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Some comments on climatic reconstructions from ice cores
drilled in areas of high melt
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Terrain Sciences Division, Geological Survey of Canada, Ottawa, Ontario K14 0L8, Canada

ABSTRACT. Poor consideration has been given in many Arctic circum-polar ice-core
studies to the effect of summer snow melt on chemistry, stable-isotope concentrations and
time-scales. Many of these cores are drilled close to the firn line where melt is intense.
Some come from below the firn line where accumulation is solely in the form of super-
imposed ice. In all cases, seasonal signals are reduced or removed and, in some, time gaps
develop during periods of excessive melting which situate the drill site in the ablation
zone. Consequently, cross correlations of assumed synchronous events among the cores
are invalid, so that time-scales along the same cores differ between authors by factors of
over 2. Many so-called climatic signals are imaginary rather than real. By reference to
published analyses of cores from the superimposed ice zone on Devon Ice Cap (Koerner,
1970) and Meighen Ice Cap (Koerner and Paterson, 1974), it is shown how melt affects all
the normally well-established ice-core proxies and leads to their misinterpretation.
Despite these limitations, the cores can give valuable low-resolution records for all or
part of the Holocene. They show that the thermal maximum in the circum-polar Arctic
occurred in the early Holocene. This maximum, effected negative balances on all the ice
caps and removed the smaller ones. Coooler conditions in the second half of the Holocene
have caused the regrowth of these same ice caps.

INTRODUCTION DRILL-SITE CHARACTERISTICS
The location, elevation and surface characteristics of the

Major contributions to the study of climate change have drill sites to be discussed are shown inlable 1 and Figure 1.

been made over the past two decades by the study of ice Published results from these cores are shown in Figures 2-4.

cores from the world’s two great ice sheets of Greenland Apart from the results from Meighen and Agassiz Tce Caps,

and Antarctica (e.g. Dansgaard and others, 1985, 1993;
Lorius and others, 1985; Barnola and others, 1987). These ice
sheets provide arcas where there is positive balance and no
melting. Consequently, continuous records of climate
change are preserved. Studies of cores from ice caps on
Spitshergen (e.g. Gordienko and others, 1981; Punning and
Tyugu, 1991; Sin’kevich, 1992; Tarussov, 1992) the Severnaya
Zemlya archipelago (e.g. Kotlyakov and others, 1991) and
Meighen Ice Cap (e.g. Koerner and Paterson, 1974) in the
Canadian Arctic are less well known. With one exception,
these records are restricted to the Holocene period. How-
ever, recognition of a climatic signal and development of
time-scales in some of these cores is difficult and, at times
impossible, due to heavy summer melting and the presence
of time gaps in the record formed during long periods of
negative balance at the drill site. Unfortunately, many of
these studies have not given due consideration to the mode
of accumulation and melt at the drill-site locations and its
effect on the derivation of time-scales, or the interpretation
of ice-core chemistry, ice texture and stable-isotope ratios in
the cores. Many of these problems have already been dis-
cussed and published in work based on a core from Meigh-
en Ice Cap (Koerner, 1968; Paterson, 1968; Koerner and
others, 1973; Koerner and Paterson, 1974). T wish, therefore,
to re-address the problem of ice-core analysis in cores taken
from areas of high melt largely by reference to that work.
Benson’s (1959; see also Paterson, 1994) firn-facies terms will
be used throughout.
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the values plotted in the figures are derived from digitiza-
tion of published diagrams referred to in this text. Time-
scales are those determined by the authors of the various
publications.

Canadian Arctic

Meighen Ice Cap is a small ice cap that an ice core, drilled
in 1964, showed to have accumulated almost entirely
through the formation of superimposed ice (Koerner and
Paterson, 1974). Mass-balance measurements have been
made almost annually since 1959 and show a mean annual
balance for the ice cap of ~13.2 g cm ?a . The same period
has effected a slightly negative balance of —27 mm ice a 'on
the dome where the ice core was drilled. 'O results from
this core are shown in Figure 5.

