters. For the ice clusters
the widths oj. vary only slightly with depth, between
0.30 4+ 0.04 and 0.35+ 0.03 mm. The relative widths to the
mean ice-cluster diameter decrease from 40% at 10 m depth
to 20% at 78 m depth. Figure 5 displays two seasonal
profiles from different depth intervals. The profile from
15m depth covers approximately 1year of snow accumu-
lation; the profile from 51 m depth with more compacted
snow reflects 2 years rather than 1year. Within seasonal
cycles the mean values of the firn layers show one to three
local minima or maxima, sometimes with abrupt changes
on the scale of centimeters.

At 15m depth, the mean ice-cluster diameter djce, the
mean pore diameter djore and the porosity n are positively
correlated over the seasonal cycle. The specific surface area
Agpec shows a clear anticorrelation to the former param-
eters. Such behavior corresponds to the general observation
that fine-grained snow is denser and has more free surfaces
than coarse-grained snow. However, these relations seem to
change with depth. As indicated by the profile at 5] m depth,
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Fig. 4. Example of a pore ( dotted lines ) and ice-cluster ( solid
lines) size distribution fitted by Gauss functions. The estima-
tions are performed on a reconstructed firn cube from the depth

wnterval 51.260-51.272 m.
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Fig. 5. Profiles of ice-cluster diameter dice (circles), pore
diameter dpore (Squares), specific surface area Agpec
(crosses) and porosity n ( crosses, below) over firn intervals

of 40 cm length at 15m (a) and 51m (b) depth.

dice increases when n decreases and vice versa, which is al-
most opposite to the behavior occurring at depths above
15m. At 51 m depth, dpore shows no clear correlation to the
other parameters, and Agpe. is positively correlated to por-
osity n.

The change in the seasonal dependencies becomes ob-
vious by considering their evolutions along the whole firn
column. In Figure 6, all data of Agpee, dice and dpore are
plotted against m. In the porosity range 0.35 < n < 0.55,
Agpec (1) decreases within seasonal cycles with a mean slope
of —8400m”*m * in the linear regression curves. For
02 <n <035, Agpec(n) shows a different behavior, with
higher data scattering and slopes of approximately zero
over a seasonal cycle. For n < 0.2, Agyec(n) shows an oppo-
site trend, with a positive slope of 6700 m” m * in the regres-
sion curves. The same changes in the seasonal dependencies
also appear for the ice-cluster sizes: for n < 0.2, dice de-
creases with n following a slope of —=3.3 mm within seasonal
cycles. For 0.2 <n < 0.35, the slope becomes —0.3 mm and
switches to positive values of up to 2mm in the range
n > 0.35. The pore sizes dpore and 1 are positively correlated
within all seasonal cycles. The slopes of the regression
curves decrease from 3.8 mm in the porosity range n>0.35
to 1.5 mm forn < 02.

In general, a densification from n=0.55 to 0.1 reduces
the seasonal average of the specific surface area to a quarter
of the original value of about 4000 m’m 3, dice Increases
from 0.8 mm to 1.7 mm and dpore decreases only slightly from
0.8 mm (which is comparable to the ice-cluster size at these
depths) to 0.5 mm.

To clarify the role of ice-cluster size in densification, the
16 firn-layer data for each 40 cm segment are subdivided
into fine- and coarse-grained firn horizons. From the 16
layers the minimum and maximum values of djc. are deter-
mined. Thereafter, the mean of both is calculated and used
as the threshold to discriminate fine- and coarse-grained
layers. All layers with dice less than the threshold value are
assigned as fine-grained firn, others as coarse-grained firn.
This procedure subdivides most of the segment data into
groups of equal number with the exception of two datasets
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Fig. 6. Specific surface area Agpec, mean ice cluster dic, and
pore diameter dyore vs porosity n_for all seasonal segments
measured by XCT. Each of the segments is separately fitted
on a linear regression curve.

