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Abstract An approximately 195 mm diameter firn / ice core, 234 m long, was thermally drilled in 1987 aus-
tral summer at DEO8 (66°43’S, 113°12’E) on Law Dome, East Antarctica, .where the accumulation rate is
about 1200kg/(m?- a); 10m ice temperature is about —18.8°C. Analysis was mainly made at the site immediately
after drilling. The snow stratigraphy at DEO8 is characterised by the lack of coarse-grained snow and other
distinct visible feature normally corresponding to annual layers. There is a smooth transformation from
fine-grained snow at shallow depth to ice at about 80-90m which is greater than that at most other polar
locations cue to its abnormally high accumulation rate. According to the marked change in the trend of
density with depth and in the crystal properties four stages of the transformation of snow to ice and develop-
ment of crystal structure can be distinguished; settling stage (0-10m); sintering stage (10-90m); rapid crystal
growth stage (90-170m); and dynamic metamorphism stage (170—234m). The rates of densification and crystal
growth from the surface to the depth of the firn-ice transition closely depend on the general temperature.
Below the transition zone, the crystal growth rate is higher by a factor of 4.3 in comparison with that at
other sites. The very high vertical strain rate at DEO8 compared to that at the other sites suggests that the
crystal growth rate in the ice layer may increase by the associated deformation.

Key words firn/ice core, stiatigraphy, Law Dome.

Fig. L Map of Law Dome Ice Cap showing lccation of DE08 drill site. Starred area
! is a dry snow zone delimited by Xie (1986),
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Introduction

DEOB is located 16 km east of the summit of Law Dome, Antarctica, at latitude 66°43'19"S,
longitude 113°11’58”E, with a surface elevation of 1250 m a.s.l. and total ice thickness about 1179
m (Fig. 1).  In January 1987, a 234 m long, 195 mm diameter core was thermally drilled at DE
08. The following measurements and obsérvations were made on-site as the drilling progressed:
stratigraphy, solid D. C. electrical conductivity, density, crystal size and c-axis orientation. Thin-
sections were cut, prepared and photographed immediately after drilling to avoid crystal modifi-
cation by core relaxation and prolonged storage and transport. The in-situ ice temperature-depth
profile was measured in the borehole following the drilling.

The primary chronology of the core is derived from the solid electrical conductivity measure-
ments (Wookey, in preparation) which gives a mean accumulation rate for the last 50 years of 1200
kg / (m?.a). This is close to the value of 1300 kg / (m2+a) from cane measurements during the period
from May 1984 to December 1987. The 10 m ice temperature is approximately -18.8°C (Etheridge
and Wookey, 1988).

Sampling and measurement procedure

When a core section was retrieved from the thermal drill, a 10 mm thick layer was removed
from a side of the section using an electric planer to give a clean flat surface. A stratigraphic des-
cription was made from the observations of visible features on a light box. ice lenses, that are arti-
facts prepared after infiltration of melt water during the thermal drilling, were put to about 40 m
depth and ignored in this analysis. Density is calculated from measurements of length, diameter
and mass of core samples turned to a cylindrical shape on a lathe. For the upper part of the core,
samples were selected from the sections that were not visibly affected by melt water infiltration.
Thin sections were prepared and photographed for investigations of bubble and crystal properties.
Dodecane was used as a filler to support the firn/ice matrix during cutting on a vacuum stage mi-
crotome using the technique used by Alley (1980). Crystal c-axis orientation was measured on a
Rigsby stage (Langway, 1958),

Crystal size is calculated as an average value for 100 crystals selected at random in a thin-
section. A sample area in the thin-section of 1200-2400mm? is generally used. A set of rectangular
coordinates is superimposed on a photograph of the thin-section. Pairs of numbers from a random
number generator are used to define a coordinate point in the section. Measurements are then ma-
de on a crystal containing that point. The area of each crystal is calculated assuming it has an
elliptical shape with major and minor axes given by the diameter of the smallest circumscribed circle
D, and the diameter of the largest inscribed circle D; respectively. The sphericity of a crystal is
defined as a ratio D; / D,. The sampling technique described here gives a weighted mean area
because the probability of selecting any individual crystal is proportional to the area of the cry-
stal.

