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A thin section study of crystal structure has been carried out on a 345 m long ice
core drilled to bedrock on Hans Tausen Iskappe, 1995. In addition a meltlayer
stratigraphy was set up, showing how the fraction of meltlayer-ice in the core
increases with depth. Main characteristics of crystal structure are increasing
mean crystal size from top to bottom in the core and development of a weak sin-
gle maximum c-axis fabric. The rate of ice crystal growth in the well dated up-
per half of the core is much lower than expected from studies of the normal
grain growth regime in other polar ice cores. Probably the grain boundary
movements are impeded by impurities, which are present in relatively high
concentrations in the Hans Tausen ice. Asuming the applicability of the calcu-
lated growth rate throughout the core, a late Holocene origin of the oldest ice is
suggested by the size of the crystals close to bedrock. Presented data further-
more implies that bottom ice temperatures were never near the melting point
and it is concluded that there was no ice cap on the Hans Tausen plateau earlier
in Holocene.
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Introduction to Hans Tausen tions up to 1300 m a.s.l. (Thomsen et al.

Iskappe 1996). In the summer of 1995 an ice core
Hans Tausen Iskappe is located on a was drilled on the southern dome of the
plateau in Pearyland, North Greenland. ice cap. Drilling reached bedrock and
This irregularly shaped ice cap stretches  the core retrieved is 345 m long. Tempe-
out 75 km from north to south and 50 ratures in the Hans Tausen bore hole in-
km from east to west, reaching eleva- crease approximately linearly from

MEDDELELSER OM GRONLAND, GEOSCIENCE 39



98

MADSEN AND THORSTEINSSON: TEXTURES, FABRICS AND MELTLAYER STRATIGRAPHY

—-21°C near the surface to -16°C at
bedrock (Johnsen, S. ., personal commu-
nication 1997).

A visible feature of the core is the fre-
quent occurrence of melt layers formed
by refreezing of meltwater in the firn. In
the present paper, ice formed in this way
will be termed meltlayer-ice, while glacial
ice formed by gradual compression of
firn will be referred to as firn-ice. The
abundance of meltlayer-ice in the core
increases with depth (Fig. 1), attesting to
warmer conditions at the surface earlier
in the history of the ice cap.

Average §"O values of the ice are
around —27°/ o in the upper */, of the core
decreasing by 1°/(, in the deepest part
(Hammer et al. 2001). Considering the
raised fraction of meltlayer-ice in the last
part of the core the slight lowering of
8'80 values can hardly be interpreted as
a transition to ice age conditions. Thus
all ice within the core must have been
deposited during the Holocene. For fur-
ther dating of the ice core, time markers
are provided by identified volcanic
eruptions. Annual layer thicknesses in
the core seem to be almost constant at
10-11 cm at least to the acidic peak at
131.5 m assigned to the 934 AD eruption
of Eldgja (Stampe 1997). Below this
depth there are no clear guidelines for
the time scale.

The purpose of this paper is to present
and interpret data from thin section stud-
ies of the Hans Tausen Ice Core and dis-
cuss what can be learned about the ice
cap from the crystal structure of the ice
and the meltlayer stratigraphy. The ana-
lysis will be based on the hypothesis that
the ice cap formed on the Hans Tausen
plateau during the Holocene. Alterna-
tively, the lack of depositions from the
last ice age could be explained by melt-
ing and run-off from the bottom of the ice
cap during the Holocene. This scenario is
less appealing considering the present
temperature at bedrock, but will howev-
er be evaluated in a later discussion of
former temperatures in the ice.

Polycrystalline structure of glacial ice
The development of the polycrystalline
structure has been investigated in sev-
eral deep ice cores. Observations of
crystal size variations with depth have
revealed 3 recrystallization mechanisms,
governing the movement or formation
of crystal boundaries within the ice
under various conditions (Herron &
Langway 1982, Alley 1992).

In the top part of the ice cap, where
strain and strain rates are small, mean
crystal size is increasing with the age of
the ice. Reduction in free surface energy
by elimination of the smallest crystals
provides the driving force for the pro-
cess dominating, called normal grain
growth. Following early results from
metallurgy, it has been generally ac-
cepted to describe the growth of mean
crystal size in firn and ice at low strain as
function of time by

D*=Dj+ kt, (1

where D; and D are mean crystal dimen-
sions at time #, and t > t,, respectively
(Gow 1969, Alley 1986 et al., Alley 1992).
However, it should be borne in mind
that theoretical considerations have also
led to other growth laws (Atkinson 1988,
Alley et al. 1986), for instance with the
exponent of 2 raised up to 3. It is very
hard to argue for one growth law or the
other by data, since the normal grain
growth regime often corresponds to a
quite limited time interval relative to the
slow rate of growth. Put in another way
the function relating mean crystal size to
time can not be precisely determined
because it is constrained by data in a
window which is too narrow relative to
the scale of its curvature, given the
inevitable scatter of data. The local vari-
ability of crystal size is not just statistic
fluctuations, but reflects the influence of
other factors on crystal growth, one of
which is impurities in the ice. By
impeding crystal boundary migration,
impurities lower the growth rate and
could possibly change the functional
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relationship too (Alley et al. 1986, Alley
et al. 1995, Duval & Castelnau 1995).

Adopting equation (1), the growth
rate k has been demonstrated to show an
Arrhenius type temperature depen-
dence expressed by

k=kyexp (;R’(]%)’ 2
where Q is the activation energy for
crystal growth, R the gas constant, T the
temperature in Kelvins and k, a constant
of proportionality (Gow 1969, Duval
1985, Paterson 1994, Li 1995). At tempe-
ratures above -10°C, experiments indi-
cate that the grain growth rate increases
much faster with temperature than pre-
dicted by (2) with k;and Q being the
constants appropriate for lower tempe-
ratures (Li 1995).

