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Abstract

Marine^lacustrine isolation contacts from seven basins in the Nanortalik area, South Greenland have been analysed
and dated. The basins were isolated from the sea as a consequence of isostatic rebound following deglaciation. The
isolation contacts were identified with litho- and biostratigraphical analyses, especially sedimentary changes, grey
scale analyses and analyses of macroscopical remains of plants and animals. Dating was performed by analytical mass
spectroscopy radiocarbon dating of macrofossils and bulk sediment samples. A slow initial relative sea level fall that
begins at 13.8 cal ka BP changes to a rapid relative sea level fall before the sea level fell below the present-day sea level
just prior to 10 cal ka BP. The emergence curve goes further back in time than any previous emergence curve
constructed from Greenland, which reflects the early deglaciation of the studied region. The glacio-isostatic crustal
rebound following deglaciation was around 110 m. The sea level history indicates that the margin of the Greenland ice
sheet probably extended out to the shelf margin during the Last Glacial Maximum, and that the ice thickness must
have been at least 1500 m over the outer coast. Thus the highest coastal mountains would have been ice-covered,
which is surprising given their alpine character. In addition, the major part of the recession of the ice must have
occurred relatively late and quickly, maybe from 14 to 12 cal ka BP. The late Holocene transgression may, at least in
part, be due to increased isostatic loading as a consequence of advancing glaciers during the Neoglaciation. ß 2002
Elsevier Science B.V. All rights reserved.
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1. Introduction

The late Quaternary history of the Arctic ice
sheets has been subject to much controversy
over the past decades but there is a growing con-
sensus that the Barents Sea and Queen Elizabeth

Islands of Northern Canada were covered by ex-
tensive ice sheets during the Last Glacial Maxi-
mum (LGM). However, the limits of the Green-
land ice sheet at that time are still debated, with
di¡erent researchers placing the ice margin on the
shelf anywhere between the shelf break and the
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outer coast [1,2]. Some constraint can be placed
on the dimensions of the former ice sheet from
observations of sea level change because the
time dependence and amplitude of this change
at a given location is strongly dependent on the
location of the site with respect to the ice margin.
With this objective in mind, sediment cores were
collected from seven isolation basins situated at
di¡erent elevations between the marine limit and
the present sea level on islands in the archipelago
south and southeast of Nanortalik in the far
south of Greenland (Fig. 1). In this part of Green-
land the shelf is narrow, around 70 km wide, and
the ice-free land area is con¢ned to a relatively
narrow coastal strip so that the maximum possi-
ble o¡shore extent of the ice margin is rather lim-
ited. Also, the region is located far enough south
in the North Atlantic Ocean to have been in£u-
enced by the marked warming that occurred at
14 700 GRIP ice core years BP [3]. Thus ice re-
cession may have occurred at about this time but,
in addition, the warmer conditions would have led
to the rapid establishment of a fairly rich plant
and animal life and hence to organic-rich sedi-
ments in the regions peripheral to the ice.

A number of emergence curves have been pub-
lished from di¡erent parts of Greenland, but they
are mainly based on dates of mollusc shells from
raised marine deposits [4^6]. Such curves, how-
ever, are highly uncertain because the dated mol-
luscs may have lived at various depths below sea
level and only few sampled molluscs have been in
growth position. Furthermore the shells were usu-
ally collected from fairly large areas across which
the isostatic rebound is unlikely to have been uni-
form. In other parts of the Arctic, well-de¢ned
emergence curves have been constructed from ra-
diocarbon-dated driftwood and whale bones from
raised beaches [8^10]. However, both driftwood
and whale bones are rare on raised beaches in
Greenland and where present are not found up
to the marine limit.

In northwest Europe as well as in some other
glaciated regions, sea level changes have often
been reconstructed from so-called isolation ba-
sins: lake basins that emerged above sea level as
a consequence of glacio-isostatic uplift following
deglaciation. In Greenland, this method was ¢rst

used by Kelly and Funder [11] in the southwest
but the isolation contacts were solely de¢ned from
the lithology of the sediments. A more recent
study from the Disko Bugt in central West Green-
land identi¢ed isolation contacts by sedimentary
and diatomological shifts [12]. Both studies re-
lied on radiocarbon dating of bulk sediment sam-
ples.

Little is known about the glacial history of
southernmost Greenland, but existing models
place the maximum glaciation margin of the
Greenland ice sheet near the present outer coast
at c. 21^16 14C yr BP [2]. The onset of mid to late
Holocene ice sheet readvance is dated in a lake
sequence further north to around 4000 14C yr BP
[13], and the Neoglacial maximum was reached
during a late part of the so-called Little Ice Age,
in the 19th century [14]. Other than this, little is
known about the glacial history of this region.

Preliminary ¢ndings of this project [15] were
based on the results of the recent ¢eld work, in-
cluding a preliminary emergence curve. Here we
present a revised and more detailed emergence
curve, based on more analytical mass spectrosco-
py (AMS) radiocarbon dates and additional mod-
elling of the glacial loading.

2. Field area

The study area (Fig. 1) is situated at around
60‡N, corresponding to the latitude of southern
Norway. The bedrock in the Nanortalik region
consists of Precambrian gneisses, and the marine
limit has been estimated to occur at c. 35 m [5].
The lowest lake sampled by us, without an isola-
tion contact, was located at 47 m above sea level
(m a.s.l.). The topography is mostly alpine, with
peaks reaching more than 2300 m a.s.l., but some
mountains have £at tops that are remnants of a
pre-glacial peneplain [16]. At the outer coast a
narrow strand-£at with small islands and skerries
is found.