Six surface-to-bedrock cores have been drilled from
Agassiz Ice Cap in an area that lies within the percolation
zone. This paper uses the combined record of two cores
drilled at the top of the flowline in 1984 and 1987 as a refer-
ence for climatic change (Koerner and Fisher, 1990; Fisher
and Koerner, 1994; Fisher and others, 1995 as the area does
not suffer the limitations for ice-core interpretation dis-
cussed in this paper.

Svalbard

The cores on Svalbard have been drilled by the former Soviet
Union (3) and the Japanese (1). The Japanese core is from the
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Table 1. Melt (in parentheses, column 5) is the product of melt per cent and annual aceumulation, not balance. However, annual
accumulation equals balance above the firn line. The melt values are only directly comparable between the sites if the sites lie above
the saturation line. Below this, run-off occurs, i.e. melt may exceed 100%% if melting extends into underlying annual layers. The trwo
values, for balance on Hoghetta include the value for the last 20 years and ( in parentheses) the value for the 195963 period. The
latter is the one used to date the core; Fujii and others (1990) identified recurrent layers of this thickness at depth and considered
them annual layers. " Stiévenard and others (1996) believed the isotopic signature of a 57—60 cm layer of ice sandwiched between
Sfrozen sediments underlying a move recent Vavilov core represents Pleistocene ice. Somewhat contentious, it must at best represent ice
that may have survived the early Holocene by its burial under protective debris. The “trend” column refers to whether the trend in

either 8'°O or melt between 7 and 0.5 ka is significant

Site Llevation lee depth Mean "0 Ice melt per cent Balance Firn Pleistocene ice? Trend
per cent thickness
ma.s.l. m 0-7 ka gcm ? mmw.ea | m
Agassiz' 1730 127 271 29 (6) 98 60 Yes Yes
Meighen® 268 121 21.2 100 (172) 0 0 No No
Hoghetta” 1200 836 ? 100 (200) 47 0 No No
(200)
Fr/Gron® 150 213 ~113 P 750 4 No No
Lomonsov” 1000 220 14.2 ? 820 27-30 No No
Austfonna” 700 566 17.0 67 | 794 30-40 No Yes
Vavilov’ 720 167 =20.0 41 (205) 113 <10 No” No
Akad. Nauk” 810 761 ~21.0 47 (154) 315 ? Yes Yes

L: Fisher and others, 1995; 2: Koerner and Paterson, 1974; 3: Fujii and others, 1990; 4: Punning and others, 1980; 5: Gordienko and others, 1981: 6: Tarussov, 1992:

Zagorodnov and Arkhipov, 1989; 7: Kotlyakov and others, 1991

Haoghetta ice dome on Spitsbergen (Fig. 1). No direct mea-

surements of mass balance have been made in the vicinity of

the drill site but, as the ice core drilled from there consists
entirely of superimposed ice, the drill site must lie within the
superimposed ice zone (Fujii and others, 1990).

The Soviet ice cores are from Vestfonna (Punning and
Tyugu, 1991; Sin'kevich, 1992), Austfonna (Zagorodnov and
Arkhipov, 1989; Tarrusov, 1992), the ice divide between

Gronfjord and Fridtjov Glaciers, which I will call the
Gronfjord ice core (Punning and others, 1980) and Lomo-
nosov Ridge (Gordienko and others, 1981). While accumula-
tion rates are high, melting in summer soaks most or all of
the annual layer (Lomonosov, Vestfonna and Austfonna) or
occasionally removes the annual layer (Gronfjord). Thus,
the drill sites are generally in the saturation zone where
melt percolates deeper than the current annual layer and,

Fig. 1. Drill sites referred to in text. 1. GRIP and GISP2; 2. Devon Ice Cap; 3. Agassiz Ice Cap; 4. Meighen Ice Cap; 5. Academii
Nauk; 6. Vavilov Ice Cap; 7. Hoghetta, Gronfjord, Lomonosov; 8. Austfonna, Vestfouna; 9. Penny Ice Cap: 10. Franz Josef:
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Fig. 2. Stable isotopes on a depth scale: Meighen Ice Cap ( Koerner and Paterson, 1974), Lomonosov ( Gordienko and others, 1981)
and Gronfjord/Fridtjof ( Punning and others, 1980) ice cores. Values from the Soviet ice cores are from digitization of the published
records. Meighen and Gronfjord data surface to bedrock, Lomonosov surface to 20 m above the bed.

in the case of Gronfjord, occasionally in the ablation zone.
Stable-isotope data from the Gronfjord and Lomonosov
cores are shown in Figure 2 and melt from Austfonna is
shown in Figure 4.