Deeper in the ice cap, stored strain
energy can provide new driving forces
for recrystallization, changing the char-
acteristics of the polycrystalline struc-
ture. Succeeding the initial growth a
zone of stagnating mean crystal size is
observed in several ice cores (Gow &
Williamson 1976, Herron & Langway
1982, Alley 1992, Gow et al. 1997,
Thorsteinsson et al. 1997). The occur-
rence of constant crystal size has been
explained by the onset of polygonization,
a process by which deformation induced
dislocations arrange themselves into
new crystal boundaries, leading to sub-
division of crystals and thereby counter-
acting normal grain growth (Alley 1992,
Alley et al. 1995).

Finally dynamic recrystallization, a pro-
cess favoured by high strain/strain-rate
and temperature is believed to overprint
earlier crystal structure close to the
bottom of a few drill sites in thick ice
sheets. Due to the difference in stored
strain energy, new and essentially strain
free grains can nucleate in the matrix of
highly strained older grains and expand
rapidly to form large irregular crystals
(Gow & Williamson 1976, Duval &
Castelnau 1995, Gow et al. 1997).

Methods

The meltlayers are visible in the core as
clear bands of essentially bubble free ice
and were recorded in the field (H. B.
Clausen, personal communication 1997).
The total thickness of meltlayers was
summed for each 55 cm of core (a bag
length), and below the firn/ice transi-
tion this is immediately converted into a
meltlayer percentage. In the top 60 m of
the core the different density of melt-
layer-ice and firn must be taken into
account in order to obtain a meltlayer
percentage, which is independent of the
firn compression state. The correct
weight percentage is obtained as
PiceSicel (PiceSice + PfimSgirn), Where p and S
denote density and core length of ice
and firn. However, available density
data dictated a more rough calculation
of weight percentage replacing the
denominator by the bag length times a
density at the given depth estimated by
the mean density profile of the core
(Clausen, H. B., personal communica-
tion 1997). If the bag in question contains
more (less) than average meltlayer-ice
the denominator will be too small
(large), thus the amplitude of meltlayer
intensity variations is slightly exagger-
ated in the top.

For the study of ice crystal structure in
the Hans Tausen ice core, a total of 34
vertical thin sections were cut parallel to
the long axis of the core and evenly
spaced from top to bottom. In addition 8
horizontal thin sections, normal to the
long axis of the core and evenly spaced
from 120 to 330 m were prepared for
determining fabric. The coexistence of
meltlayer-ice and firn-ice calls for sepa-
rate analysis to investigate the influence
of meltwater percolation on crystal
growth. Thus the sampling was done
with the aim of obtaining thin sections
covering both meltlayer-ice and firn-ice
when possible.

Mean crystal sizes were measured on
vertical thin sections using the linear
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Fig. 1. Percentage by
weight of meltlayer-ice
in the Hans Tausen ice
core, calculated in run-
ning mean of 2.20 m.
A pronounced shift
from high to low frac-
tions of meltlayer-ice is
encountered at 175 m
depth. A short interval
of very high melt is
seen in the top at 15-17
m depth. The actual
fraction of course does
not exceed 100%, this
is a consequence of the
procedure used for air
correction of the firn as
explained in the section
on methods. The vul-
canic time horizon of
Katmai 1910 eruption
is identified closely
below at 17.63 m
depth.
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intercept method by which the number
N of crystal boundaries intersected by a
test line of length L is counted. The
linear intercept diameter, L/N, was used
as a measure of mean crystal dimension.
Using test lines parallel and normal to
the long axis of the core, vertical and
horizontal crystal dimensions D, and D,
were obtained. Each measurement used
several test lines across the thin section,
with enough spacing to prevent the
same crystal from being counted twice.
In most cases this procedure allowed for
at least 100 crystals to enter the measure-
ment and the error is then less than 1
mm. The mean crystal diameter was
defined as the geometric mean, D=(D,
D, D,)”, implicitly assuming symmetry
around the vertical. For convenience in
relation to the growth law (1), D? will be
referred to as the crystal size.
Crystallographic c-axis orientations
were measured for the horizontal thin
sections using standard operations on a
semi automatic Rigsby Stage (Langway
1958, Lange 1988). In addition some
extra measurements were carried out on
vertical thin sections, noting for each c-

axis measurement which crystal it
belonged to by numbering the crystals
on a photograph. This procedure pro-
vides the distribution of angles between
neighbouring crystals which may reveal
the possible recrystallization mecha-
nisms responsible for the existing poly-
crystalline structure (Alley et al. 1995). If
polygonization is happening to a con-
siderable degree, an overweight of low
angle boundaries is expected, relative to
a sample with the same c-axis directions
distributed randomly among the crys-
tals. Dynamic recrystallization could
also be detected by this method.

Observations

Meltlayer stratigraphy

The variation of meltlayer intensity with
depth in the core is shown in Fig. 1. Note
that the meltlayer curve is not a direct
record of the annual meltwater forma-
tion, since the fraction of meltlayer-ice is
modulated by changing accumulation.
There is however a clear trend of
increasing meltlayer abundance with
depth, with a pronounced step to higher
fractions encountered around 175 m
depth. Below this point the oscillations
of meltlayer intensity seem to proceed
with higher amplitude until the core
consists of 100% meltlayer-ice at 285 m
depth. The remaining 60 m is superim-
posed ice interrupted only twice by a
few cm of firn-ice.

