Ice-free conditions in Novaya Zemlya 35 000-30 000 cal years
B.P., as indicated by radiocarbon ages and amino acid
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Novaya Zemlya was covered by the eastern part of the Barents—Kara ice sheet
during the glacial maximum of marine isotope stage 2 (MIS 2). We obtained
14C ages on 37 samples of mollusc shells from various sites on the islands. Most
samples yielded ages in the range of 48-26 '*C Ky. Such old samples are
sensitive to contamination by young '*C, and therefore their reliability was
assessed using replicate analyses and amino acid geochronology. The extent of
aspartic acid racemization (Asp D/L) indicates that many of the '*C ages are
correct, whereas some are minimum ages only. The results indicate that a
substantial part of Novaya Zemlya was ice-free about 35-27 'C Kya, and
probably even earlier. Corresponding shorelines up to >140 m a.s.l. indicate a
large Barents—Kara ice sheet during early MIS 3. These results are consistent
with findings from Svalbard and northern Russia: in both places a large MIS
4/3 Barents—Kara ice sheet is postulated to have retreated about 50 Kya,
followed by an ice-free interstadial that lasted until up to ca. 25 Kya. The
duration of the MIS 2 glaciation in Novaya Zemlya was calculated by applying
the D/L values to a kinetic equation for Asp racemization. This indicates that
the islands were ice covered for less than 3000 years if the basal temperature
was 0°C, and for less than 10 000 years if it was —5°C.
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The Novaya Zemlya islands are located on the continental 1999; Zeeberg 2001; Zeeberg etal. 2001; Zeeberg

shelf between the shallow Barents and Kara seas (Fig. 1).
During the major Quaternary glaciations, the islands were
situated under the central part of the Barents—Kara ice
sheet that extended far onto the adjacent continent
(Fig. 1) (Svendsen, Alexanderson etal. 2004). Accord-
ingly, when Novaya Zemlya was ice-free, the Barents—
Kara ice sheet was either absent or confined to the
western part of the Barents Sea. Permission to work on
Novaya Zemlya has been difficult to obtain for several
decades, and all samples used in this paper were collected
in an area that is currently closed to western scientists.
Some of the relevant geological record has also been
destroyed by nuclear bomb tests. Nonetheless, some
recent observations and results relating to the glacial and
shoreline history from other parts of the islands have been
published (Forman & Polyak 1997; Serebryanny et al.
1998; Serebryanny & Malyasova 1998; Forman et al.
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et al. 2003).

During the summer of 1921, the Norwegian geologist
O. Holtedahl (1922) led a scientific expedition to Novaya
Zemlya, in which O.T. Grenlie participated as a Quater-
nary geologist. Gronlie (1924) stated that Novaya Zemlya
had been glaciated several times, and he concluded, based
on his findings of glacial erratics on mountain summits,
that the ice sheet had been at least 1100-1200-m thick.
He described “shorelines”, and reported abundant drift-
wood and marine mollusc shells from the present sea
level up to more than 200 m a.s.l., and collected molluscs
for closer examination in the laboratory. In 1991, Man-
gerud searched in vain for these samples in museums in
Oslo and Tromse, and it was concluded that they
had probably been lost during World War II. However,
in December 2003 the mollusc samples unexpectedly
turned up at the Tromse University Museum. In view of
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Fig. 1 Extent of the Eurasian ice sheet during the Last Glacial Maximum (red line) and marine isotope stage 6 (MIS 6) (white) (modified from Svendsen,
Alexanderson et al. 2004). The extent of the ice sheet onto the Russian mainland during MIS 4 is also marked (green dashed line).

the reported high shorelines it was originally thought the
samples could be used to reconstruct a major postglacial
(Holocene) emergence of Novaya Zemlya, similar to that
of eastern Svalbard (Bondevik et al. 1995), and indeed
this is in harmony with the interpretations of Grenlie
(1924). In the meantime, however, it had become clear
that the Holocene marine limits at Novaya Zemlya are
below about 18 ma.s.l. (Forman etal. 1999; Zeeberg
et al. 2001), even though the islands had been covered by
the ice sheet during the Last Glacial Maximum (LGM)
(Zeeberg etal. 2001; Svendsen, Alexanderson et al.
2004). The implication of these recent results is that all
molluscs collected by Grenlie at elevations higher than
18 m a.s.]l. must have been overrun by glacial ice. This is
supported by observations by Forman et al. (1999) and
Zeeberg (2001), who described shell-bearing tills blanket-
ing the landscape. For these reasons it became clear that
the shell samples were not suited for studying Holocene
sea-level changes, as previously thought.