from 28 and 32 m depth. Figure 7 displays the depth profiles
of dice, dpore and n separated into fine- and coarse-grained
firn. Surprisingly, fine- and coarse-grained firn show a
crossing-over at their porosity profiles. In the uppermost
part of the profile down to 20 m (equal to n = 0.35), coarse-
grained firn is more porous than fine-grained firn. In the
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Fig. 7. Depth profiles of porosity (crosses), ice-cluster (cir-
cles) and pore (squares) diameter for fine- and coarse-
grained firn. The data for fine-grained firn are connected
with dotted lines. The data for coarse~grained firn are con-
nected with solid lines. The arrows indicate the assumed posi-
tions of the critical porosities separating the initial and
intermediate stage of densification for coarse-grained (A)
and fine-grained (B) firn. Both porosity profiles become
congruent by shifting the curve of fine-grained firn such that
point B fits point A.
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depth range 20-40 m (corresponding to the range 0.35-0.2
in porosity), coarse- and fine-grained firn reach equal por-
osity, whereas below 40m (n <0.35) the coarse-grained
firn is less porous. During the densification process, the pore
diameters dpore of fine- and coarse-grained firn converge
with depth and become approximately equal below 50 m,
whereas the ice-cluster diameters increase roughly linearly
with depth and maintain differences of 0.2 mm between
fine- and coarse-grained firn.

DISCUSSION
Methodological aspects

The firn-cube reconstructions generated by the XCT
method allow estimates of mean ice-cluster and pore sizes
over approximately 1000 elements (equal to the volume of
10 crystal or pore diameters in each direction) with a stand-
ard deviation of about 2.5 um taking into account the two-
fold spatial resolution of 80 pum from the XCT device.
However, due to the non-negligible width of the size distri-
butions of up to 0.41 mm, changes of the mean ice and pore
sizes are only significant when the differences are larger
than the confidence interval of a single value. The 95% con-
fidence interval of the mean is given by zoie/y/m with
z = 1.96. For maximum 0j¢ of 0.4l mm and 1000 elements
(m =1000) the confidence interval becomes 25 pm which is
approximately one-tenth of the measured seasonal variabil-
ity in the firn horizons (Fig. 5). Therefore, the observed size
changes within seasonal layers are significant and not only
of stochastic origin.

By comparing the specific surfaces values, ice-cluster
sizes and growth rates with estimates derived from 2-D
cross-sections, we find a good agreement in magnitude. For
example, Alley and others (1982) measured structural para-
meters on 2-D cross-sections of a 50 m long Antarctic firn
core at Dome C. They obtained specific surface area values
falling into the same range of 10004000 m”m > as pre-
sented in this study. Gow (1975) observed that crystal cross-
sectional areas increase linearly with time in the isothermal
regime of firn below 15 m. For a Greenland location (Inge
Lehmann) with a mean temperature of T'=-30°C he esti-
mated a crystal growth rate of 6-7x10 > mm?a . To com-
pare estimates of grain growth, the 3-D ice clusters are
reduced to their 2-D projections given as 7dice’/4. The
depth is transformed to a time-scale by using the density
profile and accumulation rate.

As is shown in Figure 8, the ice-cluster cross-sectional
area also increases linearly with time except for the deeper
part below 66 m (equal to t> 240 years). The ice-cluster
growth rates for fine- and coarse-grained firn are similar,
at 5.35x10 ® and 6.41x10 > mm?”a ' respectively. The rates
correspond quite well with the crystal growth rates of 6—
7x10 " mm”a ' obtained from 2-D cross-sections by Gow
(1975). Measurements on thin sections of firn cubes already
measured by XCT show that the mean crystal cross-sec-
tional area estimated by different methods differs only with-
in a range of 20%. This implies that a spherical ice cluster
describes a single grain rather than an aggregate of grains.
In other words, the densification process generates no com-
pacted volumes with spherical dimensions larger than a
single grain at least for the upper 66 m. Below 66 m, pore-
channel bonds begin to close, the firn becomes impermeable
and the firn—ice transition is reached. Here, the ice-cluster
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Fig. 8. Ice-cluster cross-sectional area as a_function of time
plotted for fine (dotted lines) and coarse firn (solid lines).
The linear trends occur for the first 240 years of densification
(which is equal to the first 66 m of the firn column ).