The present climate is low-arctic, oceanic, and
at the nearest weather station in Nanortalik the
mean summer temperature is 6.3‡C and the annu-
al precipitation is 895 mm [17]. The vegetation is
dominated by Empetrum nigrum heaths.
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3. Methods

A number of potential isolation basins below
the expected elevation of the marine limit were
identi¢ed and cored in April 1999. The thickness
of the lake ice on the low elevation basins was
around 1 m, and a power-driven 25 cm diameter
ice auger was used for the ice drilling. Water
depths were usually measured at several sites
within the lake to establish the approximate to-
pography of the basins. Sediment coring was car-

ried out with a 7.5 cm diameter and 1 m long
Russian corer [18]. Several parallel cores spanning
the often distinct isolation contact were collected.
The elevations of the basins were determined pho-
togrammetrically at the Geological Survey of
Denmark and Greenland using a computer-sup-
ported Kern PG 2 stereo-plotter. The accuracy
of these measurements is about þ 1 m, and the
resulting heights refer to sea level at the time the
aerial photographs were taken. It appears that the
photographs were taken at a time when water

Fig. 1. (A) Map of Greenland. (B) Map of the Nanortalik^Kap Farvel area, showing the position of the ¢eld area. (C) Map of
the ¢eld area showing the position of the investigated lakes.
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level was near the mean water level. The mean
tidal range for the region is 3.0 and 1.5 m at
spring and neap tides, respectively (Den
grÖnlandske lods), but we have not corrected for
this. Hence the average height uncertainty is
about þ 1^2 m. It should be noted that the basins
do not turn into proper lakes until they are no
longer reached by salt water during spring high

tide. The lake thresholds all consist of bedrock,
and the lake level roughly corresponds to the el-
evation of the threshold. After preliminary litho-
logical descriptions the sediment cores were
wrapped in the ¢eld and sent back to the labora-
tory in Copenhagen where they were stored at
4‡C. In the laboratory, the cores were more thor-
oughly described and sub-sampled. Magnetic sus-

Table 1
AMS radiocarbon dates

Lake Laboratory no. Deptha Material Age Calibrated ageb þ 1 S.D. N
13C

(cm) (14C yr BP) (BP) (x)

N14 Ua-15883 757 Bulk sediment 10 780 þ 95 12 960^12 650 319.9
Ua-15884 759,5 Bulk sediment 11 030 þ 95 13 150^12 900 322.0
Ua-15885 761 Bulk sediment 11 355 þ 95 13 460^13 160 318.0
Ua-15886 762.6 Bulk sediment 11 510 þ 100 13 790^13 330 318.0
Ua-15887 764 Bulk sediment 11 600 þ 95 13 810^13 440 318.3
Ua-14844 765^771 Bryum sp. 11 665 þ 125 13 830^13 460 322.3
Ua-14845 772^774 Marine algae 11 995 þ 130 14 120^13 830 320.2

N18 Ua-15415 365.5^367.5 Daphnia pulex 10 015 þ 95 11 690^11 260 320.0
Ua-15414 367.5^370 D. pulex 10 200 þ 110 12 300^11 580 320.0
Ua-15889 375 Bulk sediment 10 750 þ 95 12 950^12 650 310.0

N24 Ua-15423 255^260 Warnstor¢a exannulata 9 400 þ 135 11 040^10 430 324.5
Ua-15902 262 Bulk sediment 10 015 þ 120 11 900^11 230 314.8
Ua-15903 264 Bulk sediment 10 185 þ 75 12 270 þ 11 650 315.3

N19 Ua-15417 793^796 W. exannulata 9 810 þ 175 11 540^11 090 319.8
Ua-15416 796^799 D. pulex, Chydorus arcticus 9 705 þ 80 11 200^10 890 314.7

N16 Ua-15413 585.5^589 Batrachium confervoides,
Empetrum nigrum

9 040 þ 85 10 240^10 160 321.8

Ua-15412 589^591.5 B. confervoides, E. nigrum 9 240 þ 95 10 560^10 240 319.4
N22 Ua-15420 1119^1122 B. confervoides, Hippuris

vulgaris, E. nigrum, W.
exannulata

8 960 þ 90 10 220^9 920 324.2

Ua-15419 1125^1128 B. confervoides, H. vulgaris, E.
nigrum, Bryum sp., W.
exannulata

8 905 þ 90 10 190 þ 9 870 324.1

Ua-15896 1130 Bulk sediment 9 615 þ 130 11 180 þ 10 700 320.2
Ua-15899 1160^1165 E. nigrum, H. vulgaris, Montia

fontana
9 330 þ 130 10 690 þ 10 290 325.0

Ua-15900 1160^1165 Hydroids, Sphacellaria sp.,
Desmarestia sp.

