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Selected segments of the 344 m deep ice core from Hans Tausen ice cap in Peary
Land, North Greenland have been stratigraphically analyzed for chemical
impurities and insoluble microparticles (Dust). Two different components of the
microparticles have been identified by their different sizedistributions: A com-
ponent of small particles from remote sources, and a component of large parti-
cles from local sources. The abundance of large particles increases with depth
(and age) in the ice core resulting in an increase in total dust mass. Very high
dust mass in the lowest 100 m of the core are believed to be a result of melt
water run-off. Compared to Central Greenland ice cores the Hans Tausen ice is
strongly enriched in soluble crustal material from local sources manifested by
high concentrations of Ca** and nss. Mg?*. In the bottom 100 m section our
results indicate a loss of Ca** and Mg?** relative to dust due to melt water run-
off. Sea salt concentrations show little variation with depth, and our results
indicate, that the sea salt in Hans Tausen ice is from remote sources. The North
Polar Sea has not been a significant source of sea salt in the life time of the Hans
Tausen ice cap. All our results are consistent with the hypothesis that the Hans
Tausen ice cap was formed sometime during the Holocene: It started as a small
ice cap of superimposed ice with heavy melting and strong influence of local
dust sources. With time the ice cap grew, both horizontally and vertically, the
surface got colder with less melting and the influence from local sources got
weaker. Today the impurity content of Hans Tausen snow is comparable to that
of the Central Greenland ice sheet with the exception of the influence of soluble
crustal material from the ice free Peary Land area which remains.
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Introduction

Stratigraphic analysis of ice cores from
polar ice caps provide important palaeo-
climatic information. In ice cores origi-
nating from sites where melting never
occurs changes with depth in e.g. stable
isotopic composition or concentrations
of chemical impurities and insoluble
microparticles (dust) reflect changes in
past atmospheric composition and cli-
mate. Over large areas in the interior of
the Greenland ice sheet, including ice
core drilling sites such as GRIP (Johnsen
et al. 1992), GISP2 (Grootes et al. 1993)
and NGRIP (Dahl-Jensen et al. 1997),
melting at the surface is very rare. How-
ever at sites where summer melting
occurs, the ice core stratigraphy may be
disturbed by melting and refreezing
processes. At sites where this summer
melting is limited, the melt water
refreezes in the cold spring and winter
snow below. In the firn this can be
observed as blue layers of ice in the
white firn. In ice cores, these layers show
up as clear layers without gas bubbles.
Although the chemical composition and
the dust content may change due to
melting /refreezing there is no loss of
material and mixing between annual
layers is limited. Ice cores from such
sites still provide reliable palaeoclimatic
information, but great care should be
exercised in the interpretation of strati-
graphical details since some features of
the stratigraphical profiles may be due
to melting and not a consequence of
atmospheric changes. Ice core drilling
sites such as Dye-3 (Dansgaard et al.
1982) and Renland (Johnsen et al. 1992)
fall into this category. At sites where
summer melting is heavy the snow
below the surface melt layer may
become saturated with melt water and
material may be lost due to run-off.
Here, the chemical composition, the dust
content and even the stable isotopic
composition may be altered over large
sections of the stratigraphical profiles to

such degrees that these cores contain
very little reliable palaeoclimatic infor-
mation. A large number of ice cores from
smaller ice caps in the north polar region
originate from such sites (Koerner 1997).

In the Hans Tausen ice cap ice core
layers of refrozen meltwater are found
in abundance. The percentage of layers
showing melting/refreezing increases
with depth from about 10% close to the
surface until it reaches 100% in the
deepest 10% of the core (K. Norregaard
Madsen 2001). Here the ice core is com-
pletely clear without any bubbles from
trapped atmospheric air. The strati-
graphical profiles of stable isotopic com-
position, chemical compostion and the
dust content from this core therefore
have to be interpreted with great care in
order to separate “real” climatic and
atmospheric signals from the effects of
melting /refreezing.