A significant short term feature of the
meltlayer curve is the shallow slim peak
at 15-17 m depth. Based on volcanic sig-
nals (especially 1910 (Katmai) at 17.63 m
and in addition 1873 at 23.05 m to esti-
mate the rate of accumulation (Stampe
1997)) this meltlayer is dated to 1915-
1930. The meltwater might have pene-
trated some meters down in the snow
pack, which would make the melt event
up to 10 years younger than the melt-
layer, considering annual snow accumu-
lation at the drill site.
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Fig. 2. Thin sections
from increasing depths
photographed between
crossed polarizers. a:
26.40 m. Firn with a
meltlayer clearly vis-
ible by its larger crys-
tals. b: 209.65 m. Firn
layer compressed to
glacier ice surrounded
by meltlayers with
larger crystals. Air
bubbles in the firn-ice
are still seen. c: 285.50
m. Meltlayer-ice with a
distinct difference in
crystal size for top and
bottom. c-axis mea-
surements and chem-
istry data reveal that
the appearance of
smaller crystals is not
associated with shear
bands, but may be
explained by contrasts
in impurity concentra-
tions. d: 329.95 m.
Meltlayer-ice 15 m
above bedrock with
crystals being strik-
ingly equant in size
and shape.
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Fig. 3. Development of
crystal size (as defined
in the method section)
and aspect ratios with
depth in the core. Stars
and dots denote data
points obtained from
firn-ice and meltlayer-
ice respectively. Dots
are marked with
crosses for a group of
outlier points which
will be discussed later.
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Crystal texture

In Fig. 2 photographs showing selected
features of the crystal texture at different
depths are reproduced. In the top 50 m,
firn is not fully compressed to ice yet
and displays small crystals, while the
initial crystal size in the meltlayer-ice is
considerably larger (Fig. 2a). Pro-
nounced contrast in mean crystal size at
the scale of thin sections is observed
deeper in the core as well, coinciding
with boundaries between meltlayer-ice
and firn-ice (Fig. 2b) or totally within
one kind of ice, most often meltlayer-ice
(Fig. 2¢). Strain shadows are observed at
depths below 100 m, but become extinct
50 m above bedrock. In the last 50 m of
the core, crystals are strikingly equant in
size and shape (Fig. 2d), as if grown
under very undisturbed conditions.

Fig. 3 shows to the left the crystal size
profile along the core. There is a clear
trend of mean crystal size increasing
with depth and the growth is similar for
firn-ice and meltlayer-ice although va-
riations are clearly larger for the latter,
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featuring examples of outstanding large
crystals around 100 and 200 m depth.
Crystal elongation measured by the
aspect ratio D,/D, increases over the top
50 m, but then stabilizes around 1.2, or
perhaps decreases slightly towards the
bottom.

c-axis distribution

In Fig. 4 the fabric diagrams obtained
from c-axis measurements on the hori-
zontal thin sections are displayed. All
samples except the lowermost from 330
m depth have anisotropic c-axis distri-
butions. The c-axes cluster in weak
single maxima of similar strength
throughout the core. Fabric develop-
ment is summarized in the diagram to
the left using the median polar angle 0,,
as a measure of fabric strength. Addi-
tional data points in 210, 240 and 285 m
depth are from measurements carried
out on vertical thin sections to investi-
gate if zones of smaller crystals could be
shear bands. This was not the case. On
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the contrary, the larger crystals in the
thin sections from 240 and 285 m depth
had the stronger fabric. They were asso-
ciated with cleaner ice as well, which
probably is the reason for the local size
difference. In 210 m depth the crystal
size contrasts were coincident with melt-

layer boundaries and fabric was
stronger in the firn-ice with the smaller
crystals.

Fig. 5 represents the distribution of
angles between c-axes of neighbouring
crystals in the vertical samples from 210,
240 and 285 m depth. A strong fabric in
itself dictates low angles between c-axes
of individual crystals, whether they are
neighbours or not. To investigate the
possible influence of polygonization the
distribution of angles between c-axes of
neighbouring crystals must therefore be
compared to the distribution of angles
between c-axes of pairs of crystals
picked randomly. This was done by
repeating 10000 times a random selec-
tion of two crystals from the sample and
calculation of the angle between their c-

300 m

axes. The 10 intervals of angles in the
figure are adjusted to make 10% of the
10000 angles fall in each interval. With
no preferred angles between neigh-
bouring crystals, their mutually angles
should also be distributed equally
among the 10 intervals and the relative
frequencies would all be 1 except for the
statistical variation. Dashed lines in the
figures indicate the upper and lower fre-
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Fig. 4. Fabric diagrams
obtained from the 8
horizontal thin sec-
tions and the change
with depth of fabric
strength given by the
median angle 6, the
top half angle in a cone
around vertical con-
taining half of the c-
axes. A random distri-
bution of c-axes corre-
sponds to 6,, =60°
while complete align-
ment has 0,, = 0°.
Symbols with and
without white stars
denote data points
from firn-ice and melt-
layer-ice respectively.
Extra data points
(shown with squares)
are obtained from addi-
tional measurements
on vertical thin sec-
tions, rotated so that
all data refer to the
same coordinate
system.

Fig. 5. Distribution of
angles between neigh-
bouring crystals in a
sample normalized by
the distribution of
angles between crystals
picked at random from
the same sample (see
text for further expla-
nation). Measurements
were carried out on
samples from 210, 240
and 285 m depth. In
each diagram the
number of crystals (n)
and neighbouring pairs
(p) are noted. Notice
that statistics are not
equally good for the 3
datasets. Dashed lines
indicate the level of
significant deviation
from a random distri-
bution at 95% confi-
dence level.
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quency limits to be exceeded in an
interval for the distribution to deviate
from random with 95% confidence in a
binomial test.

The measurements were carried out
on samples from a depth interval where
fabric has reached maximum strength
according to Fig. 4 and the total defor-
mation thus is expected to be at its
highest. However no significant devia-
tion from the random distribution is
revealed by the data, especially not a
preference for low angle boundaries, as
would be expected if polygonization
were altering the polycrystalline struc-
ture to a considerable degree.