9 670 þ 150 11 200^10 740 317.7

N21 Ua-15890 702 Bulk sediment 9 080 þ 85 10 360^10 190 316.0
Ua-15418 700^704.5 B. confervoides, E. nigrum 8 930 þ 80 10 210^9 910 310.9
Ua-15892 704.5^709.5 E. nigrum, Carex sp. 8 370 þ 85 9 490^9 280 324.4
Ua-15891 708 Bulk sediment 9 290 þ 95 10 640^10 290 316.0
Ua-15893 732.5 Bulk sediment 9 110 þ 120 10 400^10 190 317.6
Ua-15894 730^735 E. nigrum 9 240 þ 135 10 640^10 240 326.7
Ua-15895 730^735 Hydroids (marine) 9 070 þ 80 10 360^10 190 321.0

Narsaq Ua-2425 825 Mya truncata fragment 3 080 þ 110c 2 920^2 740 0d

a Depth below the water surface.
b Calibrated according to the INTCAL98 dataset, using the 10 year terrestrial calibration curve [23].
c Normalised for isotopic fractionation to 325x on the PDB scale, and sea water reservoir corrected to 2680 þ 110 radiocarbon
years, by subtracting 400 years [7].
d Assumed values.
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ceptibility, loss on ignition and carbonate content
were determined on closely spaced samples, and a
grey scale analysis was carried out on three of the
sequences. The often distinct sedimentary change
is de¢ned here as the isolation contact which
forms when the water in the photic zone of the
basin becomes more or less fresh [19]. Analyses of
plant and animal macrofossils (de¢ned as larger
than 0.1 mm) have been shown to provide an
excellent tool for the establishment of isolation
contacts [20^22] and all samples have been ana-
lysed for both macrofossils and diatoms. Selected
macrofossils and bulk sediment samples have
been used for AMS radiocarbon dating (Table
1). Bulk sediment samples should be satisfactory,
provided the organic content of the samples is not
too low, because the water is free from bicarbon-
ate, and because the sediment does not contain
coal fragments or ‘old’ reworked organic remains.
We printed out the INTCAL98 calibration curves
[23], and also used the dates to establish rough
sedimentation rates for the isolation sequences.
From this we assigned dates for the isolations.
The uncertainty of the proposed isolation ages is
about þ 100 years for the younger isolation con-
tacts, and somewhat larger for the older isolation
contacts.

4. Results

The seven isolation basins sampled are de-
scribed below. None of the lakes have names,
and here we retain our ¢eld work codes, where
N stands for Nanortalik. The depth levels refer
to depth below the water surface.

4.1. Lake N14 (59‡58.87PN, 45‡10.76PW)

This lake is situated on the small island Angis-
soq, c. 14 km southwest of the other isolation
basins studied. The lake is small, around 70 m
in diameter, and situated at 33 m a.s.l. The water
depth at the coring site is 3.3 m, but depths up to
8 m were recorded elsewhere. The sediments
across the isolation contact consist of clay and
greenish-to-black laminated gyttja clay and clay
gyttja (Table 2). From the lithology the isolation

contact is placed at 771 cm, which is marked by a
blackish lamina; this is also where the cladoceran
Chydorus arcticus and Chironomidae show a ¢rst
increase. Only a small number of limnic plants
and animals are found in this sequence, and no
thermophilous taxa occur (Fig. 2). The isolation
level is not as well de¢ned from macrofossil anal-
ysis as in the lakes that were isolated later, and
therefore a series of samples were also analysed
for diatoms. Samples from 777.5 to 772.5 cm con-
tain a mixture of marine, brackish and freshwater
diatoms. One sample from 771.5 cm is dominated
by the two species Hyalodiscus subtilis and Pinnu-
laria quadratarea, which are marine species.
Above the suggested isolation contact, two sam-
ples from 770.5 and 769.5 cm are dominated by
freshwater species (Fragilaria spp.), with some
Navicula rhynchocephala, Navicula cf. oblonga,
Nitzchia perminuta and Diatoma elongatum, but
the samples also contain some ¢nds of the brack-
ish water diatom Achnanthes delicatula. The loss

Fig. 2. Simpli¢ed macrofossil concentration diagram across
the isolation contact from lake N14. Dates in radiocarbon
years BP (for details see Table 1). 1: Vegetative remains,
2: chitinous linings of tests, 3: cocoons, 4: sketetal remains,
5: exoskeletal remains, 6: ephippia, 7: seeds. The interval
from 758.5 cm to 760 cm was not analysed. L: littoral, Terr:
terrestrial.
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Table 2
Lithostratigraphy of the successions

Lake Deptha Sediments
(cm)

N14 750.5^754.5 Darkish brown silty moss gyttja, faintly laminated. Lowermost 5 mm consists of light grey gyttja clay
754.5^758.4 Light yellowish green silty, thick laminated clay gyttja. UB = s
758.4^759.7 Light grey silty laminated gyttja clay. UB = rg
759.7^771.0 Greyish brown silty laminated clay gyttja, blackish brown laminae which end with a 3 mm thick black

layer. UB = rs
771.0^772.0 Greyish beige silty laminated gyttja clay with a blackish brown lamina at the top. UB = s
772.0^774.0 Greyish green laminated gyttja clay. UB = rs
774.0^780.0 Grey silty homogeneous clay. UB = rg

N18 332.0^348.0 Greyish brown algae-rich gyttja.
348.0^359.5 Darkish brown faintly laminated algae-rich gyttja. UB = vg
359.5^365.5 Brown silty algae-rich clay gyttja. Occasional dark layers with coarser material. UB = rg
365.5^372.0 Greenish brown to olive brown laminated silty algae-rich clay gyttja. Thin reddish laminae at 367.0^

367.5 cm. UB = rg
372.0^377.5 Light greenish brown silty clay gyttja. Faintly laminated, especially in the bottom and in the top.