Forman et al. (1999) obtained four 'C ages in the
range of 30-26 Ky from till and sub-till sediments from
Nordenskiold Bay (Fig.2), which they conservatively
interpreted as minimum ages. Zeeberg (2001) reported
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two 'C ages of about 43 and 40 Ky from Cape Zhela-
niya (Fig.2), and four C ages from Vaygach (Fig. 1)
between 42 and 31 Ky, and also an optically stimulated
luminescence (OSL) age of 47 Ky. Based on these
ages, Zeeberg (2001) constructed a glaciation curve that
indicates Novaya Zemlya was ice-free from 40 to
30 Kya.

In the present study we assume that the entire Novaya
Zemlya archipelago was ice-covered during the LGM, as
was concluded by Zeeberg et al. (2001) and Svendsen,
Alexanderson etal. (2004). We emphasize that this
assumption can be neither supported nor falsified with
the material used in the present paper. The main theme of
this paper is to determine at which time Novaya Zemlya
was ice free prior to the LGM, and especially to determine
if it was ice free during late marine isotope stage 3 (MIS
3). Therefore, we have radiocarbon dated many of Gron-
lie’s mollusc samples. Furthermore, we have measured
the amino acid racemization, and used the D/L values to
estimate the duration of the subsequent MIS 2 glaciation,
following the method of Mangerud & Svendsen (1992),
but using the faster, racemizing aspartic acid. We also
obtained a few new ages that relate to the Holocene
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Fig. 2 The Novaya Zemlya archipelago showing
the locations mentioned in the text. Sites where
we have dated mollusc shells are marked by
stars. The approximate eastern boundary of
the Last Glacial Maximum (LGM) Barents—Kara
ice sheet is shown according to Svendsen,
Alexanderson et al. (2004).
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warm period and Holocene glacier re-advances, which we
comment on briefly.

Regional setting

The Novaya Zemlya archipelago consists of two large and
a number of small islands located between 70.5° and
77°N. The samples that we describe are from 72° to 76°N.
Much of the northern part of Novaya Zemlya is covered
by an elongated ice cap with summit elevations of about
800-1000 m a.s.l., and outlet glaciers that flow through
valleys and fjords on both sides (Fig. 2). In the southern
part of the archipelago, altitudes are generally below
500 m a.s.l.

The current and historical climates of the islands are
described by Zeeberg (2001). They are influenced by
warm North Atlantic water and air masses. Mean annual
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(1955-1998) temperatures decreases from -5.4° to
—8.4°C, and precipitation decreases from 396 to 329 mm
from south to north at coastal stations on the west coast
at 72°22’N and 76°11'N, respectively (Zeeberg 2001).

Methods

Radiocarbon dating

Shells were analysed by accelerator mass spectrometry
(AMS), except the valve from Berkh Island (T-17106),
which was analysed by conventional methods at the
Radiological Dating Laboratory, Norwegian University of
Science and Technology, Trondheim, Norway. We care-
fully selected hard, compact shells for dating. Only a tiny
central part of the umbo was analysed for AMS, and
therefore the outer parts that had been exposed to the
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atmosphere were completely removed. As indicated in
Table 1, the samples were dated at three different labora-
tories: the accelerator at Uppsala University, Sweden;
Poznan Radiocarbon Laboratory, Poland; and the W.M.
Keck Carbon Cycle Accelerator Mass Spectrometry Labo-
ratory, University of California, Irvine, CA, USA. The
analytical precision of the measured quantity of "C is
asymmetrical once it is converted to years. This asymme-
try is negligible when the error is small. In Table 1 this is
indicated for the three samples as reported by the dating
laboratories.