Interpretation of the
polycrystalline structure

Deformation and the recrystallization
regime

Since the drill site is situated on top of a
dome, compression is assumed to be the
dominating stress system in accordance
with observed fabric pattern. However,
single maximum fabrics also form in
simple shear. No strong c-axis alignment
is revealed, which is to be expected for a
newly formed ice cap with a limited
strain history. An empirical relationship
between vertical deformation and
strength of the anisotropy developed is
well established for relatively weak fab-
rics, and may be used to estimate the
total compression of ice in the Hans
Tausen ice core. Measured values of 0,
around 30° from 100 to 300 m depth cor-
respond roughly to a total vertical defor-
mation of 30-40% (Azuma & Higashi
1985, Castelnau et al. 1996). In the top
100 m, where unfortunately no fabric
measurements have been carried out,
strain is probably decreasing towards
zero at the surface.

The random fabric measured in the
sample 15 m above bedrock, the disap-
pearance of strain shadows and the
equant crystal texture in the last 50 m of

the core are all signs of limited deforma-
tion of the ice close to the bottom. It may
be that the drilled part of the ice cap is
sitting in a bedrock depression, but low
deformation close to bedrock can also be
understood as a result of ice dynamics. If
the ice cap has always been frozen to the
bed, which seems reasonable consid-
ering the present temperature of —16° at
bedrock, then vertical strain-rates are
predicted to approach zero at the bottom
of the ice cap. With a short history of
deformation, total strain too is expected
to be small close to the bedrock. Thus
undisturbed crystal growth conditions
for ice in the lowermost part of the core
may be accounted for by a simple ice
flow model.

As has been observed in other ice
cores (Hooke & Hudleston 1981, Lipen-
kov et al. 1989, Thorsteinsson 1996), the
ice crystals are generally less elongated
than would be expected considering the
inferred total strain. If the crystal struc-
ture were stationary except for deforma-
tion (that is no grain growth, polygo-
nization, etc) and flattening of each
crystal simply followed bulk deforma-
tion, the grain boundaries beeing pas-
sive strain markers, then the aspect ratio
of crystal shape would increase with
total strain by uniaxial compression as
indicated by the solid line in Fig. 6.

By normal grain growth the material
positions of grain boundaries are
moving and isotropic growth could be
argued to slow down the flattening of
crystals, since an elongate crystal
becomes rounder by growing the same
amount in all directions. The dotted
lines in Fig. 6 indicate the development
of aspect ratio with total strain for strain
rates ranging from 102 to 10°. The
examples shown are all starting from a
spherical crystal of diameter 3 mm and
assuming a mean area (in vertical thin
section) growth rate of 102 mm?/year,
which is appropriate for Hans Tausen
conditions as will be seen later. What
matters for the calculation however is
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only the mutual proportions between
the rate of crystal growth and the rate of
compression. Still using the Hans Tau-
sen ice core as an example it appears that
even with the modification introduced
by growth of the crystals, the observed
aspect ratio 1.2 suggests that total strain
should be less than 15%, which is much
less than indicated by fabric strength.
For a total strain of 30-40% in accordance
with general fabric strength measured in
the core, the aspect ratio in this model
would exceed 1.5. This is more than
observed anywhere in the core. Clearly
the model is not in agreement with data.

Polygonization operating to some
degree along with the normal grain
growth could be the mechanism keeping
the aspect ratio low by subdividing
elongated crystals. In that case the
notion of ‘'onset of polygonization'
would be misleading. Rather polygoni-
sation would be an active process well
up in zone of crystal growth, gradually
gaining influence with increasing depth
until a balance with normal grain
growth is obtained resulting in a stagna-
tion of crystal size. Another possibility is
that some feature of normal grain
growth itself counteracts the develop-
ment of strongly elongated crystals. The
possible influence of polygonisation or
other process keeping the aspect ratio
low in the so called normal grain growth
regime is a general problem, which
needs further investigation in order to
reveal to what extent the crystal growth
rate is affected.

The steady growth of mean crystal
size with depth in combination with
weak single maximum fabrics, are
observations that usually are inferred to
indicate that normal grain growth is the
dominant process controlling the devel-
opment of the polycrystalline structure.
However an effect of polygonization can
not be excluded even though a stagna-
tion of crystal sizes is not seen. Depths of
200-300 m are in the zone expected to be
most susceptible for polygonization due
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to a combination of high strain-rate and
high strain, but the investigation of the
angles between c-axes of neighbouring
crystals in this depth interval failed to
reveal any influence of polygonization.
On the other hand strain shadows
observed from 100 to 300 m could be a
sign of beginning polygonization. If
active, pologonization may or may not
change the functional relationship (1).
Since too little is known about the influ-
ence of polygonization in the zone
where crystals are still growing, crystal
data will be analyzed assuming the
applicability of the normal grain growth
law (1). Subsequently some polygoniza-
tion scenarios and their impact on the
conclusions of the analysis will be dis-
cussed.