UB = rg
377.5^381.0 Greyish green slightly layered clayey gyttja silt. UB = rs
381.0^392.0 Grey clayey gyttja silt. Layer of gravel at 388 cm and a sand layer at top. UB = rs
392.0^400.0 Grey clayey sandy silt. UB = vg

N24 221.5^228.0 Brown clayey silty coarse detritus gyttja
228.0^242.0 Light-brown thick laminated silty clay gyttja, relatively rich in macrofossils. UB = rs
242.0^264.5 Olive brown laminated silty clay gyttja, relatively rich in macrofossils. UB = rs
264.5^265.0 Whitish grey clayey silt. UB = rs
265.0^265.5 Dark grey silty clay. UB = rs
265.5^268.0 Grey faintly laminated silty slightly organic clay. UB = rs
268.0^273.5 Rust coloured clayey silt. UB = rs

N19 755.0^786.0 Dark brown algae-rich gyttja
786.0^791.5 Brown di¡usely laminated algae-rich gyttja. UB = g
791.5^797.5 Dark brown laminated algae-rich gyttja. UB = rg
797.5^799.0 Grey to brown laminated clay gyttja. UB = rs
799.0^800.0 Light brown clay gyttja, UB = rs
800.0^832.0 Brown grey silty clay gyttja, relatively rich in macrofossils. UB = rg
832.0^855.0 Grey silty gyttja clay. UB = rg

N16 579.5^583.0 Darkish brown algae gyttja
583.0^585.5 Brown algae gyttja. UB = rg
585.5^591.0 Dark brown algae gyttja. UB = rs
591.0^591.5 Brown to grey laminated algae-rich gyttja. UB = rs
591.5^596.0 Light brown silty algae-rich clay gyttja. UB = rs
596.0^630.0 Greyish brown silty sandy gyttja clay with some macrofossil-rich horizons in the middle of the unit.

This unit is also relatively rich in gravel particles. UB = vg
N22 1080.0^1115.0 Dark brown gyttja

1115.0^1131.0 Darkish olive brown laminated algae-rich gyttja. The laminations are discontinuous. UB = g
1131.0^1131.3 Sandy gravel. UB = s
1131.3^1148.0 Light greyish brown clayey homogeneous silt gyttja. UB = vs (erosive?)

N21 671.0^701.5 Darkish grey-brown algae gyttja
701.5^704.5 Brownish black to brown thick laminated algae-rich gyttja. UB = rs
704.5^709.5 Brown-black reddish, beige, grey-brown ¢nely laminated algae-rich gyttja. UB = rs
709.5^711.0 Light brown silty algae-rich clay gyttja, UB = rs
711.0^725.0 Light brownish grey silty gyttja clay. UB = rs

UB = upper boundary, vs = very sharp, rs = rather sharp, s = sharp, vg = very gradual, rg = rather gradual.
a Depth below water level.
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on ignition values support an isolation at 771 cm,
increasing markedly from 4.1% at 771.5 cm to
16.3% at 769.5 cm. The age of the suggested iso-
lation contact is around 13 800 cal yr BP, based
on the dates of a sample of marine algae below
the contact (13 830^14 120 cal yr BP) and a sam-
ple of terrestrial bryophyte remains (Bryum sp.)
just above the contact (13 460^13 830 cal yr BP).
This estimate is supported by dates on bulk sedi-
ment samples (Table 1).

4.2. Lake N18 (60‡02.16PN, 44‡57.56PW)

This lake, at an elevation of 30 m, is c. 200 m
long and 100 m wide. The water depth at the
coring site is 1.2 m. The sediments over the iso-
lation consist of gyttja silt, greenish-brown lami-
nated clay gyttja, and algae-rich clay gyttja (Table
2). The isolation contact is placed at 370 cm
where marine fossils disappear and Daphnia pulex
ephippia begin to appear in high numbers (Fig.
3). However, other limnic animals and plants ap-
pear somewhat later. Only two thermophilous
taxa appear, and only in low numbers, long after
the isolation. The isolation contact is dated on the
basis of two samples of D. pulex ephippia above
the contact, and one bulk sediment sample 5 cm
below the contact, to around 11 900 cal yr BP
(Table 1).

4.3. Lake N24 (60‡04.87PN, 45‡07.75PW)

This is a small, 125U50 m, and shallow, 0.8 m,
east^west oriented lake at an elevation of 26 m.
The sediments around the isolation consist of silt
and clay, overlain by laminated silty clay gyttja
(Table 2). The isolation contact is placed at the
transition from minerogenic to more organic sedi-
ments, at 264.5 cm. At this level there is also a
distinct rise in the number of limnic plants and
animals, but what is here classi¢ed as more ther-
mophilous taxa do not appear until some time
after the isolation. Noteworthy is the high fre-
quency of Callitriche hermaphroditica and other
limnic plants that re£ect a shallow water environ-
ment. From this sequence three dates are avail-
able (Table 1). A comparison between the water
moss date and the dates on bulk sediment samples

indicates that the latter are somewhat too old,
and we estimate the age of the isolation contact
to be around 11 500 cal yr BP.