Severnaya Zemlya

The Severnaya Zemlya archipelago has been the centre of
deep drilling by the former Soviet Union since 1975 (Ko-
tlyakov and others, 1991). Six boreholes on the Vavilov ice
dome (460-557 m) and one on Academii Nauk ice dome
(AN) (761 m) have been drilled to bedrock. Both ice caps
rise above the firn line (Kotlyakov and others, 1991; Barkov
and others, 1992) but the accumulation undergoes substan-
tial summer melt. The tops of both ice caps probably lie
within the saturation zone as the AN ice core consists, on
average, of 42% melt ice and Vavilov ice core (from Kotlya-

Stable Isotopes, Svalbard, Arctic Canada
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Fig. 3. Stable isotopes, Academit Nauk, Vavilov ( Kotlyakov
and others, 1991) and Agassiz ( Fisher and others, 1983) Ice
Caps. Values_for Academit Nawk and Vavtlov are from digiti-
zation of the published diagrams. Run-offon Vavilov ( Barkov
and others, 1992) has probably affected this record.
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kov and others, 1991) 48% melt ice. Melt-ice percentage and
stable-isotope data from Soviet cores are shown in Figures

i

EFFECTS OF MELT ON ICE-CORE ANALYSIS

Stable isotopes

Stable isotopes (8", oD) are used as proxy temperature
indicators in ice-core analyses. The transfer function (4/
temperature) is based on empirical relationships drawn
from globally distributed data (Dansgaard and others,
1973). The most important effect is that of cooling of the
water vapour as it moves from its ocean source to the loca-
tion where it condenses close to the ice-core site. While lim-
itations of the transfer function have been well discussed in
terms of ice cores from above the percolation line (Paterson,
1994), they are less well known for ice cores from areas of
very heavy melt. The most important (and additional to
those that apply above the percolation line) have been dis-
cussed by Koerner and others (1973) and are as follows.

I. Early summer melt will cause melting of the very nega-
tive (cold)-0 winter/spring snow which lies near the sur-
[ace. The meltwater then percolates down to refreeze
within, or at the base of, the current annual snowpack.
Further melt may cause run-off of less negative (war-
mer)-0 snow deposited during the early winter/fall peri-
od. Avery negative (cold)-d snowpack remains.

2. Late summer melt will cause melting of surface snow
deposited during the early summer period. This may
percolate and refreeze in the annual snowpack. The ear-
ly spring/winter snow is then exposed at the surface and
further melting may cause this snow to leave the ice cap
as run-off. A less negative (warmer)-d snowpack re-

mains.

3. Cool summers, with very little melt but accumulation of
summer snow, will add a layer of less negative warmer-d
snow at the surface. This will give a disproportionately
warm d value for the annual layer.
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Fig 4. Melt record for Academii Nauk ( Kotlyakov and others, 1991) Austfonna ( Tarussov, 1992) and Agassiz Iee Caps ( Koerner
and Fisher, 1990). Mell expressed asg em * a ' based on accumulation rates and melt percentages published by the authors and, in
the case of Academii Nauk, and Austfonna, digitized from the published diagram. Time-scales are those of the authors. In the case
of Austfonna, both a theoretical and stratigraphic time-scale are given ( Zagorodnov and Arkhipov, 1989). I use the theovetical that
gives the bed an age of 60007000 years. T he stratigraphic gives a basal ice age of 30004 000 years.

4. Melting of the snow cover and subsequent percolation
through recrystallizing snow causes isotopic fraction-
ation and enrichment in O of the solid phase at the ex-
pense of the meltwater (Arnason, 1969).