Experimental

The Hans Tausen ice cap ice core was
drilled in the summer of 1995 on a local
dome at 82° 30" N, 37° 28" W, 1271 m
a.s.l. on the Hans Tausen ice cap in Peary
Land in North Greenland. The core
reaches to bedrock at 344.85 m depth.
Immediately after drilling the core was
logged and the visible stratigraphy, such
as melt layers, recorded. Electric Con-
ductivity Measurement (ECM) was per-
formed as well as the cutting of samples
for stable isotopic composition before
the core was cut into 55 cm core seg-
ments. The core segments are called
“bags” in reference to the numbered
plastic bags they are packed into. The
bags were packed in insulated boxes for
shipment in frozen condition to the cold
storage in Copenhagen. 30 selected seg-
ments of the core were sampled in
Copenhagen for chemical and dust anal-
ysis. The segments were cleaned and
sampled under laminar flow by cutting
away the outer surface using a steel
microtome knife in the cold room. The
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samples were stored in Coulter Accu-
vettes and kept frozen until analysis.
Measurement of the concentrations of
ionic components, such as Na*, CI", Mg*
and Ca** was done on a Dionex 40001
ionchromatography system capable of
measuring both anions and cations on
the same aliquot. Measurement of the
sizedistribution of microparticles be-
tween radii 0.4 pm and 6.5 pym was done
on a Coulter Multisizer II. A total of
more than 700 samples each of them 5
cm long were measured this way. 55 cm
averages of the sizedistribution data
were made and the results fitted to a log-
normal distribution (Steffensen 1997).
The log-normal distribution:

av__ - ex
dlogr  \/2nlogo p

2 log o
V(1) is the volume concentration of par-
ticles larger than r. r is particle radius in
pm. In this distribution the volume is
normal (or Gaussian) distributed as a
function of log r. log p plays the role of
the mode, thus 1 is called the log-normal
mode and log ¢ plays the role of the
standard deviation, thus o is called the
log-normal standard deviation. Vr is the
total volume concentration of particles.
In this distribution 70% and 95% of the
total volume is inside the radius inter-
vals:

[exp(log u—log o) ; exp(ogu +log o)l
[exp(log n—2log o) ; exp(log u + 2log o0)]

Logarithms to base “e” was used.

Also, the total dust mass (in pg/kg)
and the mass fraction of large particles
(2.5 pm < r < 6.5 pm) to the total particle
mass was calculated.

Results

Mean concentrations in 55 cm ice core
segments (“bags”) of ionic components
and dust data are presented in Table 1.
The total dust mass for individual sam-

plesis presented in Fig. 1. Although there
are large variations in dust mass between
individual samples there is an increase in
dust mass with depth. Below 300 m the
dust mass is more than 10 times higher
than at 100 m. Six 55 cm mean dust
sizedistributions are shown in Fig. 2, in-
cluding the fit of the data to log-normal
distributions. For comparison, a sizedis-
tribution from GRIP has been included.
With increasing depth the sizedistribu-
tions are shifted towards larger particles.
This is reflected by the mode parameter,
1, of the log-normal fit that shifts from
0.8 pm to around 2.6 pm and the increas-
ing mass fraction of large particles, that
shifts from 5% to around 50%.

In the two ice cores

( 1 (logr - logu) 2 ) from GRIP and Dye-3

there was a clear cor-

relation between to-
tal dust mass and the concentration of
Ca?* which is believed to be due to the
common continental origin and shared
atmospheric transport of these species
(Steffensen 1997). In Fig. 3 the Hans
Tausen results are presented. As can be
seen there is very little correlation be-
tween Ca? and dust mass in the Hans
Tausen core. And compared to GRIP and
Dye-3, the Hans Tausen ice is strongly en-
riched in Ca*. Five outliers are marked
with their corresponding depths. Four of
them are from great depth.