4.4. Lake N19 (60‡02.54PN, 44‡57.20PW)

The elevation of this nearly circular lake is 24
m a.s.l., with a diameter of about 150 m. The
water depth at the coring site is 2.1 m. The sedi-
ments over the isolation consist of clay gyttja
(laminated in upper part), and laminated algae-
rich gyttja (Table 2). The isolation contact is
placed at the onset of the algae-rich gyttja, at
797.5 cm. The rise in limnic plants and animals
is less clear, and the species diversity is smaller,
than in the preceding basins. Thermophilous taxa
do not appear until some time after the isolation.
A sample of D. pulex ephippia and C. arcticus
skeletal remains gave an age of 11 200^10 890 cal
yr BP, and a sample of Warnstor¢a exannulata a
few cm further up gave an age of 11 540^11 090
cal yr BP (Table 1). On this basis it is suggested

Fig. 3. Simpli¢ed macrofossil concentration diagram across
the isolation contact from lake N18. Dates in radiocarbon
years BP (for details see Table 1). 1: Vegetative remains,
2: cocoons, 3: sketetal remains, 4: exo-skeletal remains,
5: ephippia, 6: head shields, 7: seeds.
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that this basin was isolated at the very end of the
10 100^9900 14C plateau, i.e. around 11 250 cal yr
BP.

4.5. Lake N16 (60‡02.20PN, 44‡55.37PW)

This lake which is situated at an elevation of 11
m a.s.l. is elongated and measures around 250^
100 m. The water depth at the main coring site
is 4.5 m, and at a second coring site a depth of 8.3
m was recorded. The sediments around the isola-
tion consist of homogeneous silty sandy gyttja
clay, silty algae-rich clay gyttja, laminated algae-
rich gyttja (591.5^591 cm), and brown algae gyttja
(Table 2). The isolation contact is placed at 591.5
cm, at the onset of the laminated unit. A very
marked appearance of limnic plants and animals
is registered at this level (Fig. 4). The fossil £ora
and fauna include the dwarf shrub E. nigrum, the
charophyte Nitella sp., the ostracode Sarscypri-
dopsis aculeata and the freshwater bryozoan Plu-
matella repens, which are all relatively thermophi-
lous species. The isolation contact is also seen as a

marked change in the grey scale. Two samples,
consisting of macroscopic remains of E. nigrum
and Batrachium confervoides, from 0^2.5 cm and
2.5^6 cm above the isolation contact give cali-
brated ages of 10 560^10 240 and 10 240^10 160
cal yr BP (Table 1). On the basis of the lower
sample, it is suggested that the isolation took
place at 10 600 cal yr BP.

4.6. Lake N22 (60‡01.98PN, 44‡55.89PW)

This lake has a very irregular shape and mea-
sures c. 200 m from west to east. It is separated
from the sea by a narrow bedrock ridge at 4 m
a.s.l. The water depth is 2.65 m. At this site 8.7 m
of limnic sediment was found, excluding at least
1.2 m of marine sediments, which is a record for
Greenland. The sediments around the isolation
consist of homogeneous silty and clayey gyttja, a
thin (3 mm) layer of sandy gravel, and laminated
algae-rich gyttja (Table 2). The isolation contact
is identi¢ed at 1131 cm at the onset of the lami-
nated unit above the thin gravel layer. At this

Fig. 4. Simpli¢ed macrofossil concentration diagram across the isolation contact from lake N16. Dates in radiocarbon years BP.
1: Vegetative remains, 2: cocoons, 3: exosketetal remains, 4: bones, 5: oospores, 6: seeds, 7: statoblasts. The interval from 596
cm to 605 cm was not analysed.
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level there is a very marked rise in limnic plants
and animals. The same thermophilous taxa are
found as in N16. One bulk sediment sample
from 1130 cm yielded an age of 11 180^10 700
cal yr BP. This is considered too old because a
sample of plant macrofossils from 1125^1128 cm
gave an age of 10 190^9870 cal yr BP, and another
sample of plant macrofossils from 1160^1165 cm
gave an age of 10 690^10 290 cal yr BP (Table 1).
On the basis of the two latter dates we suggest
that the isolation took place at around 10 200 cal
yr BP.

4.7. Lake N21 (60‡01.85PN, 44‡54.82PW)

This is a NW^SE elongated basin, 250 m long
and 100 m wide at 3 m a.s.l. The water depth at
the coring site is 1.8 m; also at this site a fairly
long sediment sequence of 6.75 m was found. The
sediments that cover the isolation contact consist
of homogeneous silty gyttja clay, algae-rich clay
gyttja, and algae-rich laminated gyttja (701.5^
709.5 cm) (Table 2). The isolation contact is put
at 704.5 cm, at which level marine fossils disap-
pear and lacustrine fossils become abundant. This
determination of the isolation level means that
laminated sediments at this site were formed
both before and after the isolation. The same
thermophilous taxa are found as in N16 and
N22. One sample from a 4.5 cm thick slice above
the isolation contact, consisting of macroscopic
remains of E. nigrum and B. confervoides, gave
an age of 10 210^9910 cal yr BP (Table 1), and
it is suggested that the isolation took place at
10 200 cal yr BP. One sample from 704.5^709.5
cm gave a too young date, probably due to con-
tamination with younger material during extrac-
tion of the macrofossils.