Chemistry and wind-blown dust

Melting causes leaching of ions in the snowpack. This post-
depositional effect homogenizes the snow chemistry, there-
by reducing the seasonal variations often used to detect
annual layering and to date the core. Furthermore, Johan-
nessen and others (1977), Johannessen and Henriksen
(1978), Goto-Azuma and others (1993) and Gijessing and
others (1993) among others have shown that some ions,
such as sulphates, are preferentially leached from the snow.
This means that, if meltwater leaves the drill site, the melt-
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Fig. 5. Annual mass balance at the drill site on Meighen Ice
Cap and at a stake situated close lo the equilibrium line on the
northwest side of Devon Ice Cap.
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water is sulphate-enriched and the remaining ice core is
sulphate-depleted. We have found in work on Canadian
High Arctic ice caps that, while chlorides are much less
affected than sulphates by this process, intense melting will
alter the position and/or amplitude of chloride spring peaks
to render them unusable for recognizing annual layers;
some investigators have relied on the seasonal variations of
chlorides to date cores (e.g. Punning and Tyugu, 1991). High-
ly acid layers, formed from distant volcanic eruptions and
used to date ice cores drilled from above the percolation
line (Fisher and others, 1983), may also be altered suffi-
ciently in magnitude to make them unusable for dating pur-
poses (Fujii and others, 1990),

Insoluble microparticles tend to collect at a melting
surface. With melting this produces a small peak in con-
centrations (Koerner, 1977). However, none of the core
analyses discussed here exploits the use of microparticles
for dating purposes. In some cases, this was due to a lack
of adequate equipment (e.g. a Coulter counter) and in
others (e.g. Meighen Ice Cap) because melting and run-
off removed the seasonal cycles. Smaller ice caps are also
likely to receive high inputs of wind-blown dust from the
surrounding ice-free terrain. This is particularly true dur-
ing winters of very low snow accumulation. Some of these
particles may be soluble and will affect the ice chemistry
during summer melt. Part of the increasing pH/time
trend in the Hoghetta core (Fujii and others, 1990) may be
attributable to an increased input of buffering wind-blown
dust with increasing depth. Koerner and Paterson (1974)
related dust-layer concentrations in the Meighen core to
the changing size of the ice cap. Expansion of the ice cap,
for example by lowering of the firn line to ice-free ground
beyond the ice-cap margins, increases the drill site-to-dust
source distance; dirt-layer concentration in the core then
decreases (Fig. 5; Koerner, 1968). Thus, reduction of dust
concentrations may he a reflection of increased glacieriza-
tion of the surrounding land.

The melt-layer transfer function and ice texture

The distribution of melt layers and the variations of ice tex-

2
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ture in ice cores can be used as summer-temperature
proxies. The climate-related transfer function depends, in
the case of ice layers, on warmer summers causing a higher
percentage of melt ice in the annual layer. The transfer func-
tion is dependent on empirical relationships found in the
area of investigation. For example, Koerner and Fisher
(1990) used an ice per cent/elevation/temperature relation-
ship in the Canadian High Arctic ice caps (Koerner, 1977)
to calculate a 2°C temperature change in the Holocene
from the changing melt percentage in the Agassiz cores,
The transfer function has two thresholds. The upper thresh-
old is crossed when the zone of superimposed ice extends
into the drill-site area. In this zone, all summers causing
complete melting of the annual snow layer will leave a
100% melt-ice section, whether run-off occurs or not. A
summer with much run-off will be warmer than one with
little or none. However, the ice-core record will show a flat,
100% melt-ice record, regardless of how much run-off oc-
curred. The lower threshold is crossed when the climate
causes the dry-snow line to drop below the drill site. In this
case, no melt layers are formed and there is no melt record.
Both situations can be seen in two of the cores presented
here; they will be discussed later. In fact, Alley and Anan-
dakrishnan (1995) have extended this technique to dry-snow
areas. By very careful examination of the GRIP Greenland
core, they have developed a melt record from a core with an
average of only one 2-3 mm thick ice layer every 200 years!
Such a study demands a very high-quality ice core but ex-
tends the applicability of the method.