Also, at GRIP and
Dye-3 the concentra-
tions of non sea salt
(nss.) Mg* and Ca*
correlated. This correlation also is
believed to be due to a common origin
and shared transport (Steffensen 1997).
A significant amount of Mg** in the ice
may originate from sea salt. So the sea
salt fraction of Mg?** has to be calculated
to obtain nss. Mg*. The Hans Tausen
nss. Mg?** concentrations are plotted as a
function of Ca?* concentrations in Fig. 4.
In the Hans Tausen ice nss. Mg* and
Ca?* do correlate; but the molar ratio of
nss. Mg* to Ca®* is 0.43 which is 3.5

(70% of V1)
(95% of V)
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Depth Bag # Na* cr Mg Non Ca* Dust Dust Mass Relative
sea salt mass mass fraction amount
Mg* 0.4<r<6.0  0.4<r<2.5 of 2.5<r<6.0 of melt layers
[m] 1 [uequiv/kg] [pequiv/kgl [pequiv/kg]l [pequiv/kg] [pequiv/kg]l  [ug/kgl [pg/kgl [%] [%]
0.55 1 0.90 1.22 1.87 1.68 4.09 2
1.1 2 1.78 1.82 1.04 0.65 1.91 4
18.15 33 1.90 3.54 114 108 5 1
18.7 34 2.81 5.57 47 43 10 2
19.25 35 1.39 2.14 55 51 7 0
30.8 56 1.95 3.64 76 73 4 5
31.35 57 0.82 1.74 49 47 4 1
31.9 58 1.93 4.07 108 105 3 9
32.45 59 0.82 1.74 86 81 5 6
35.2 64 2.14 1.89 2.86 2.38 4.28 76 72 6 1
35.75 65 1.26 1.23 0.88 0.61 1.85 51 49 5 0
69.85 127 0.78 1.07 1.25 1.08 2.38 88 85 4 0
70.4 128 0.54 0.69 0.88 0.76 1.50 36 34 4 2
94.05 171 0.67 0.95 0.97 0.82 2.57 60 53 12 40
94.6 172 1.38 1.53 2.31 2.01 5.25 26 25 2 26
96.8 176 0.69 0.85 1.82 1.67 4.51 34 31 9 7
97.35 177 0.67 0.80 1.79 1.64 3.24 101 81 20 1
100.1 182 0.51 0.56 2.02 1.91 3.71 91 84 7 3
100.7 183 1.16 1.68 2.05 1.79 5.01 103 100 3 9
101.2 184 0.78 0.99 1.10 0.93 2.53 80 75 12
105.6 192 1.01 1.60 2.72 2.50 7.99 228 168 26 2
107.8 196 0.65 0.83 1.65 1.51 3.40 86 80 7 0
108.4 197 1.44 1.41 1.45 1.13 4.36 153 125 18 1
120.5 219 1.13 1.59 1.18 0.94 2.79 303 189 38 0
1314 239 1.07 1.72 1.47 1.23 3.24 88 85 3 4
132 240 0.46 0.64 0.77 0.67 2.62 92 85 7 1
135.9 247 0.99 1.23 1.54 1.32 3.30 126 102 19 2
150.2 273 0.99 1.63 3.94 3.72 8.48 190 127 33 22
165 300 1.08 1.39 4.69 4.46 9.09 477 250 48 27
180.4 328 0.96 1.16 4.41 4.20 7.21 182 109 40 69
194.7 354 1.16 1.68 2.46 2.20 5.94 37 33 10 67
210.1 382 0.95 1.31 413 3.92 6.20 284 241 15 29
226.1 411 1.41 1.66 4.92 4.61 12.82 133 90 32 44
226.6 412 1.43 1.35 1.20 0.89 1.95 91
240.9 438 1.09 1.94 3.16 2.92 9.57 88 81 7 24
244.8 445 1.08 1.21 2.10 1.86 5.72 20
245.3 446 1.24 1.40 1.64 1.37 5.1 86
255.2 464 0.51 1.31 2.94 2.83 5.53 78 72 7 100
270 491 1.53 2.30 6.30 5.97 15.28 192 165 14 76
286 520 0.88 1.36 8.41 8.22 14.78 71 67 7 100
300.3 546 1.04 1.48 2.60 2.37 7.04 2009 1078 46 100
315.2 573 1.09 1.74 3.28 3.04 5.24 543 310 43 100
330 600 1.28 1.97 4.39 4.11 12.99 1986 1421 28 100
344.8 627 1.33 2.00 5.30 5.01 12.82 487 467 4 100

Table 1. Note: All values represent 55 cm mean values of between 11 and 22 individual samples.
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times higher than the ratio at GRIP of
0.12. No significant changes in the ratio
of magnesium and calcium with in-
creasing depth is observed.