In order to compare crystal size measurements presented here with earlier measurements
by Gow (1975), additional measurements were made on a set of seventeen thin-sections from the
LJ24 core using his technique (Gow, 1969). Average crystal size for these sections varies from 0.2
to 3.6mm? The relationshir of crystal size measured by Gow’s technique, S;, to that measured
by the technique presented here, S, can be approximated by
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S, = 1.148 (5,) 0.733 N )
with a correlation coefficient of 0.984 for the seventeen sections. Further work is required to
determine if this relation is independent of any effect of ambient conditions at the site and sample
age or depth. The mean diameter of air bubbles is defined as the geometric mean of the average
long axis for 100 bubbles and the average short axis of the same 100 bubbles. The specific area
of the internal free surface (ice-air contact area) and of the solid ice crystal boundary (ice-ice
contact area) are determined from the following relation (Smith and Guttman, 1953)

_ S =2N/L 2)
where L is the total length of the lines drawn on the photograph and N is the number of intersec-
tions of the crystal boundaries (surfaces) with the lines. In this study a series of parallel lines was
drawn on the photograph to give a total length of 200 mm. Specific area varies inversely as the
crystal diameter (Narita and others, 1978).
Results and Discussion

1. Stratigrayhical observations of snow pits

The stratigraphy observed in two snow pits, 2.1 and 3.8 m deep, at DEOS at different times
is shown in Figure 2. The snow stratigraphy consists only of fine-grained snow except for one thin
layer (a few millimetres thick) of fine deep-hoar. The lack of coarse material produces a very sim-
ple stratigraphy. The absence of any thick ice layers (greater than 2 mm thick) over the 1-2-
year accumulation represented in the pit suggests that the site is in the dry-snow zone (Benson, 1962;
Paterson, 1981; Xie, 1986).

(o) (b)
0'-"-'-‘-'#..!.1 1111
* X % R
* ¥ -
* X ¥ -
* * ¥
x * % k%

| o* * T .
* ¥ ¥ . o
T * AAAA
ol o e . .
£ . . )
3‘ . .‘.
02"' L . -

* e mNew snow
e Drifi snow
k. . . Old SNOW
. . E Crust '
Depth hoar
|. . .|Fine firn
. (d<"1mm)

Fig. 2. Snow stratigraphic of DEO8 pits dug on 16/1 /1987 (a) and 5/4 [ 1987 (b).
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2. Visible features of the core

A gradual increase in crystal size could be observed .along the core with depth and the firn
transformed to ice below about 80 m. There is no apparent alternation of fine and coarse firn.
The zone where the interconnected air passages in the firn are close-off to form individual bubbles
could be observed. Below 80-90 m the bubbles gradually assume a spherical shape and become
smaller with depth. Crusts could be easily distinguished along the length of the core. Most of
them are transparent, less than 1 mm thick, formed under the influence of solar radiation during
the summer months. By contrast, Alley and Koci (1988) found in snow pit at Site A in Greenland
than most crusts become indistinct by about 2 m depth as a result of diagenetic changes. = At DEO0S,
the frequency of crusts decreases below about 100 m depth with pronouncedly increasing growth
rate compared to that at shallower depth.

Figure 3 gives a schematic representation of the stratigraphy below 10 m together with the
mean bubble diameter and number of crusts per depth interval. The number of crusts is calculated
per metre increment in ice equivalent and then smoothed by taking a running mean over a 10 m
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Fig. 3. Schematic stratisraphy of the DEO8 core below 10m depth, the number of crusts in
a depth increment (Im ice equivalent increments, smoothed with a 10m running
gcan), together with mean bubble diameter versus depth.
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Table 1. Firn—ice transition depth.