In the second case, i.c. in the zone of superimposed ice,
where there is 100% melt ice (Meighen and Heghetta), a
climate transfer function has to be developed from ice-texture
changes and is useable in only very general terms. The trans-
fer function is based on the dependency of grain-size in the
newly forming ice, on the degree of meltwater saturation of
the snow cover and the temperature of the winter/spring
snowpack and underlying ice during the early stages of
melting (Koerner, 1970; see also Wakahama and others,
1976). At one end of the spectrum, meltwater standing on
the surface at the end of the melt season freezes slowly to
form very coarse-grained ice. At the other end of the same
spectrum, incompletely saturated snow forms fine-grained,
bubbly, ice. On Devon Ice Cap, there is a gradual transition
in the superimposed ice zone, from fine-grained, bubbly ice
just below the firn line to coarser-grained, clear ice just
above the equilibrium line (Koerner, 1970). This change 1s
related to the summer temperature/elevation relationship.
A simple ice-core model, based on this relationship equates
fine-grained bubbly ice with cold summers and coarse, clear
ice with warmer summers. However, the warmest summers
are unrepresented as a negative balance removes all or part
of the annual accumulation. The transfer function therefore
has limited application.

By similar processes, grain-size/bubble-concentration
variations at one site each year may produce recognizable
annual layers in the superimposed ice zone. These layers
have been studied on Vestfonna by Palosuo (1987) and used
by Jonsson and Hansson (1990), together with chemical and
microparticle signatures, to date a shallow core from
Stordya ice cap (a small island off the east coast of Nord-
Austlandet). The latter is the only work I am aware of that
has made a careful study of annual layering in superim-
posed ice and applied it to the development of a time-scale
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in the superimposed ice zone. However, continuous suites of
recognizable annual layers through periods of past climatic
warming must be uncommon at sites now situated near the
firn line. Any period of warmer climate will create a se-
quence with seasons and/or complete annual layers miss-
ing. Furthermore, if at any time during the history of the
ice cap, the firn line comes close to the drill site, melting
will also add a layer of ice to the continuous ice under the
firn (6 m depth on the northwest side of Devon Ice Cap
(Koerner, 1966) ). In this sense, the resolution of core sec-
tions deposited just above the firn line can never be better
than about 6 m.

Koerner and Paterson (1974), although unable to detect
continuous sequences of annual layers, made quantitative
measurements of bubble concentrations in the Meighen
core to draw inferences about climatic and slope changes at
the drill site. For example, the bubbly, fine-grained ice tex-
ture of sections of the ice core 22—44 m from the surface sug-
gested they formed during years with very cold summers.
They were attributed to the Little Ice Age, despite stable-
isotope values that were less negative than the enclosing
ice. Other studies have used qualitatively rather than quan-
titatively derived measurements of ice texture to detect
climate signals (e.g. Kotlyakov and others, 1991).

High variability of the accumulation rate

While the snow-accumulation rate may not vary much close
to the firn line, the specific mass balance does, due to fluc-
tuations in the melt rate each summer. The 1961-93 mass-
halance records taken close to the mean equilibrium line
on Devon and Meighen Tce Caps illustrate this (Fig. 5).
Over the same period, the annual equilibrium line on De-
von Ice Cap has moved between 1500 m a.s.l. (above the
firn line) in 1962 and <500 m a.s.l. (below the ice cap) in
1964, 1965 and 1976. This gives a 32 year range of >1000 m.
Any site located within this range, including those in the
lower reaches of the firn zone, will have experienced years
of accumulation by superimposed ice or firn, and years of
mass loss. This means that some of the drill sites cited in
Table 1 will include discontinuities, or time gaps.

TIME-SCALES AND DISCONTINUITIES

The main problems facing the derivation of time-scales in
cores drilled close to the firn line may be summarized as
follows:

1. Gaps in the record produced during periods of negative
balance and the high variability of the drill-site annual
mass balance limit the use of flow models (e.g. Nye, 1960)
and make detailed cross-correlation between cores high-
ly conjectural (e.g. Punning and others, 1980; Kotlyakov
and others, 1991),

2. Detection of seasonal variations of ions, microparticles
and stable isotopes becomes conjectural due to the ef-
fects of percolating meltwater (e.g. Gordienko and
others, 1981; Punning and Tyugu, 1991).