Factors affecting mean
crystal size locally

In the top 50 m of the Hans Tausen ice
core, mean crystal size is significantly
larger in meltlayers than in the sur-
rounding firn. It seems impossible that
temperature enhancement of normal
grain growth can account for the initial
size difference, even if latent heat
released by refreezing of meltwater
would raise the temperature close to the
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Fig. 6. Aspect ratio of a
volume deforming in
uniaxial compression
as function of total
strain ((a-ay)/ay, ay and
a being thichness
before and after com-
pression). The solid
line apply to the bulk of
the ice or a crystal fol-
lowing bulk deforma-
tion. Dotted lines indi-
cate the development of
shape, when isotropic
growth of the volume
happens simultaneous
with the compression.
The growth rate and
the initial crystal size
are chosen to match
Hans Tausen condi-
tions (k=107 mm?[year
and Dy=3 mm? and
strain rates are 1072,
107,10* and 107
year respectively).
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Fig. 7. Mean values
and standard devia-
tions for concentra-
tions (ppb) of CI,
NO;3, SO/ and Ca?*
in samples 1) firn-ice,
2) meltlayer-ice
excluding the outliers
of Fig. 3 and 3) melt-
layer-ice, outliers.
Dashed, dotted and
solid lines indicate
background levels of
the same ions in
Holocene ice from
Summit (Whitlow et
al. 1992), Byrd Station
and Camp Century
(Paterson 1991)
respectively.
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melting point. Growth rates as high as
30 mm? per year at —0.2°C have been
reported (Li 1995), but still months are
needed for the crystals in meltlayers to
gain the lead of 10-20 mm? in crystal
size. It is hard to believe that the heat
will stay localized in the meltlayer for
that long, which would be necessary to
explain why the adjacent firn does not
grow large crystals. More likely the large
crystals are created in the very process of
refreezing meltwater.

Deeper in the core the crystal size con-
trast between firn-ice and meltlayer-ice
is often less pronounced or even absent.
By equation (1), a blurring of initial
crystal size differences with depth is to
be expected, since with increasing age of
the ice the constant term D} becomes
negligible compared to the growth term
k t. Size contrasts encountered in older
ice must owe to local variations in the
growth rate. Any difference in growth
rate is magnified by the age of the ice,
leading to the increased scattering of
crystal sizes with depth, revealed by Fig.
3. Local variations of the growth rate are
possibly due to different impurity con-
centrations. Redistribution of impurities
is likely to occur with the percolation of
meltwater, which might explain why the
larger variations of crystal size are asso-
ciated with the meltlayer-ice.

A comparison of impurity concentra-
tions has been made between samples
from the group of outlier points in Fig. 3
and samples from the remaining part of
the meltlayer-ice and from firn-ice.
Impurities investigated were CI-, NOj,

SO, Ca*, Na*, K¥, Mg?*, NHj and micro
particles (0.4-2.0 um). The content of
insoluble dust shows no difference
among the groups, while all ions
excluding ammonia are rarefied in the
outlier group, as exemplified by Fig. 7
showing plots of mean concentrations
and standard deviations for CI5, NO3
and SO7~. It should be noted that the con-
siderations presented here rest on a
meager data material due to the limited
amount of data from the group of out-
liers and furthermore that the redistribu-
tion of impurities taking place by melt-
water percolation could lead to very
localized accumulations of impurities
making bulk measurements misleading.
However the measurements do support
the idea that the outliers are associated
with spots of unusually clean ice.

Analysis of the crystal growth

Crystal data were analyzed applying the
normal grain growth law (1). To deter-
mine the growth rate of mean crystal
size, a dating of the ice is required. Fur-
thermore, the influence of temperatures
changing with depth and time needs to
be evaluated.

Tentative dating of the ice

The eruptions of Laki (1783 AD) encoun-
tered at 35.1 m depth and Eldgja (934
AD) at 131.4 m depth provide two major
fix points for the time scale (Stampe
1997, Clausen et al. 2001). Following the
hypothesis of a newly formed ice cap, a
tentative dating was obtained by mod-
elling the generation of an ice cap which
has a thickness at the ice divide given by
the length of the Hans Tausen ice core,
the time horizons mentioned above
placed at right depths and a profile of
total strain in accordance with observed
fabric strength in the core (Madsen
1997). The growth of a very simplified
Hans Tausen ice cap was modelled
using a vertically integrated flow model
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(Oerlemans 1981). Subsequently the
Dansgaard-Johnsen model was invoked
to follow the downward movement of
individual time horizons within the ice
column at the drill site (see e.g. Paterson
1994). Adjusting the dependence of
accumulation on elevation, a variety of
possible time scales for the older part of
the core can be extracted from the mod-
elling. Two examples shown in Fig. 8
will be considered in this paper. The first
one ascribe an age of 3500 years to the
ice close to bedrock. It turns out from the
modelling (or from a rough calculation)
that this timescale represents a lower
age limit. Generating the present ice
thickness considerably faster require
early accumulation rates far exceeding
present precipitation.

On the other hand stretching the time
scale to older ages is possible. The ex-
ample shown spans 5500 years, and
even longer time scales can be obtained.

Temperature correction to
crystal growth

Due to the strong temperature depen-
dence of crystal growth given by equa-
tion (2), data should be corrected for the
different temperature histories experi-
enced by crystals at different depths.
Considering only the increasing eleva-
tion of the ice surface and using a lapse
rate of 0.75°C/100 m, the early ice cap
had a temperature around -18.5°C,
increasing at the bottom and decreasing
at the top as the ice cap grew. The move-
ments of the ice crystals downwards in
the ice cap were extracted from the mod-
elling. Temperature profiles back in time
were taken to be steady state profiles
(see e.g. Paterson 1994), with parameters
adjusted to fit the present temperature
curve and former surface temperatures
based on the modelled surface elevation.
Latent heat released by refreezing of
melt water has not been taken into
account explicitly, and neither has any
climatic change been assumed. Invoking
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0 | | | | |
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350 .

the temperature correction, equation (1)
is changed to
D?’=Dj +k, Eexp (%) At, 3)
summing over the time span in which
the crystals have existed, or