5. Colonisation of the lakes

Few studies have been performed on the colo-
nisation of lakes by macro-limnophytes and inver-
tebrates following isolation from the sea [20,24].
The oldest isolation contact, from N14, dates
from Greenland interstadial 1 [3], the next contact
(N18) from Greenland stadial 1, the next (N24)

from the boundary to the Holocene, and the re-
mainder (N19, N16, N22, N21) from the early
Holocene [3]. The lakes were colonised by di¡er-
ent plants and animals after isolation. The only
identi¢ed invertebrates present in N14 just after
the isolation were the cladoceran C. arcticus and
non-biting midges (Chironomidae), soon followed
by cladocerans Acroperus harpae and Alona sp.,
and later by the aquatic bryophyte W. exannulata
and the cladoceran D. pulex (Fig. 2). The diversity
is much lower in N18, where the only freshwater
organism present just after the isolation contact
was D. pulex, which was soon followed by C.
arcticus, Chironomidae, £atworms (Rhabdocoe-
la), and W. exannulata (Fig. 3). In the basins
which were isolated in the early Holocene the di-
versity of freshwater plants and animals is higher,
and a number of fairly thermophilous species are
found, including Nitella sp., S. aculeata and P.
repens. Also present in the early Holocene sedi-
ments are remains of B. confervoides, Hippuris
vulgaris, C. hermaphroditica, Simocephalus vetulus
and Trichoptera. It may be speculated that the
di¡erences between the basins re£ect di¡erences
in lake water temperature and regional climate
at the time when the basins became isolated, but
it may also be related to immigration lags. We
suggest that the ¢rst lakes and ponds that became
isolated had to be colonised from lakes in north-
west Europe or North America, following trans-
oceanic dispersal. However, it is possible that
ponds had been present on Angissoq for some
time before N14 was isolated and that Angissoq
is one of the earliest colonised places in South
Greenland and perhaps along the whole west
coast of Greenland.

6. A ¢rst-order sea level curve

Fig. 5a illustrates the height^age relationships
for the seven isolation contacts. Because of the
spread of locations of the lakes, particularly of
N14 with respect to the others, di¡erential iso-
static rebound could be signi¢cant and these re-
sults do not constitute a relative sea level curve
unless corrections for rebound can ¢rst be ap-
plied. However, sites N16 to N23 lie at approx-

EPSL 6125 17-4-02

O. Bennike et al. / Earth and Planetary Science Letters 197 (2002) 171^186 179



imately the same distance from both the present
coast and the shelf margin so that any di¡erential
isostatic signals for these sites will be small.
Height uncertainties are of the order of þ 1.5 m
and include contributions from the surveyed sill
heights and the tidal range. The AMS radiocar-
bon ages have a typical precision of 100^150 years
and a nominal age uncertainty of 200 years has
been adopted for the calibrated ages.

The maximum level below present attained dur-
ing the Holocene is unknown at Nanortalik and

there is no direct evidence to suggest that levels
remained below present from this time onwards to
the present, since the post-isolation sediments in
the lowest lakes have not yet been analysed.
About 100 km to the northwest, in the harbour
of Narsaq, at a water depth of 7.25 m, a ‘dry’
crust has been found in a marine core at 9.3^10
m below present sea level (Geotechnical Institute
core 68105; 60‡54.5PN, 46‡04PW) and relative sea
level at time of formation was at least 10 m below
present [14,25,26]. A shell fragment of Mya trun-
cata at 8.25 m below sea level was dated to
2680 þ 110 (sea water reservoir-corrected) 14C yr
BP (Table 1, Ua-2425) and post-dates the forma-
tion of the dry crust. Recent sea level measure-
ments between 1883 and 1933 indicate a relative
sea level rise of 19 cm during this interval [27].
Thus it appears that the local sea level rise at
Nanortalik was below present for much of Holo-
cene time and Fig. 5a illustrates the schematic sea
level result for this time interval.

Fig. 6 compares the result with two curves from
West and North Greenland. The result for West
Greenland is also based on the height^age rela-
tionship of isolation basins and includes one basin
that is now situated below sea level, being ¢rst
isolated and later transgressed [12]. The curve
from North Greenland is based on dates of mol-
lusc shells found in raised marine deposits and,
for its younger part, on dated palaeo-Eskimo
ruins on raised beaches as well as a drowned
Neo-Eskimo ruin [4]. Some marked di¡erences
occur between these and the Nanortalik results.
(i) The Nanortalik record extends further back
in time due to the early deglaciation of the area,
whereas the other lowland areas were not degla-
ciated until the early Holocene. (ii) The relative
sea level curve falls below the present sea level in
the early Holocene in South Greenland whereas at
the other localities this does not occur until the
mid or late Holocene. There is no ¢eld evidence to
suggest that elevated late Holocene sea levels oc-
cur in the Nanortalik area or at the two other
sites and the equivalent to the mid Holocene high-
stand such as occurs in Scandinavia (e.g. the
Tapes or Littorina highstand) and Scotland (the
Main Postglacial Shoreline) has not been identi-
¢ed here. (iii) The maximum elevations of the

Fig. 5. (a) Age^height plot for the isolation basins, uncor-
rected for di¡erential isostatic rebound. The dashed curve for
the Holocene is schematic only. The error bars shown are
nominal values. (b) The inferred crustal rebound for the
Nanortalik area.
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former sea levels are less in the Nanortalik region
than for the other two localities at the same time.
The maximum rates of sea level fall are similar for
all localities but they occur at di¡erent times. The
southern Greenland result is characterised by a
low initial uplift rate but this may re£ect in part
any di¡erential isostatic rebound between site
N14 and the others.