Site Transition Accumulation Mean annual Reference
depth(m) rate(kgm~2a”?)  temperature (°C)
Wilkes S2 ) 38 130 —19 Paterson 1981
Roi Baudouin 46 380 —15 Paterson 1981
Little America 51 220 —24 Paterson 1981
Agassiz ice field 53 165 —25 Paterson 1981
Inge Lehmann 60 100 —30 Paterson 1981
Devon ice cap 62 220 —23 Paterson 1981
Byrd 64 140 =28 Paterson 1981
Site 2 66 410 —25 Paterson 1981
Maudheim 67 370 -17 Paterson 1981
Dye 3 65—170 490 —19 Paterson 1981
Camp Century 68 320 —24 Paterson 1981
Crete 68 250 —30 Paterson 1981
Milcent 66—70 480 —22 Paterson 1981
Law Dome summit 70 643 —21.3 Etheridge&others 1988
Siple ) 72—176 500 —24 Stauffer & others 1985
Site A 75—80 261 ~29.5 Alley 1988
DEO08 80—85 1200 —18.§ this work
Vostok 00 22 —57 Paterson 1981
Dome C 100 36 —54 Alley 1980

interval (in ice equivalent). Photographs of air bubbles at four different depths are given in Fi-
gure 4 (see p. 83)

3. Density-depth profile

The density-depth profile measured on samples from the core is shown in Figure 5. Density
values from the snow pits, calculated as the mean values over 0.5 m intervals, are included to pro-
vide near-surface values. Three distinct depth zones can be delineated by significant breaks in
the trend of density with depth at approximately 10 m and 90 m where the corresponding density
is 580 and 860 kg / m® respectively. In the middle zone the trend can be closely approximated by
a linear relation, but in the upper and lower zones the relation is non-linear. Benson (1959) and
Gow (1968) found similar divisions and approximations for sites in Greenland and for Byrd, An-
tarctica.

The density-depth profile is approximated by the following functions:

p= pi —0.543 exp (— 0.049 2) z<10m r = 0.949 3)
p= pi +0.0035 z 10<2z<9%0m r = 0.989 4)
p= pi —(@4517 z) —2.516 90 < z<C232 m r = 0.964 %)

where p is density (kg/m?), z—depth(m), p;—density of pure ice (918 kg/m?®) and r is a correlation
coefficient. The three zones defined above are consistent with the three zones referred to by wor-
kers in describing the densification of cold dry snow (e.g. Bader 1965; Benson, 1962, Gow; 1975;
Paterson, 1981). The boundaries of the three zones are typically set at densities of 550 and 830
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Fig. 5. Density-depth profile (a) and temperature-depth profile (b) for DEOS. Solid
circles represent the density measurements taken at snow pits. Temperature
data are cited from Etheridge and Wookey 1988.

kg/m3, and the dominant mechanisms of densification are described as grain settling in the upper
zone, sintering in the middle zone and bubble compression in the ice.

The density-depth profile reflects the prevailing surface temperature and accumulation rate.
In general the smaller the accumulation rate or higher the temperature, the smaller the increment of
depth for a given increment of density. A useful parameter is the depth to the firn-ice transition.
Table | presents measured values for a selection of sites. Except for the very cold locations of
Vostok, Dome Cand South Pole, DEO8 has the largest Firn-ice transition depth. Gow (1975) sum-
maried the data from ten stations where the 10m snow temperature ranges from —15°C (Roi Bau-
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douin) to —57°C (Plateau). He found the temperature dependence of densification could be
clearly demonstrated in the time needed to transform snow into ice at the different temperatures.
There is a good linear relation between time required to reach the snow-ice transition and the 10m
temperature of the snow. At DEO08, the 10 m snow temperature is —18.8°C ; the age at the depth
of firn-ice (80—90m) is around 50 years. This is closely fitted to the result of Gow (1975) as in-
dicated in Figure 6.
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Fig. 6. Relation between age of snow-ice transition and snow temperature at 10m depth. Open
circles indicate data from Gow (1975). Solid triangle indicates data for DEOS.