Almost all earlier published '*C ages on marine mate-
rials around the Barents Sea were corrected for a marine
reservoir age of 440 "C years (Mangerud & Gulliksen
1975). For the Holocene samples, we use the more
recently obtained values of 380 = 30 years, relative to
IntCal04, or a AR value of 20 = 30 years (Mangerud et al.
2006). The reservoir ages for the period 50-20 Kya are
unknown, and considering the sensitivity of such old
samples to contamination by young *C, we consider the
reservoir age adjustment as minor compared with the
total uncertainty for these old samples. In Table 1, all of
the ages are reported without a marine-reservoir-age cor-
rection, and we use these uncorrected ages in all figures
and discussions, unless otherwise specified.

We have not calibrated individual '*C ages in the range
of 45-30 Kya because the accuracy of the calibration is
still very uncertain (van der Plicht et al. 2004; Fairbanks
et al. 2005).

Amino acid analyses

Samples were prepared for amino acid analysis following
standard procedures (Wehmiller & Miller 2000). We
focused on Mya truncata and to a lesser degree Hiatella, the
two mollusc taxa that have been used most extensively
for amino acid geochronology at high-latitude sites. The
shells were cleaned by mechanical grinding and acid
leaching, and were then demineralized in 20 pul of 7 M
HCI per mg of CaCOs;. All shells were analysed for the
total hydrolysable amino acid (THAA) population of
amino acids. The THAA was recovered by hydrolysing the
sample solutions under N, at 110°C for 6 h. A subset of
shells was prepared to isolate the intracrystalline proteins.
As prescribed by Penkman et al. (2008), powdered shell
(90-425 um) was soaked in 12% NaOCI for 48 h to
decompose the accessible intercrystalline amino acids.
Once isolated, the intracrystalline proteins were analysed
for two amino acid fractions: the total hydrolysable amino
acid (intra-THAA) population, and the free amino acid
(intra-FAA) fraction, which was prepared by omitting the
hydrolysis step. All sample solutions were evaporated to
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dryness in vacuo, and were then rehydrated in 0.01 M HCI
containing an internal standard of L-/omo-arginine.

The chromatographic instrumentation and procedure
used to separate amino acid enantiomers is presented
by Kaufman & Manley (1998). The average analytical
uncertainty (internal reproducibility) measured by the
coefficient of variation for multiple injections of labora-
tory standards is typically between 3 and 5% for the D/L
values. For this study, we focused on aspartic acid (Asp)
and glutamic acid (Glu), two amino acids that are among
the most abundant in mollusc protein, and are the best
resolved chromatographically. More accurately, Asp and
Glu may include a small component of asparagine and
glutamine, respectively, which were converted to Asp
and Glu during laboratory hydrolysis. Asp and Glu elute
during the first 30 min of the sample run, and span most
of the range of racemization rates.

Duplicate subsamples of seven Hiatella and 30 Mya shells
were analysed for the conventional THAA amino acids.
The difference between the D/L values of the duplicate
subsamples, each injected onto the HPLC column once,
averaged 2% for Asp and 4% for Glu (as normalized with
the mean D/L value for each sample). None of the analyti-
cal results were rejected, and we report only the mean D/L
value of the two replicate samples (Table 2). All of the
Hiatella shells and a representative selection of 19 Mya
shells were analysed for their intracrystalline proteins. An
aliquot of powdered and bleached shell was used for each
of the intra-THAA and intra-FAA fractions, and each was
analysed once on the HPLC column.

Material, observations and results

Samples

All samples were collected and described by Grenlie
(1924), and we have retained his names for the geo-
graphical sites. Table 1 lists the page and line number for
the description of each sample in Grenlie’s book (1924).
He described 66 shell sites, of which 57 are represented
in the collections at Tromsg University Museum. We
selected the best-preserved shells and did not use all of
the available samples. Details on taxa and the number of
specimens are given in Table 3. Although not directly
described by Grenlie (1924), it appears that all of the
specimens were collected from near the surface of the
deposits. He did not describe any excavating or clearing of
stratigraphical sections.

Gronlie did not number the samples: they were found
wrapped in the original paper, and the site name and
other information were written on the wrapping paper.
We have given all samples individual numbers in the
order in which they are treated in Gronlie (1924), with

Polar Research 27 2008 187-208 © 2008 The Authors
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Table 2 Amino acid results. The '*C ages from Table 1 are included for comparison.