D*=Dj + k) A t, 4

where A is the time averaged Arrhenius
factor for the crystals of age t. The acti-
vation energy, Q, was found by regres-
sion analysis on data from five other
polar ice cores in which crystal growth
rates have previously been determined
(Fig. 10. The growth rate for Hans Tau-
sen ice core, to be derived in the fol-
lowing, is also displayed but of course
not included in this evaluation of Q).
According to equation (2) data should
define a straight line of slope -Q/R in a
plot of k on logarithmic scale versus 1/T.
The fit to data in Fig. 10 is very satisfac-
tory and results in the value Q=58
kJ/mol. Previous analyses using other
dataset have suggested lower values of
Q (Gow 1969, Duval 1985, Paterson

MEDDELELSER OM GRONLAND, GEOSCIENCE 39

107

Fig. 8. Two possible
time scales of total
length 3500 and 5500
years for the Hans
Tausen ice core,
obtained by modelling
the generation of the
ice cap. The time hori-
zons provided by erup-
tions of Laki (1783
AD) and Eldgjd (934
AD) are marked with
vulcanic cones.
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Fig. 9. Crystal sizes
(mm?) versus ascribed
age of the ice (years
B.P.). The solid line
show the best fit of the
growth law (3) to data.
The timescale used in
this figure is the
younger of the mod-
elled time scales shown
in Fig. 8, but the choice
has no importance for
the fit which is
restricted to the top
200 m, where the time
scales are in good
agreement. Left: Data
from firn-ice. The fit
was made excluding
the first three data
points from firn and
data points obtained
from ice below 200 m.
Right: Data points
from meltlayer-ice. The
best fit was determined
with k, fixed at the
value found for firn-
ice. The fit was made
using only data points
from the top 200 m and
excluding the outliers
(marked with white
crosses). The dashed
line is the extrapola-
tion of the growth law
beyond 200 m depth
where time control is
lost, i.e. it represents
the expected crystal
size as a function of
time. Note that the pre-
diction includes the
effect of calculated tem-
perature changes. With
the depicted choice of
timescale for the older
ice, data are well
described by this
model. Associating the
lower datapoints with
higher ages (moving
them downwards in
the figure) would
introduce a discrep-
ancy with the model
(crystal sizes would be
smaller than pre-
dicted).
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1994). However this analysis uses data
from ice only rather than data from firn
or mixtures of data from ice and firn and
cores covering both ice and firn. A satis-
factory demonstration that ice crystal
growth in firn and ice follow the same
growth law is not known to the authors.

Furthermore it has been avoided to
plot data multiplied by different correc-
tion factors used by some authors and
an attempt has been made to convert the
linear intercept measurements from
GRIP to represent results obtained by
mean area measurements, which have
been used to obtain the other data. For
these reasons Q=58 k] /mol is considered
the best value available for this purpose.
Using it the present temperature span in
the Hans Tausen bore hole make crystal
growth 1.7 times faster close to bedrock
than in the top of the ice core. By the
temperature correction derived above,
time averaged crystal growth rates
increase from top to bottom by a factor
1.4 using the shorter time scale and
slightly less using the longer.

Crystal size D? [mm?)

60 80 100

Age [years])

3000 — \

3500 —

The rate of crystal growth in
the upper 200 m

Growth rates were calculated by fitting
equation (4) to data. The analysis was
restricted to the upper 200 m of the ice
core, for which the time scale is well
established and the temperature correc-
tion small in any circumstance. Data
points from firn not yet transformed to
ice have been excluded. For firn-ice the
growth rate 7.9-10° mm?/year at —21°C
was derived from the fit shown to the
left in Fig. 9. As already discussed data
from meltlayer-ice are more scattered.
However from Fig. 3 it is evident that,
excluding the outliers, crystal sizes in
meltlayer-ice follow the same trend of
growth as crystal sizes in firn-ice.

Fig. 9 shows to the right a fit to data
from meltlayer-ice in the upper 200 m
using the growth rate obtained for firn-
ice but taking into account the larger ini-
tial size by raising D,. The fit is good for
most of the crystals, while the smaller
group of outliers treated separately indi-
cate a much faster growth — perhaps 3
times faster. It should be noted that the

Crystal size D2 [mm?]

80 100
T T
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measurements of the largest crystals are
inaccurate, since the requirement that
crystal size should be much smaller than
thin section dimensions is not met.

As can be seen from Fig. 10, the new
data point from Hans Tausen ice core
deviates appreciably from the regression
line of previous data, the growth rate
having only half the value expected
from the regression line at —21°C. The
most obvious explanation for this devia-
tion is offered by the impurities in the ice
impeding grain boundary motion. The
general impurity level of the Hans
Tausen ice core is relatively high com-
pared to the other cores represented in
Fig. 10, which are all retrieved from less
exposed inland drill sites. The fact that
the outlier data points of extremely large
crystals in the meltlayer-ice are associ-
ated with spots of unusually clean ice
lends further support to this explana-
tion. Alternatively polygonization oper-
ating to some degree in the upper half of
the core, could result in a lowered
growth rate. In this case however the

question is left why polygonization
should not keep crystals small in the
cleaner ice as well as in the rest of the
core? In fact strain shadows are not
absent in the very large crystals.