size increases rapidly, possibly indicating that the ice cluster
exceeds the volume of a single crystal. Although the recon-
structed firn cubes exhibit the 3-D structure which il-
lustrates the potential of the XCT method, the important
information about the grain boundaries is not directly de-
tectable. Here, a possible way to gain 3-D information about
boundaries could be by numerical analysis of the ice-matrix
data using specific split algorithms. However, a detailed dis-
cussion is beyond the scope of this paper.

Firn densification

The structural data of seasonal firn layers from the Green-
land firn core presented above show that fine- and coarse-
grained firn follow two different density—depth profiles as
also shown by Alley and others (1982) from density profile
analysis. The particle-size-dependent densification causes
changes in the magnitude of seasonal density variations
which are also measured by gamma absorption. The
observed density-fluctuation minimum in the highly re-
solved density profile coincides with the porosity crossover
point of fine- and coarse-grained firn (Figs 3 and 7). Follow-
ing Equation (1) it is obvious that a porosity crossover is
identical with a crossover for density. Therewith a simple
two-layer approach subdivided into fine- and coarse-
grained parts describes the main features of firn densifica-
tion fairly well even though the classification is only done
with the mean of the spherical ice-cluster size. A density
crossing is also suggested by Gerland and others (1999)
who measured the density and electrical conductivity in
high resolution on a firn core retrieved at Berkner Island,
Antarctica. They found an anticorrelation of electrical con-
ductivity data to density at depths of 10 m which switched to
a pronounced correlation at greater depths. This can only be
explained by a change in either the conductivity or density
relation within seasonal layers. This study tells us that the
latter is the case.

A different approach to explaining density variations
during densification was taken by Li and Zwally (2002).
Being aware of the core profile measured by Gerland and
others (1999), they formulated a one-dimensional time-
dependent numerical model to simulate the seasonal density
variations in polar firn. Their model is based on a tempera-
ture-dependent formulation of firn densification. The
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simulated seasonal cycles, with highly compressed layers of
snow deposited during spring to mid-summer and less com-
pressed layers of snow deposited during later summer to
autumn, show variations comparable to the observed data
in the upper part of the firn column. In the model, the fluc-
tuations decrease with depth without displaying a mini-
mum at 20-30 m depth. Li and Zwally (2002) speculated
that the fluctuation minimum might be caused by interann-
ual changes of surface weather conditions. However, further
measurements indicate that the distinct minimum is a com-
mon feature at almost all polar sites with relatively high ac-
cumulation rates of 100-200 mmw.e.a ' and is unlikely to
be a result of interannual changes (Gerland and others,
1999; Wilhelms, unpublished data; this study). Besides im-
purities, only differences in the firn structure can account
for different densification rates. Notably fine- and coarse-
grained layers densify at different rates even after both
layers have reached the same density (at the point of cross-
ing). The density crossover implies that formerly dense
layers in the seasonal density signal are not of the same ori-
gin as dense layers in the deeper part of the firn column.