The sea salt correction on the concen-
trations of Mg?* appear to be reasonable
because all Na* and most of CI" in Hans
Tausen ice is believed to be from sea salt.
In Fig. 5 the Cl- concentrations are
plotted versus Na*. Chloride and so-
dium are correlated, and the molar ratio
of chloride and sodium is close to the
ratio in sea salt: [Cl']/[Na*] = 1.17. There
are several points that show an excess of
chloride, but chloride has other sources
than sea salt. In particular, volcanic
eruptions may contribute HC], and since
several samples were taken across vol-
canic eruptions, a slight excess of chlo-
ride is expected. However, there are very
few outliers with excess sodium so that
the bulk of sodium can be assumed to
originate from sea salt and nss. Mg** can
be calculated using the sea salt molar
ratio between sodium and magnesium:
[Mg*]/[Na*] = 0.22. The mean sea salt
concentration in Hans Tausen ice does
not show significant variation with
depth. The Hans Tausen concentrations
are 0.5 — 1.5 pequiv./kg as compared to
GRIP Holocene values of 0.3 - 0.4
pequiv./kg, i.e. 2-3 times higher.

Discussion

The mean dust mass of the upper part of
the Hans Tavsen core is around 80
pg/kg. This is significantly higher than
the 40 pg/kg in GRIP Holocene ice (Stef-
fensen 1997). On the other hand, annual
accumulation is 0.11 m ice/yr as com-
pared to GRIPs 0.22 m ice/yr. Thus the
dust fluxes at Hans Tausen and GRIP are
comparable. The size distributions are
comparable with modes of 0.9 pm at
Hans Tausen and 0.85 pm at GRIP. The
dust in the GRIP core is of remote origin,
since the site is on the central part of the
Greenland ice sheet far removed from
any local dust source areas. In fact, iso-

Individual samples.
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tope studies on the dust particles from
the nearby GISP2 core suggest an Asian
origin of the dust (Biscaye et al. 1997).
Since GRIP and Hans Tausen sizedistri-
butions and dust fluxes are comparable
it suggests that the dust in the upper
part of the Hans Tausen ice core is also of
remote origin.

The GRIP dust sizedistributions and
concentrations show very little variation
in the Holocene period. Since the dating
of the Hans Tausen ice core and the
stable isotopic profile indicate that the
whole ice core is from the Holocene
(C.U. Hammer et al. 2001) then the
increase in dust mass with depth in the
Hans Tausen core has no counterpart in
GRIP, and it is caused by increasing
mass of large particle fraction. The mass
ratio of large particles is high at high
dust mass in the Hans Tausen core,
which is contrary to the low mass ratios
at high dust mass in the GRIP core. The
large particle fraction with modes of 2
pm or more appears sporadically
through the Hans Tausen profile but
becomes more and more dominant with
depth. Below 300 m it dominates com-
pletely. The mean sizedistributions have
modes close to 2.5 and such distribu-
tions have not been observed at GRIP or
at Dye-3 at all.
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Fig. 1. Dust mass as
function of depth for
individual 5 cm sam-
ples in the segments
analyzed. The varia-
tion in dust mass
within each segment
causes the results to
appear as vertical lines,
which gives an idea of
the variability of dust
mass. Note, that the
dust mass scale is loga-
rithmic.
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Fig. 2. Mean micropar-
ticle size distributions
of six selected 55 cm
ice core segments. Bag
numbers refer to the
numbers in Tnble 1.
Total dust mass is
given above each plot.
Dust mass in selected
particle radius inter-
vals are also indicated.
The data points repre-
sent measurements.
The full lines are the
log-normal distribu-
tions fitted to the data.
The mode and standard
deviation of the log-
normal fits are given at
the bottom of the plots
as “u” and “(” respec-
tively. The GRIP
Holocene mean sizedis-
tribution has been
added for comparison.
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Measurements of the sizedistribution
of dust particles in air over arid dust
producing areas in the U.S. yield log-
normal distributions with modes of 2 -3
pm (Patterson and Gillette 1977). They

argued, that these distributions are con-
sequences of the physical mechanisms of
wind action on the surface particles to
produce dust aerosol. Dust aerosols in
the free troposphere, i.e. 3-5 km altitude
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have modes of about 1 pm (Patterson et

al. 1980). The 2-3 pm mode dust aerosols

have been modified by gravitational set-
tling and removal by condensation in
clouds of primary the large particles.