7. Isostatic rebound and ice limits

The Greenland ice sheet has experienced con-
siderable reduction in its ice volume since the time
of the LGM, although the thickness of the former
ice and the timing and rates of recession remain
uncertain. As a result, predictions of the isostatic
rebound are also uncertain and possibly the best
constraints on the dimensions of the former ice
limits will come from the observations of rebound
itself. If isostatic contributions from the nearby
North American ice sheets are ignored, relative
sea level change along the Greenland margin is
essentially the sum of the isostatic crustal rebound
and the global eustatic sea level change. Thus to
construct the rebound component from the ob-
served sea level change we have subtracted the
eustatic global sea level curve [28] and Fig. 5b

Fig. 6. Curves showing the relative sea level changes in the Nanortalik area in South Greenland (this study), JÖrgen BrÖnlund
Fjord in North Greenland (modi¢ed from [4]) and inner Disko Bugt, West Greenland [12].

Fig. 7. Schematic ice model for southern Greenland. (a) Ice
thickness as a function of distance from centre and epoch.
All melting has ceased at 10.5 ka. (b) Change in ice thickness
with respect to present value for epochs of 15 and 12.5 ka
BP (solid lines). The dashed lines correspond to a model in
which the change in ice thickness at 15 ka has been scaled
upwards by 50%.
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illustrates the approximate rebound curve for
Nanortalik. The isostatic rise of the land since
the area became deglaciated amounts to about
110 m during the past 14 000 years. This is com-
parable to that observed at many of the near-ice-
margin localities of Norway or Svalbard and in-
dicates that considerable changes in ice volume
occurred between the time of maximum glaciation
and present. One feature of the curve is its neg-
ative value during much of Holocene time. This is
partly a consequence of the site being in the ‘pe-
ripheral bulge’ zone of both the North American
ice sheet and the northern Greenland ice and this
needs to be examined further. Additionally, it
may be indicative of an advance of Greenland
ice during the latter part of the Holocene
[13,14,29].

To examine the magnitude of the rebound and
its dependence on the various parameters that en-
ter into rebound predictions we consider an ideal-
ised axi-symmetric ice sheet with parabolic radial
height pro¢le (Fig. 7) to represent the ice over
southern Greenland. The initial radius is 400 km
and the central ice thickness is 2800 m, dimen-
sions that correspond approximately to a LGM
ice cover over southern Greenland that extends
out to the shelf edge. Isostatic equilibrium is as-
sumed at the time of the LGM so that no pre-
LGM ice history is required. Melting starts at
15 000 calibrated yr BP and continues until
10 500 yr BP and no further change occurs. In
this interval the ice margin has receded symmetri-
cally and uniformly in time over a distance of 100
km and the maximum ice thickness at the centre
of the dome has been reduced to 2425 m. The
height pro¢le retains the same parabolic shape
throughout the recession phase. The earth re-
sponse parameters are based on nominal values
that have been found adequate for Scandinavia

Fig. 8. Nominal eustatic sea level function (a), predicted
crustal rebound as a function of distance from the ice load
centre (b), and predicted relative sea level change (c). The
present ice margin corresponds to the distance r = 300 km
and the maximum ice dimension corresponds to 400 km. In
panel c the observed sea levels are indicated by solid circles
and the predicted marine limit is shown by the thick dashed
line.
6
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[30]. (The lithosphere is elastic with e¡ective
thickness of 65 km, the sub-lithospheric upper
mantle has a viscosity of 4U1020 Pa s down to
670 km depth and the lower mantle has a viscos-
ity of 1022 Pa s. Density and elastic moduli vary
with depth according to standard seismological
models.) To a ¢rst approximation the relative
sea level is given by

vj ¼ vj G þ vj ff

where the ¢rst term includes the crustal rebound
from the change in (southern Greenland) ice vol-
ume and the second term includes the change in
sea level associated with the melting of the distant
(far-¢eld) ice sheets. For this latter we use a sim-
ple function from 14 000 to 6500 years ago that
approximates the global eustatic sea level change
of [28] for the interval. Fig. 8a,b illustrates the
two components of the predicted sea level change
for locations at di¡erent distances between the
former (r = 400 km) and present (r = 300 km) ice
margin (the Nanortalik sites correspond approx-
imately to r = 330^365 km). The maximum value
for the local rebound at 14 000 years ago is about
130 m and occurs at a distance of about 220 km
from the centre of the ice dome. (Not all ice has
been removed from Greenland so that the maxi-
mum change in load occurs at the margin of the
residual ice sheet as is illustrated in Fig. 7b and,
because of the asymmetrical distribution of the
removed ice, the maximum rebound occurs in-
wards of this point.) Fig. 8c illustrates the total
relative sea level change at these locations. Super-
imposed on these curves is the elevation^age^dis-
tance relationship of the marine limit. For sites at
the maximum ice margin (r = 440 km) the pre-
dicted marine limit is below present sea level
and the only raised shorelines would occur there
^ assuming that there is land above sea level ^
after about 8000 yr BP, with maximum elevations
reaching about 10 m in mid Holocene time. For
sites at the present ice margin (r = 300 km) that
has been stationary for the past 10 500 years, the
highest predicted shorelines occur at about 25 m
elevation and the subsequent heights vary only
little for the next 2500 years. At the intermediate
locations corresponding to the Nanortalik coastal

sites, the predicted post-marine-limit shorelines
show initially rising levels, peaking at about
6500 yr BP when the far-¢eld contribution vjff

is assumed to be zero. These predictions bear little
resemblance to the observed values and the steep
late-glacial sea level fall, in particular, is not re-
produced by the model. What this result does in-
dicate, however, is that the former ice margin
must have stood well o¡shore in order to produce
raised late-glacial shorelines on the outer islands
at all : if the ice extended only to the present
coastline then the expected sea level function
would correspond to the curve marked r = 400
km in Fig. 8c.