In case of impurity hindered grain
growth, the impurity concentrations in
the Hans Tausen samples could be com-
pared with background impurity levels
of the other cores from Fig. 10 in order to
investigate which impurities have the
main impeding effect on crystal growth.
In Fig. 7 general concentrations of Ca*,
CI, NO35 and SO7 in Holocene ice from
GRIP, Camp Century and Byrd Station
have been marked in the diagrams
showing the concentrations in Hans
Tausen ice core. In comparison to these
two drill sites, the concentration of NO;3
is not unusually high in Hans Tausen
ice. Mean concentrations of Ca*" are an
order of magnitude higher in Hans
Tausen ice than in GRIP ice, but since
this is also the case for the group of out-
lier samples with high growth rates, Ca?*
is probably not the main cause of
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Fig. 10. Crystal
growth rates in polar
ice. Data points from
Vostok (Lipenkov et al.
1989, crystal growth
rate estimated by the
authors using the pub-
lished crystal size pro-
file.), Dome C (Duval
& Lorius 1980), Byrd
(Gow & Williamson
1976), GRIP
(Thorsteinsson et al.
1997), Camp Century
(Herron & Langway
1982), and the regres-
sion line for these data.
Also shown is the new
data point from the
Hans Tausen ice core.
Data are given by
mean areq measuire-
ments (number of crys-
tals per area). A correc-
tion factor of 1.29
obtained from studies
of thin sections from
the Hans Tausen ice
core, has been applied
to convert the linear
intercept growth rates
from Hans Tausen and
GRIP to represent
mean area results.
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impeded grain growth. SOj-and to a less
extent Cl” ions are present in elevated
concentration except in the outlier sam-
ples and thus could be the cause of the
lowered growth rate. It may be noted
that (Paterson 1991) concluded that ele-
vated concentrations of CI” and possibly
SOf in ice-age ice relative to Holocene
ice kept crystals small and thereby
caused the different rheology of the two
types of ice.

Implications of data
concerning Hans Tausen
Iskappe

Age of the ice cap

Age estimates of Hans Tausen Iskappe
may be evaluated based on crystal sizes
in the ice close to bedrock, using the
growth rate k=7.9:-10° mm?/year. From
the two examples of time scales shown
in Fig. 8, the one dating the oldest ice to
3500 years was selected for Fig. 9 be-
cause it happened to fit the data points
in the older ice reasonably well. Fig. 11
displays what happens when the time
scale is stretched from 3500 to 5500
years. The difference between measured
and calculated crystal size is shown as a
function of age of the ice for each of the
two time scales. The longer time scale
tends to predict larger crystals than
found, while the shorter time scale leads
to an even distribution of crystals being
larger and smaller than calculated, and
so appears to be a better dating.

The above estimate of the age of Hans
Tausen Iskappe rests on the assumption
that the growth rate determined in the
previous section is applicable through-
out the core meaning that temperature
and age are the only depth dependent
variables controlling crystal size. This
involves that the impurity level and the
degree of polygonization is approxi-
mately constant throughout the core.
The concentrations of soluble impurities
in the lower samples are comparable to

the level in the upper part (excluding the
very clean outlier samples), which justi-
fies the growth rate used. As previously
discussed, reduction of mean crystal
sizes due to polygonization can not be
ruled out. The importance of this effect
for the age evaluation depends on the
distribution of significant polygoniza-
tion in the core. The age estimate is not
affected if polygonization is equally
active everywhere so that the functional
relationship (2) is preserved and the
only influence of polygonization is a
smaller (but still constant) k. Data from
the top of the core (where strain has not
reached its maximum) are used for cal-
culating the growth rate and crystal
sizes close to the bottom (where strain
apparently is low) are crucial for esti-
mating the time of ice cap initiation. The
age evaluation does not depend heavily
on crystal sizes in the lower-mid sector
where polygonization is likely to be
strongest. If significantly more polygo-
nization happens close to bedrock than
in the upper part of the core, then the
calculated growth rate will be too high
for application in the oldest ice and thus
the age estimate will be too low. The
opposite case of less polygonization at
the bottom than in the upper part of the
core would lead to overestimating the
age. However realistic time of forma-
tion can not be much lower than 3500
years.

Paleo ice temperatures

The temperature correction applied in
the analysis presented above did not
take into account latent heat when esti-
mating former surface temperatures.
Released latent heat from refreezing of
meltwater may lead to a warming of
average 0.266°C per cm meltlayer
formed (Reeh 1990). Until 170 m depth
the meltlayer fraction is small and sim-
ilar to present conditions (Fig. 1), and
additional warming may be neglected
without major errors. Below 170 m the
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amount of meltlayer-ice increases to 50-
100% and latent heat may have raised
the temperature of the ice significantly.
Including latent heat in the calculation
would add only minor corrections to the
calculated growth rate based on the
upper half of the core, while tempera-
ture enhancement of crystal growth in
the older part of the ice has been larger
than assumed. Thus the temperature
correction applied in the above analysis
can be considered a minimum correc-
tion.

Explaining observed crystal size by
equation (4), a higher temperature cor-
rection A, for ice at the bottom implies
that the age of the ice is lower by the
same factor. As paleo ice temperatures
and age of the ice constrain each other in
this way, and since the ice cap can not be
much younger than the 3-4000 years
suggested using the 'minimum' temper-
ature correction, it follows that former
ice temperatures can not have been
much higher than assumed in the above.
Particularly this implies that the total
dominance of meltlayer-ice in the
bottom of the core should not be inter-
preted as the remains of a former tem-
perate glacier. Independently of the age
estimate it can be argued that according
to equation (2) and the results of (Li
1995) the crystal growth rate is one to
several orders of magnitude larger at the
melting point of the ice than at present
temperatures in the bore hole, which
means that after a few centuries (or even
years) spent close to the melting point,
the crystals would have grown larger
than observed anywhere in the core.
Finally it may be added that removal of
older ice by bottom melting involves a
substantial temperature drop at bedrock
from 0°C when melting ceased to -16°C
at present. Allowing the oldest ice in the
core some thousands years to sink from
the surface to the bottom before melting
stops leaves quite a short period for this
temperature drop.

In conclusion Hans Tausen Iskappe
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could have been warmed a few degrees
by the latent heat of meltwater in its
early days, strengthening the argument
for a late formation of the ice cap, but a
warming extensive enough to raise the
temperature close to 0°C within the ice is
not compatible with observed crystal
sizes. Thus the lack of depositions from
the ice age is hardly due to melting and
run-off from the bottom of the ice cap.