Conventional THAA Intracrystalline FAA Intracrystalline THAA

AAR lab Sample Sub-

no. UAL- no. TSGF- sample Genus “C age B.P. *10 D/L Asp D/L Glu D/L Asp D/L Glu D/L Asp D/L Glu

5007 12504 1 Mya 29 200 240 0.134 0.030 0.274 0.134 0.147 0.045

5008 2 Mya 29100 240  0.149 0.065 0.291 0.152 0.160 0.055

5009 3 Mya 31900 400  0.138 0.044 0.271 0.148 0.160 0.065

5004 12507 1 Hiatella 39 145 670 0.211 0.062 0.493 0.228 0.234 0.081

5005 2 Mya 42 300 1200  0.257 0.055 0.467 0.227 0.245 0.067

5006 3 Mya 43 600 1000  0.232 0.057 0.509 0.252 0.261 0.079

5070 12508 1 Hiatella 41 980 950 0.142 0.036 0.338 0.262 0.153 0.061

5065 12510 1 Mya 31430 300 0.175 0.029 0.264 0.113 0.167 0.047

5066 2 Mya 35400 500 0.174 0.046 0.296 0.236 0.181 0.050

5067 3 Mya 30870 170 0.194 0.038 0.303 0.201 0.188 0.046

5068 4 Mya 0.182 0.054

5081 12513 1 Mya 48 450 2405 0371 0.180 0.762 0.386 0.445 0.215

5082 2 Mya 0.339 0.122

5083 3 Mya 44 830 900  0.395 0.157 0.751 0.422 0.448 0.199

5084 4 Mya 0.330 0.132

5069 12514 1 Hiatella 34030 415 0.229 0.077 0.529 0.362 0.252 0.108

5061 12515 1 Mya 43 305 1225  0.380 0.130 0.643 0.362 0.428 0.173

5062 2 Mya 43150 740  0.234 0.056 0.391 0.200 0.250 0.079

5063 3 Mya 0.231 0.066

5064 4 Mya 0.361 0.147

5073 12517 1 Hiatella 40 700 820 0.214 0.053 0.515 0.283 0.249 0.088

5074 2 Mya 0.235 0.044

5075 3 Mya 0.212 0.047

5076 4 Mya 0.239 0.047

5077 12519 1 Mya 39 865 790 0.256 0.061 0.506 0.292 0.271 0.086

5078 2 Mya 40 440 520  0.225 0.073 0.451 0.266 0.253 0.074

5079 3 Mya 0.219 0.046

5080 4 Mya 0.227 0.080

5071 12534 1 Hiatella 38 660 635  0.183 0.052 0.507 0.281 0.241 0.118

5072 12540 1 Hiatella 36 980 555 0.145 0.047 0.349 0.287 0.171 0.069

4997 12541 1 Mya 27 020 200 0.188 0.047 0.324 0.100 0.203 0.059
1 Mya 27 600 200

4998 2 Mya 27 560 200 0.191 0.045 0.359 0.159 0.206 0.061

4999 3 Mya 35000 400  0.183 0.044 0.303 0.088 0.189 0.052

5000 12543 1 Hiatella 27 915 210  0.170 0.053 0.314 0.151 0.184 0.069
1 Hiatella 26 620 200

5001 2 Mya 32000 400  0.197 0.045 0.355 0.163 0.214 0.063

5002 3 Mya 0.164 0.043 0.331 0.155 0.195 0.057

5003 4 Mya 0.181 0.045

the prefix TSGF for the palaeontological collections at the
Tromsg University Museum. We are confident that all
samples used here are correctly identified in Gronlie
(1924). Most of Grenlie’s samples consist of multiple
mollusc shells. Each specimen selected by us was given a
subsample number (e.g., 12504-1, Table 1). We always
subsampled the same part of the mollusc, mainly the
umbo, so that each subsample represents a unique indi-
vidual, which is crucial for the evaluation of the dating
results. Two radiocarbon-dated subsamples (TUa-4768
and TUa-4770) were lost in the mail, and were therefore
not analysed for amino acids.