4, Crystal structure

Photographs of thin-sections showing the crystal structure from 8 different depths are given
in Figure 7 (see p. 84~85) The crystals in recently deposited snow (Fig. 7a, 1 m depth) are gener-
ally separated, with an irregular shape and sharp points. With increasing depth the crystals tend
to be roughly spherical with increasing inter-crystal contact area (Fig. 7b, 10 m). Bonding or neck-
ing occurs between crystals because of sintering (Fig. 7 ¢, 30 m).  Then the bonds thicken, the
spaces around them fill in and the firn begins to transform to ice with polygonal crystals (Fig. 7
d, 82m). Below that, in association with a more rapid growth of the crystals, the simple polygonal
shape with linear boundaries is gradually replaced by the more complex shape of the dynamo-me-
tamorphic structure, which exists below about 170m depth (Fig. 7e, 124 m; Fig. 7 f, 157 m; Fig.
7g, 184 m; Fig. 7Th, 233m). Variations in crystal size, sphericity and specific area are another indi-
cations for the changes described above.

The crystal size-depth profile is shown in Figure 8 a. The mean crystal area increases linearly
with depth in two stages. Below about 94m there is a sharp change in the gradient of crystal size
with depth, indicating an increase in growth rate. Below 170 m the crystal size fluctuates about
the general trend.

The sphericity-depth profile is shown in Figure 8¢c. For crystals with a circular cross-section
the sphericity is 1 and for regular hexagons is 0.87 .  All the measured sphericities are less than
0.75 and mostly less than 0.65, indicating that many crystals have cross-sections far from circular.
There is a rapid increase near the surface to a maximum of 0.75 at 10 m depth, then a sharp decre-
ase to about 0.65 at 25-30 m and a more gradual decrease to value near 0.55 at the bottom of the
core. The increase in sphericity in the upper 10 m is consistent with the observed rounding of grains
in the upper layers. The decrease below 10 m would appear to be related to the shape change
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Fig. 8. Crystal properties for DE08: a. Crystal size versus depth. The two lines are drawn
by inspection; b. Specific area versus depth. Solid circles show ice-ice crystal contact area,
and open circles show free surface area; c. Sphericity-depth profile.

associated with the development of bonds or necking between crystals. As the crystals assume
a polygonal shape, they tend to be slightly elongate. If any part of a crystal boundary becomes
concave, then the sphericity would decrease further. such as occurs in the dynamo-metamorphosed
ice. Figure 8 b shows the specific area measurements for the ice-ice crystal boundary and the internal
free surface. The largest value of the free surface and the smallest value of the crystal boundary
arc found near the top of the core which is consistent with the crystals being well separated by sm-
all inter-crystal contact. The internal free surface decreases to the bottom of the core, whereas
the ice-ice specific area initially increases to a maximum value between 50-90m depth and thereafter
decreases. Both specific areas tend to be constant towards the bottom of the core. The increas-
ing ice-ice specific area in the upper 50-60 m reflects two effects: the increasing density of the firn
and the increasing proportion of ice-ice contact on the crystal boundary.

5. C-axis orientation

C-axis orientation fabric diagrams for eight different depths are shown in Figure 9. The
pattern appears to be nearly random from the surface to about 170 m depth. From there to the bot-
tom of the core there is some tendency to a central clustering with few subhorizontal axes. This
tendency corresponds to the development of a complex crystal structure (Fig. 7 g and h), sugges-
ting that deformation is beginning to have an effect on the structure.

The change in crystal properties around 170 m depth suggests another subdivision of the core
additional to the divisions defined by the density-depth profile. The depth interval 90-233m is
sub-divided into two zones: 90-170 m where rapid crystal growth occurs in the ice, and 170-233 m
where dynamic metamorphism begins to take effect.
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Fig. 9. C-axis orientation fabric diagrams for DE0O8. Data for 55 m depths were measured from vertical
thinsection then rotated 90°. The other fabrics were measured on horizontal thin-sections.
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Fig. 10. Crystal size versus age for DE08. The two lines were fitted by least squares.