The above predictions depend on the choice of
both earth and ice model parameters. Increasing
the lithospheric thickness, for example, results in
qualitatively similar predictions but the predicted
sea level amplitudes are reduced because more of
the load is carried by the elastic stresses in the
lithosphere. An increase in upper mantle viscosity
likewise does not change the general pro¢le and
the results illustrated in Fig. 8 are representative
of predictions for a wide range of plausible mantle
parameters (see analogous examples for Svalbard
in [31]). More important is the dependence of the
sea level prediction on the assumed dimensions of
the ice load. An increase in change in the para-
bolic ice load by 50% at the centre, such that the
maximum ice thickness of the dome is now about
3100 m, and retaining the parabolic ice height
pro¢les and the same radius^age relation as in
the previous model, leads to the results illustrated
in Fig. 9a. At the LGM ice margin (r = 400 km),
the predicted marine limit still lies below present
sea level but the earliest predictions for emerged
shorelines at that location are now signi¢cantly
earlier. Thus the elevations of the marine limits
and the ages of the oldest shorelines can provide
important observational constraints on the ice
model. At the present ice margin (r = 300 km),
the highest shorelines and the rate of change of
shoreline elevation are also higher than predicted
for the earlier model and ¢eld results from the
furthermost-possible inland locations will likewise
be important for constraining the ice model. For
locations at the distance of Nanortalik from the
present ice margin (r = 330^365 km), the predicted
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post-marine-limit sea levels are more comparable
to the observed values but they do not dip below
present sea level at any time during the Holocene.
Thus while comparisons between observations
and predictions remain unsatisfactory they do in-
dicate that the reduction in ice thickness over the
coast must have been very substantial, of the or-
der of 1500 m (cf. Fig. 7b).

Another variable is the timing of the recession.
Fig. 9b illustrates an example where the recession
occurs rapidly from the outer shelf at 15 000 yr
BP to the present coast by 14 000 yr BP and where

the amplitude of the ice load has been scaled up-
wards as for the case illustrated in Fig. 9a. Now
the gradient of the late-glacial sea level fall is in-
creased and the early Holocene levels are closer to
present sea level than previously. The observa-
tions therefore imply rapid melting just before
the earliest isolations. However, while the ampli-
tude of the mid Holocene highstand is reduced it
remains a signi¢cant feature with an amplitude of
about 15 m for the Nanortalik region and with
these simple ice sheet geometries it does not ap-
pear possible to have well-elevated highstands in
late-glacial times without also having a well-devel-
oped mid Holocene highstand. The reduction of
the latter requires either a signi¢cant contribution
to sea level from the melting of the nearby North
American ice sheets or a late Holocene readvance.

8. Conclusions

Other scenarios could be developed but with
only data from a restricted area there is no unique
solution, particularly since the contributions from
the North American ice sheets and from central
and northern Greenland have been ignored.
Nevertheless some general conclusions can be
drawn from these simple model results that pro-
vide insights into the design of further ¢eld work
campaigns in the area.

1. N14. The site from Angissoq yielded an isola-
tion at 33 m at 13 800 cal yr BP. Thus the site
must lie well within the former maximum ice
margin and from this point alone it can be
inferred that the ice margin extended well o¡-
shore and probably out to the shelf margin.

2. N17 and N23 at 57 and 47 m elevation lie
above the marine limit. The isolation of N24,
now at 26 m elevation, occurred at 11 500 yr
BP. These sites lie about halfway between the
shelf edge and present ice front. To produce
earliest Holocene sea levels at these elevations
requires that a considerable thickness of ice
was removed once the area became ice-free.
Using the parabolic models as a guide, the
maximum ice thickness in this region must
have been of the order of 1500 m or more

Fig. 9. Same as Fig. 8c but for (a) a load that has been in-
creased in magnitude, and (b) a load with rapid melting.
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and the highest coastal mountains would have
been ice-covered at this time.

3. With the exception of N14, the sampled isola-
tion basins lie at approximately a constant dis-
tance from the shelf margin and to a ¢rst ap-
proximation the results from the coastal sites
can be plotted onto a single age^height dia-
gram. They point to a rapid fall in sea level
between about 11 900 and 10 200 yr BP which
can only be reproduced by the predictions if
the ice recession over the area occurred rela-
tively late and quickly, possibly with the ma-
jority of the melting of the coastal areas occur-
ring between about 14 000 and 12 000 yr BP.

4. Model predictions in which the ice sheet
reached its present limits in early Holocene
time all predict a substantial mid Holocene
highstand formed by the incomplete relaxation
of the mantle in response to the earlier degla-
ciation. Readvance of the ice during mid to
late Holocene time will reduce the amplitude
of this highstand, but such models also require
that the contributions from changes in adja-
cent ice sheets are also considered.
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