Therefore, we may assume that the large

particle fraction in Hans Tausen are of

local origin. We investigated if the pres-
ence of very large particles was due to
changes by melting and refreezing pro-
cesses, but we found also large particles
in ice outside the melt layers. The dust in
Hans Tausen ice appears to have two
components: Dust from remote sources
with log-normal modes of around 1 pm,
and dust from local sources with modes
around 2 pm. In most cases, one or the
other component dominates; but in Bag

627 we were lucky to identify both com-

ponents (see Fig. 2). The very large con-

centrations below 300m occur in ice with

100% indication of melt and could be

caused by two things:

1) The ice cap was smaller at the time of
deposition (C.U. Hammer 2001; Keller
2001) local sources were therefore
closer, and

2) The layers below 300m have experi-
enced significant run-off by melting.

This would cause the water phase to run
off and leave the microparticles behind,
increasing the dust concentration (Koer-
ner 1997). This could also explain why
Ca*/dust ratio points from great depth
in Fig. 3 are outliers. The Ca?* has been
washed out; but the dust remained.
Both factors appear to be significant.
The decreasing frequency of dust layers
with large particles with time (in-
creasing frequency with depth) can be
explained by less likelihood of local dust
being blown unto the snow due to the
growing of the ice cap and increased
snow cover over the local sources. The
“jump” in concentrations at 300m may
mark a time in the development of the
Hans Tausen ice cap where run-off by
melting stopped. This is also indicated
by the shift in the stable isotopic profile

Bag mean values

157

2500

Dye 3 and GRIP ’
______ GRIP Glacial 4

300
2000 X 300m ,/

1500

Dust mass [ug/kg]

1000

500

Xx

X 330m

Ca®" concentration [requiv./kg)

around this depth (C. U. Hammer ef al.
2001) and the end of the 100% indication
of melt layers in the core (K. Norregaard
Madsen 2001)

There is far more Ca** in Hans Tausen
than at GRIP. Also the relative concen-
tration of nss. Mg* to Ca® is much
higher. At the same time, the ECM mea-
surements and ionic balance calcula-
tions indicate that the Hans Tausen ice
generally is slightly alcaline. This is
most likely due to the presence of large
enough amounts of dissolved (Mg,Ca)-
carbonates in the ice samples to neu-
tralize the strong acids such as sulfuric
acid and nitric acid. Only in layers con-
taining very large amounts of acid fall-
out from volcanic eruptions the Hans
Tausen ice is acidic (H. B. Clausen pers.
comm.). At Dye-3 and GRIP the ice from
the Holocene remains acidic. The strong
presence of dissolved (Ca,Mg)-carbon-
ates in Hans Tausen ice is most likely
from local sources of soluble carbonate
dust particles from exposed carbonate
rich sediments such as dolomite which
are abundant in the Peary Land area
(Dawes 1976).

With respect to sea salt, the high sea
salt concentrations at Hans Tausen com-
pared to GRIP is not surprising. Herron
(1982) showed that sea salt concentra-
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Fig. 3. Dust mass
plotted as function of
Ca** concentration for
55 cm (“Bag”) aver-
ages. Data are given in
Table 1. For compar-
ison the correlation
between Ca** and dust
for Dye-3 and GRIP
(Holocene) and GRIP
(Glacial ice) are shown
as lines. Five outlying
points are labeled with
their corresponding
depths.
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Bag mean values

Hans Tausen

nss. Mgz‘concentration [nequiv./kg]

Fig. 4. Non sea salt
(nss.) Mg** concentra-
tions plotted as func-
tion of Ca** concentra-
tions for 55 cm
(“Bag”) averages. Data
are given in Table 1.
The full line represents
linear regression of the
Hans Tausen points.
The dashed line is a
similar regression line
for GRIP data for com-
parison.