Crystal size is plotted against the snow age in Figure 10. The crystal size increases essentially
linearly with the age for the first 50 years, which corresponds to the depth interval 0-90 m. But
below 94 m depth (age-55 years), the growth rate increases significantly, by a factor of about 4.3.
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The trend of crystal size with age is approximated by two regression lines in Figure 10, one corres-
ponding to the growth rate in firn and the other to the growth rate in ice. In the firn, the growth
rate is constant from the surface downwards. There is no evidence of increasing growth rate in
the upper few metres, as found at other sites by Gow (1975) and Qin and others (1988). They
suggest that an increasing growth rate in the near-surface layer would result from vapour diffusion
along with strong temperature gradients and the exposure of the firn to this effect over. a long
period. At DEQS, the accumulation rate is so high that the staying period of the firn near the sur-
face is much shorter than that at low accumulation area, as indicated in Table 2, and that the firn is
never CXpOSed to such temperature effects for any significant period, and hence the crystals grow
in close to an -isothermal environment. -

Table 2. Age of the snow at 3n depth.

Site - Age(a) Reference

. Plateau ' _ 40 ~ Gow 1971
" Dome C 32 “Alley 1980
South Pole 17 Alley 1980
Inge Lehmann 11 Gow 1971
Litter America .9 Gow 1968

" Byrd 7 Gow 1968
Camp Century 3 Gow 1971
DZo8 0.8 This work

The crystal size can be expressed as a function of time and temperature by
S2= Soz'}‘ K, (6)

where S, is the initial crystal size (i.e. mean crystal cross-section area), S is the size after time ¢,
and K is the growth rate which can be expressed by the Aarhenius relation

K = K, exp (—E/ RT) @)
where K, is a constant, R is the gas constant, T is the absolute temperature and E is the apparent
activation energy for crystal growth (Gow, 1975). The value of E varies in a range from 42.3 to
48.6 kJ mol™?, depending on the selection of data used by different aythors (Gow, 1975, Paterson,
1981, Duval, 1985). The relation and data given by Gow (1975) is shown in Figure 11.

From the regression line shown in Figure 11 the growth rate in firn is 0.0179 mm? /a and the
growth rate in ice is 0.0767 mm?® / a. But to compare these values with Gow’s data, allowance
needs to be made for the bias in crystal size resulted from the difference in the techniques. Ap-
plying the relation to equation 1 gives the value 0.0181 mm?3/a in the firn. The regression line of
growth rate against the inverse of temperature given by Gow (1975)predicts a value of 0.0224mm?/a
for a temperature of —18.8°C. The measured value is close to this predicted value, indicating
the growth rate in the firn at DEO8 is consistent with the relation described by equations 6 and 7.
But the value in ice is much higher. Figure 5 shows the temperature-depth profile for DE08.  The
temperature decreases from approximately - 18.5°C near the surface to —20.2°C around 100m
and is almost isothermal to 230 m, where the minimum temperature of —20.3°C occurs. For
this temperature range the predicted growth rate ranges from 0.0230 mm? / a for — 18.5°Cto 0.0199
mm? [ afor —20.3°C. The effect of temperature cannot explain the large difference in the growth
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Fig. 11. Relation between crystal growth rate and temperature. - Solid circles show
data from Gow (1975). The values for the firn and ice from DEO8 are
shown as open circle for the firn and solid triangle for ice.

rates in firn and ice.

Alley (1986a and b) and Duval (1985) used measurements on deep ice cores from Greenland
and Antarctica to extend the study of crystal growth rates from firn to ice. They restricted their
work to the zone above the depth ,where shear deformation occurs and development of a c-axis fa-
bric become significant. They concluded that the crystal growth rate obeys the same tempera-
ture relation in ice as in firn and that there is no change in growth rate across the firn / ice transi-
tion. |

The sites investigated by Alley (1986a and b) and Duval (1985) have low accumulation rate,
cold temperature and large ice thickness. By contrast, DE08 has a very high accumulation rate,
smaller ice thickness and warmer temperature. Thus the vertical strain rate at DE08 would be mu-
ch higher than that at the other sites.  There is no large change in ice thickness immediately up-
stream of DEO8 and the flow is close to planar. By assuming that the ice sheet is in steady state
and that the strain rate is uniform with depth, anestimate of the vertical strain rate can be obtained
from

. a
E;= —-;:—z— (9)
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Table 3. Estimated vertical strain rate.