Paleo accumulation and melt rates

Paleo accumulation rates control the
lower limit of the age of Hans Tausen
Iskappe, by the time needed to generate
the appropriate amount of ice. To
account for the deformation indicated
by fabric development, mean accumula-
tion is required to be higher than the
present 10.8 cm ice equivalent per year if
the ice cap is as young as indicated by
the crystal data. Evidence that accumu-
lation rates were indeed higher earlier in
the history of the ice cap, comes from the
constant layer thickness in the core to at
least 130 m and probably as deep as 225
m (Clausen et al. 2001). In combination
with a vertical compression as revealed
by fabric data, this indicate that the
accumulation could have been up to
twice the amount precipitated at pre-
sent. A more thorough investigation of
fabric strength including the upper 100
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Fig. 11. Deviation of
measured crystal size
from the size calculated
using each of the two
timescales of Fig. 8.
Stars refer to data from
firn-ice and circles to
meltlayer-ice. The devi-
ations tend to grow
with time, as expected
from equation (1),
since any initial differ-
ence in growth rate is
magnified by the age of
the ice. Crystals
smaller and larger than
calculated are evenly
distributed in the
upper plot, applying
the time scale of 3500
years for the data anal-
ysis, while negative
deviations dominate in
the lower plot using
the longer time scale of
5500 years.
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m could provide more precise estimates
of paleo accumulation.

With the graduation of accumulation
mentioned above the meltlayer strati-
graphy of Fig. 1 indicates that meltwater
formation has decreased over the last
thousand years probably around 50%.
Provided that accumulation was never
appreciably lower than the present,
melting activity was even higher further
back in time. This pattern conform to the
history of a growing ice cap, subject to
extensive summer melting until the sur-
face is elevated well above the equilib-
rium line.

The meltlayer profile holds a climate
record of (maximum) summer tempera-
tures (Koerner 1977, Koerner & Fisher
1990). To draw conclusions concerning
long term climate from the meltlayer
record the effect of changing surface ele-
vation due to the growth of the ice cap
must be subtracted. Some studies have
been made on the Queen Elizabeth ice
caps, Canada (Koerner 1979), which
show that the meltwater formation
decreases exponentially with ice surface
elevation. A quantitative applicability of
these results to Hans Tausen Iskappe is
questionable, but it seems likely that an
exponential or other non-linear relation-
ship between meltwater formation and
elevation of the ice surface accounts for
some of the highly elevated fraction of
meltlayer-ice in the lower half of the
core. However the change from approxi-
mately 10% to more than 50% meltlayer-
ice encountered at 170 m depth in the
core still seem so rapid that its explana-
tion must involve some abrupt change,
for instance of summer temperatures or
accumulation. The higher amplitude of
the oscillations in meltlayer intensities
coincident with the shift to high melt-
layer fractions are also worth noting. Is it
attesting to an increased sensitivity of
the meltlayer proxy below some critical
point or is it the actual record of higher
climatic variability in the past? To be
able to infer paleo climate and/or the

growth history of the ice cap from the
meltlayer data, investigation of present
meltlayer formation as a function of ele-
vation on Hans Tausen Iskappe would
be most useful.

Summary and conclusions

The increase of mean crystal size with
depth throughout the Hans Tausen ice
core suggests that the development of
the polycrystalline structure of the ice is
dominated by normal grain growth.
Although strain shadows are observed
in most of the core, the effect of polygo-
nization seems limited but can not be
excluded. The deepest 50 m of the core
appear almost unaffected by strain. With
the exception of a random c-axis fabric
measured in ice 15 m above bedrock,
fabrics observed below 100 m depth are
weak single maximum fabrics which
could have been created by vertical com-
pression of the order of 30%. In combi-
nation with the knowledge of the thick-
ness of annual layers in the core at least
to the horizon of Eldgja 934 AD erup-
tion, this implies that accumulation has
formerly been appreciably higher than
present.

The growth rate of mean crystal size
was calculated using linear intercept
measurements in the well dated upper
half of the core. The obtained value of
7.9:10° mm?/year at —21°C is only half
the rate expected from previous studies
of crystal growth in other polar ice cores.
Soluble impurities especially SOi and
CI" is found in relatively high concentra-
tions in the Hans Tausen ice and may
cause the low growth rate by impeding
grain boundary motion. Explaning the
slow crystal growth by impurities rather
than polygonization partially counter-
acting normal grain growth is supported
by the existence of outstanding large
crystals associated with spots of unusu-
ally clean ice.

Provided that the effect of polygoniza-
tion is negligible or approximately con-
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stant throughout the core, the age of the
oldest ice can be evaluated based on
mean crystal sizes measured in the
lower part of the core. It appears that the
crystal size profile is in good agreement
with a time scale of length 3500 years,
but not with one reaching back 5500
years. Assuming the ice to have formerly
been at the melting point at bedrock
leads into contradiction with observed
crystal sizes in the older part of the core,
so the lack of ice age ice in the core is
hardly explained by melting and run-off
from the bottom of the ice cap. Thus the
conclusion of this study is that Hans
Tausen Iskappe was absent for a period
in Holocene and (re)formed at a time
conforming well to the ‘Neoglacial’
cooling 3500-4500 BP (Crowley & North
1991), which could have caused the initi-
ation of the present ice cap. At the Hans
Tausen plateau this climatic cooling
could have been reinforced by the iso-
static uplift of the area, that has been
going on since the retreat of the inland
ice at the termination of the last ice age
(Funder & Hansen 1996). To learn more
about late Holocene climate from the
Hans Tausen ice core the meltlayer
stratigraphy should be studied further.
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