3. Cross-correlation of volcanic events with the well-dated
Greenland cores (Hammer, 1983; Hammer and others,
1985) is frustrated by meltwater alteration of the origi-
nal signal strength of these events (e.g. Fujii and others,
1990).
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Koerner and Paterson (1974, fig. 2) drew attention to prob-
able time gaps in the Meighen core and did not develop an
overall time-scale. However, a general lack of understand-
ing of the significance of time gaps in ice cores is common
in some of the other studies. For example, Fujii and others
(1990), aware of the existence of time gaps in the Haghetta
core, claimed that the core included a 4000 year gap be-
tween the basal layers, where organic material was dated
at ¢. 5000 years BP and AD 1700 when they estimated accu-
mulation recommenced. Dowdeswell and others (1990) cor-
rectly objected to such a time gap partly on lichenometric
evidence from nearby areas but also on the basis that “a
very fine balance between mass inputs and outputs would
have to be maintained over a very long period of time (ap-
proximately 4000 years) to preserve a 35m depth of pre-
sumably stagnant ice” This is not the case. A time gap,
while it represents a period of overall negative balance,
need not represent one of delicate balance hetween positive
and negative balances. The time gap may represent almost
any comhbination of accumulation and ablation periods of
varying length, as long as the total ablation during that per-
iod exceeds the total accumulation. The 4000 year time gap
could include a long period of accumulation that thickened
the ice cap to greater than its present dimensions followed
by (or interspersed with) periods of ablation thinning the
ice cap eventually to the 35 m level. The sole requirement is
for an overall negative balance persisting for an un-
known period of time and reducing the ice cap to 35 m
thickness, followed by an overall positive balance begin-
ning at the 35 m level and continuing to the present. How-
ever, no inferences may be drawn either about climatic
change during that overall positive balance period (unless
it can be shown to be continuous) or the sequence of events
forming the time-gap discontinuity.

The Soviet cores from both Svalbard and Severnaya
Zemlya suffer from questionable time-scales. A few years of
recent accumulation, using nuclear fall-out layers as datum
(e.g. Gordienko and others, 1981), have been over-extrapo-
lated and variations of chemical signatures have been inap-
propriately considered seasonal (e.g. Vaikmyae and
Punning, 1982). In addition, the possibility that sections
may be missing from the cores (due to negative balance at
the drill site) has not been considered in the derivation of
theoretical time-scales (e.g. Punning and others, 1980:
Kotlyakov and others, 1991),

The imprecision of their flow-dating methods are ap-
parent when the basal ice in Vavilov Ice Cap has been da-
ted at 9000 years in one case (Kotlyakov and others, 1991)
and >20000 years in another (Vaikmyae and Punning,
1982). The Austfonna core has been given two time-scales,
one theoretical and the other based on a repetitive ice-
texture signal which is considered annual (Zagorodnoy
and Arkhipov, 1989; Tarrusov, 1992). The time-scales differ
by a factor of 2 at the bed.

DISCUSSION

Because of the deficiencies of earlier analyses, and the criti-
cisms and limitations elaborated above, only a broad time
frame can be established for these cores. However, impor-
tant low-resolution inferences about climatic change may
still be made. As a first step, I refer to the combined record
of two Agassiz top-of-the-flowline cores (Fisher and others,
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1995). The time-scale depends, first, on seasonal signals and,
secondly, on fine-tuning by correlation of volcanic events
with those in the Greenland cores and is believed correct to
within +5% (Fisher and others, 1983). Secondly, I set apart
the Academii Nauk ice core from the other cores discussed
50 far. This core shows a relatively large 6"°0 step to very
negative values near its base (Kotlyakov and others, 1991).
The step (Fig. 3) is very similar to the large glacial/inter-
glacial steps in all the Greenland, Antarctic and Canadian
Arctic ice cores (Fig. I; Koerner, 1989; Cuffey and others,
1995). The 0 changes below this, in the Academii Nauk
core, also look similar to the Younger Dryas, Allerod and
Bolling events in the Greenland and Canadian cores (Ig.
1; Koerner, 1989). The same conclusions have been drawn
by Stiévenard and others (1996). In general terms, this sug-
gests that the time-scale calculated by Kotlyakoy and others
(1991) may be reasonable for broad conclusions to be drawn
about its Holocene record.