Site &™) _ Reference ‘
Vostok 7X107* Duval and Liboutry 1985
Dome C 1X10°° Duval and Liboutry 1985 .
South Pole 3.19X1078 Duval and Liboutry 1985
Mizuho. 3.68X107° Duval and Liboutry 1985
Byrd ' 7.85X107° Duval and Liboutry 1985
Camp Century 2.76xX107* Duval and Liboutry 1985

DE08 - L1X307? This-work

oG

-

where a (kg / m2.a) is the accumulation rate, Z is the equivalent ice thickness (m), and p; is the
density of ice (918 kg/m®). Calculated values are given in Table 3, where it can be seen that the
vertical strain rate at DEO8 is one to two orders of magnitude greater than that at the other sites.
This suggests that the strain rate and / or accumulated strain or stress may play a role in contro-
lling the crystal growth rate. At DEO8, the estimated accumulated vertical strain is around 57,
at 90m depth and about 18 % at the bottom of the core. The octahedral value of the strain at the
corresponding depths is 3-——4 9 and 13—159; respectively. The octahedral values depend on the
strain configuration. For a plane flow regime the larger octahedral value is relevant, but if there
is divergence locally at DEO8, the octahedral value would be smaller.

From laboratory uniaxial compression experiments on ice, Jacka and Maccagnan (1984) found
that ice crystal diameter increases during the creep stage when strain rate increases from minimum
to maximum teritary value. The crystal growth in diameter ceased once, the constant tertiary flow
rate was attained. In further experiments Jacka (1984) used ice with a range of initial crystal sizes.
He found that for the samples deformed under the same temperature and stress conditions, the cry-
stal sizes attained approximately the same value at the termination of experiment in the tertiary
creep stage, independent of whether the initial crystal size is larger of smaller than the final size.
He concluded that tertiary ice flow may limit crystal growth to an equilibrium size. The exper-
imental strain rate is three orders of magnitude greater than that at DE0O8, and total strain of the or-
der of 309,. Additional work is needed to find the dependence of crystal size and growth rate on
the effects of deformation in the ice sheet.

Conclusion

The snow stratigraphy at DEO8 is characterized by the lack of coarse-grained material and any
other distinct feature normally associated with annual layering or individual storm events. There
is a smooth transformation from fine-grained snow at shallow depth to ice at about 80-90m. The
firn-ice transition depth is greater at DEO8 than at most other polar locations because of its ab-
normally high accumulation rate. Crusts can be distinguished through the total length of the core,
but the frequency of occurence decreases below about 95m.

Marked changes in the trend of density with depth and in the crystal properties are used to de-
fine four stages in the transformation of snow to ice and development of crystal structure. The
four stages and the corresponding depth zones are as follows: settling stage (0-10m); sintering stage
(10-90m); rapid crystal growth stage (90-170m) and dynamic metamorphism stage (170-233m).

T e e e I S
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The rates of densification ard crystal growth from the surface to the depth of the firn-ice transi-
tion closely depend on the general temperature (Gow, 1975), but the very high accumulation preve-
nts the near-surface snow from being exposed to large temperature gradicnts or variations for any
time period, so that the crystal grow in an almost isothermal condition. Below the firn-ice transi-
tion zone the crystal growth rate is higher by a factor of 4.3 in comparisen. with the results from
other sites where there is no detectable change in growth rate with depth in the upper part of the ice
sheet near the firn-ice transition. The very high vertical strain rate at DEO8 compared to that at
the other sites suggests that the crystal growth rate in the ice may increase by the associated de-
formation.
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