The two porosity—depth profiles for fine- and coarse-
grained firn are similar in shape. A shift along the porosity
and depth scales would bring both curves into congruence.
An exclusive shift along the depth axis means that fine- and
coarse-grained firn densify in the same manner but reach
the same porosity under different pressure and after differ-
ent periods of sintering. An exclusive shift along the porosity
axis results in different critical densities for the dominant
densification mechanism. Following this interpretation, it
turns out that for fine-grained firn the transition from the
first to the second stage of densification takes place at a crit-
ical density of 0.52 gem * (relative density = 0.57, porosity
n=043) under an overburden snow pressure load of
0.49x10° Pa after a densification time of 30 years, whereas
for coarse-grained firn the transition is reached at a critical
density of about 0.60 g cm * (relative density = 0.65, porosity
n=0.35) under an enhanced snow pressure load of
1.0x10° Pa and after a longer densification time of about
62 years. The critical density of coarse-grained firn is ap-
proximately equal to the density of an ensemble of random
packed spheres (relative density = 0.637; German, 1989). Dif-
ferent critical densities lead to a crossing of the porosity—
depth profiles of fine- and coarse-grained firn because each
densification mechanism densifies the firn at different rates.
In the porosity—depth profiles, the second critical density
originally suggested by Ebinuma and Maeno (1987) at
0.730 gcm ? is identifiable as a similar shift between fine-
grained firn with a critical density of 072 gem * (relative
density = 0.78, porosity n=022) and coarse-grained firn
with a critical density of 077 gem ® (relative density =
0.84, porosity n =0.16). The congruence in the porosity—
depth profiles indicates that the densification rates for fine-
and coarse-grained firn are quite similar within the sinter-
ing stages. However, the critical densities are different, as
are the time and pressure conditions for reaching the differ-
ent sintering stages. It is interesting to note that the pore
sizes at the critical densities are similar for fine- and
coarse-grained firn. But what causes the differences in the
critical densities?

To explain different critical densities, the cluster size
must be linked to other structural parameters which directly
affect the densification mechanism, for example to the num-
ber of contacts between particles (coordination number), to
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the area fraction which is involved in the grain-to-grain
interfaces or to a shape factor of the grains (Alley and
others, 1982; Alley, 1987b). Tor all that, the boundaries of a
single grain have to be known. Unfortunately, grain bound-
aries are not directly detectable by the XCT method. Con-
sidering the pore space during densification, it is surprising
that the pores are compacted independently of the grain-
size to the same spherically equivalent dimensions of about
0.5 mm in diameter before close-off (Fig. 7). This emphasizes
that the pore dimensions might play an important role in
determining the transitions to different densification stages.

CONCLUSIONS

The densification process of polar firn at sites with relatively
high accumulation rates of 100~ 200 mmw.e.a ' and mod-
erate mean temperatures of about —30°C is accompanied by
seasonal density variations with a local minimum in the
density range of 0.55-0.65gem ° or 20-30 m respectively.
In order to explain the density variations and their mini-
mum, the structural properties are investigated by applying
a new method of XCTon polar firn. The XCT method was
validated by independent density measurements using gam-
ma absorption. A spatial resolution of 40 um and a cube size
of 12 mm length allow for estimation of significant changes
in the mean values of the 3-D ice cluster and pore-size dis-
tributions in the order of 25 ym which is sufficient to detect
changes within seasonal layers.

The data of a Greenland firn core presented above show
that the seasonal density variations can be attributed to two
firn layers defined as fine- and coarse-grained firn by means
of the ice-cluster size with different densification rates. The
porosity—depth profiles of fine- and coarse-grained firn dis-
play a crossover point in the range where the seasonal den-
sity variations reach their local minimum. Hereafter, the
minimum is caused by the cluster-size-dependent densifica-
tion rates of two different types of firn. To explain the differ-
ent densification profiles it is speculated that in fine- and
coarse-grained firn the dominating densification mechan-
1sm acts over different density regimes. For the firn—ice
transition the regime shift implies that the isolation of air
bubbles would occur first in fine-grained firn layers, fol-
lowed by isolation in coarse-grained layers in the deeper
part of the firn column. On the other hand, if the critical
density of the firn—ice transition did not depend on micro-
structure and cluster size, air bubbles would be isolated in
the dense coarse-grained layers first, followed by isolation
in the fine-grained layers in the deeper part. However, in
both cases the depth of the firn—ice transition differs with
cluster size. In the former case the development of fine-
grained layers is crucial for the formation of bubbles, but in
the latter case the development of coarse-grained layers is
crucial. Hereafter, different atmospheric boundary condi-
tions favoring either coarse- or fine-grained layers at the
snow surface could influence the depth of the firn—ice trans-
ition. A detailed investigation of the firn—ice transition by
the XC'T method described here will be part of future work.
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