The AN stable-isotope and melt records are shown with
those from the 1984 Agassiz core in Figures 3 and 4. All four
records depict long-period cooling trends that persist
through to the Little Ice Age. The Austfonna melt profile is
also shown in Figure 4, This record shows a cooling trend
beginning about 3 ka ago. However, its earlier record is
“flat™ because melt reaches a regular 85% of the annual
layer there. At this level, the record is no longer climati-
cally sensitive (warmer summers cause run-off). The as-
sembled records show a Holocene period with a thermal
maximum early on and climate begi nning to deteriorate
between 8.5 and 9.0 ka. This deterioration continued inter-
mittently and has recovered only slightly in the past
150 years.

Although not shown here, the Greenland melt profile of
Alley and Anandakrishnan (1995) also shows a warmer per-
iod prior to 4ka. So too does the “reconstructed” 620 re-
cord from the Holocene part of the Greenland GRIP core
(Johnsen and others, 1995). This record shows excellent
agreement with the Agassiz and AN Holocene 6'°0 and
melt profiles. I should point out, however, that ne correc-
tions of the GRIP type have been applied to any of these
profiles.

None of the other records (Fig. 2) shows evidence of
cither Pleistocene ice or of a cooling trend. This indicates
that they all began growth during the Holocene, probably
during its second half. Further support for this argument
comes from "C-dated material from near the hase of the
Hoghetta ice cap (Fujii and others, 1990) which puts the old-
est ice in this ice cap loosely into the second half of the
Holocene. The ice above this must, like the Meighen core,
represent intermittent growth since then with most growth
occurring, il we use the Agassiz/Academii Nauk/Austfonna
records as guides, in the last 2-3 millennia (as Dowdeswell
and others (1990) suggested). Regrowth of all the “Pleisto-
cene ice-free” ice caps must have taken place over the last
few thousand years with the smallest of them beginning re-
growth most recently.

The present mass balances of three ice caps and two
glaciers that have been measured for over 30 years in High
Arctic Canada (Cogley and others, 1995; Koerner and
Lundgaard, 1995) are slightly negative. The same is true of
those glaciers that have been measured in Svalbard | Hagen
and Liestel, 1990) and on Vavilov Ice Cap (Barkov and
others, 1992). These negative balances have to be seen in the
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light of the melt and "0 profiles from Agassiz, Academii
Nauk and Austfonna Ice Caps (Figs 4 and 5) which show
warmer conditions than present during the first half of the
Holocene. It means that very negative balances existed
throughout the first half of the Holocene in the circum-polar
region. This was the period that saw the final demise of the
great Pleistocene ice sheets. I would suggest that highly nega-
tive balances removed not only the great ice sheets but also
many small ice caps in the circum-polar region in the early
Holocene. This would explain the absence of Pleistocene ice
in most of the records discussed in this paper (see Table 1).

There is other work which lends support to this argu-
ment. Lichenometric and lake-sediment analyses by
Werner (1988) in the west Spitshergen area are strongly sup-
portive of late Holocene glacier regrowth in that region.
Similarly, Bradley’s (1990) synthesis of palaecoclimate stu-
dies in the Canadian High Arctic also presents a strong
body of evidence for late Holocene cooling in that region,
Kotlyakov and others (1991) cited evidence for restricted
ice-cap extent in the Severnaya Zemlya region in the early
Holocene, although they extended this period back into the
late glacial as well.

CONCLUSIONS

Ice cores drilled in areas of high melt require great caution
when attempting to derive palacoclimatic information from
them. Because melting can introduce time gaps and remove
good seasonal signals, time-scales can be difficult or impos-
sible to evaluate. However, 1 should stress that techniques
for core analysis have improved enormously since many of
these cores were studied. Improved detection limits of ion-
analysis equipment, the use of modern microparticle coun-
ters and also of the solid electrical conductivity method as-
sociated with continuous pH, liquid conductivity and laser/
microparticle measurements (originally discussed by Ham-
mer (1980); Hammer, 1983) could make the study of new
cores from some of these areas an important addition to
the study of climatic change in the circum-polar area. The
exceptionally careful work of Alley and Anandakrishnan
(1995) has also shown that the “cold threshold” of melt-layer
analysis can be pushed further down the temperature scale
to include high-elevation Greenland cores, thereby provid-
ing further opportunities for cross-correlation with abso-
lutely dated cores from that area.
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