Ca®*concentration [nequiv./kg]

tions decrease with altitude. However,
the concentrations at Hans Tausen are
slightly lower than estimated by the
relationship of Herron. Also, Herron
only discussed concentration data. If sea
salt fluxes are calculated by inferring
observed annual accumulations, the sea
salt flux at Hans Tausen is significantly
lower than would be expected at this
altitude.

The Hans Tausen ice core is the only
core from the northern coast of Green-
land studied so far. The north coast bor-
ders the North Polar Sea. This ocean is
mainly ice covered throughout the year,
and it is not believed to be a significant
source of marine sea salt aerosol. The sea
salt flux at Hans Tausen ice cap (100
pequiv./m?/yr of Cl) is comparable to
the flux on the Central Greenland ice
sheet (80 pequiv./m?/yr of CI). A de-
tailed pit study at the drilling site re-
vealed that in the surface snow at Hans
Tausen ice cap the seasonal variation of
sea salt concentrations shows winter
highs and summer lows. This is similar
to the seasonal pattern observed in Cen-
tral Greenland (Steffensen 1988) and in
aerosol measurements at Station Nord
(on the Greenland North coast) (Heidam
et al. 1993). This contrasts the seasonal
pattern of sea salt concentrations in the

aerosol at the coastal sites of East and
West Greenland with summer highs and
winter lows which is believed to be a
consequence of the changing sea ice cov-
er in the local sea (Heidam 1984). Thus
the sea salt in the Hans Tausen ice core is
believed to be from remote sources and
in terms of sea salt the Hans Tausen ice
resembles the Central Greenland ice
cores. NaCl is readily soluble so in peri-
ods of heavy melting and run-off the sea
salt is expected to run-off at the same de-
gree as water. This means, that the con-
centration of sea salt is not expected to
change due to heavy melting. This may
explain why we do not see a change in
sea salt concentration with depth in the
Hans Tausen ice core. On the other hand,
the lack of change with depth also indi-
cates, that the North Polar Sea has never
been a significant source of sea salt in the
snow here, and has therefore probably
not been ice free in the life time of the
Hans Tausen ice cap.

Conclusions

Sodium is well suited as indicator of sea
salt in the Hans Tausen core. The sea salt
flux to the Hans Tausen ice cap is com-
parable to the flux to the Central Green-
land ice sheet. The seasonal variation of
sea salt concentrations in Hans Tausen
snow shows winter highs and summer
lows which is in agreement with the sea-
sonal variations observed in Central
Greenland and at Station Nord on the
north coast of Greenland; but not in
agreement with observations at coastal
sites in West and East Greenland. The
sea salt in Hans Tausen ice cap is
believed to be from remote sources and
not from the North Polar Sea. It appears,
that the North Polar Sea has not been a
significant source of sea salt for the Hans
Tausen ice cap during its lifetime.

For the first time in Greenland we
have identified two different fractions of
microparticles characterized by their
log-normal modes. Local dust with a
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log-normal mode of 2 — 3 pm and dust
from remote sources with modes around
1 pm. The influence of local dust
decreases over time. Very high dust con-
centrations close to bedrock are thought
to be due to run-off of melt water during
the initial build-up of the ice sheet.
Influx of soluble carbonate rich particles
from local sources makes the ice slightly
alcaline. The ratio between dust mass
and Ca*" has been changed in the deep
part of the core due to melting and run-
off. Sea salt and dust concentrations in
the younger snow are comparable with
Central Greenland concentrations. All
together, these results support the
overall interpretation that the Hans
Tausen ice cap has been developing
from a small glacier where melting and
influence from local sources was domi-
nant, into a larger glacier where the
impurity content in the ice from the
atmospheric aerosol is comparable with
the contents in Central Greenland ice.
The only “Hans Tausen finger print”
that remains in modern Hans Tausen
snow as opposed to Central Greenland
snow is the high concentrations of
(Ca,Mg)-carbonates from local sources.
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