Gronlie’s scientific background included studies of
glacio-isostatic uplifted, postglacial shorelines from

Polar Research 27 2008 187-208 © 2008 The Authors

northern Norway, and apparently he assumed that all
molluscs and driftwood he found on Novaya Zemlya were
also of postglacial age. His descriptions were too sparse for
any reinterpretation of the stratigraphic context of the
shells, including whether they were collected from till or
sub-till sediments. Nevertheless, as mentioned in the
introduction, we postulate that all samples yielding *C
ages older than 20 Ky have been overrun by glacial ice,
although this is contrary to Grenlie’s assumptions.

Macrofossils

The specimens collected by Grenlie have been

re-examined, and in some cases re-identified. Recently

193



J. Mangerud et al.

Ice-free conditions in Novaya Zemlya 35 000-30 000 cal years B.P.

L L L ¢ ¢ ¢ I< I< € g 9 S L (LI ¥ 4 4 n SIPDJOYA[21320 DADIIXDS Sipojoyd[021324p D||2I0IH
lL- ol 9 ¥ 9 ¢ 1< v € € 91 ¢ 06 €€ 91 ¢ 09 € L Us n ur ‘pjoounJy DA 8G/ 1 “guur pIpIUNI] DAN
| o 9z 8¢ : o AN uway) ‘vlILI[LI DUIOIDIA (L6/1 ‘UllBWD) DBIDIIDI DUWOIDIN
1< 44 8 g Ys v uwayd ‘wnojpupjug.s wnipin) (6821 ‘@421n3n.g) Snolpup|us0.s sadiiies
(1) L zl ys s uIm||a@ ‘in8njuow 83403sy (£181 ‘UAm||1Q) InSpjuow 8340315y
L Tl L cl ys n umolg ‘v213dije 81u0ISy (£281 ‘umolg) pandijje 81PISY
l 1< 1 0O Vv Aelo ‘DIpUBID 81401SY (281 ‘“ArJD) DIDUBID 814DISY
IS 1< 19 Lyl Z € A VY uwiay) ‘sipaloq 8103y (£181 “4aydewnyds) sipaioq 81i01sy
I € ‘ L le gl Il 0 S [INW “Snojpupjs; usidad (9441 UaiinW) pa1pUB]SI SAWDYD
l S ¢ 4 s ur ‘synpa snAw 8G/1 ‘duur sinpa sninAw
4 € AV I8N ‘DINUIW DPST (L££L 38]INW) pjnUIBd DUDININN X
VINIVAID
z ys s 1N ‘bupAjprsi bjeg (7€81 ‘uolny) bunjjjens.sl bjodous
L ys v (¢p108dsap) “ds paunideN (8G/1 ‘auur) ¢p1adssep paunidsn
I ys v 9A83Y ‘SNI2IUIO) SNSNS (8G/1 ‘@uur) bvadssp paunidaN
L n ‘ds wnuong ‘ds wnupong
L ys n ‘ds pjupsIoW (6281 ‘Aguemos e duspoig) ppijod piidsn3
l 1 v nL ‘pjjaqnJ invaL (0821 ‘sniduqed) snjlaqn. snuisi3
VA0d0OY1Sv9
l 8 ys n “ds snupjpg (8G£1 "duur) snupjoq snupjog
VIQ3dI¥dio
4 AN d AN 4 AN 4 AN 4 A 4+ A4 AN AN 4 AN A A d AN 4N 4 AN c© B z o
S o = <
- - - - - - - ° oQ w Q
— —_ — — —_ — — — — — — — — — H @ @
N N N N N N N N N N N N N N o o c
w w w o w w [ o w w u wl w w oQ Iy
— = — - — - o = o o o o o o 3 5]
0 ~ 1 IS w - oo o ) ~ & i N o T 5 a
_ _ 2 = =3
= 8] ~<
% 5 3 2 % 5% sz 2 g I8 o
5 C a g joB 2 3 2 3 g I o 8
S a @ g S = & < g 2 ® 3 S
= > - = S s = o = = w @
W o = ] S T Q = o} Q =
v S 3 > ~ n o & o [S) = )
=~ n ) o S N
= = J £
S5 35 <)
& & 3
‘payijuapl-ai

U23q aARY SUBWINAS ||B ‘SYSIIaISe YIIM PadIeW S48 SOWRU UOXE) a4aUM "Sasayiuaied Ul USAIS 8Je SIaguunu ay3 8580 UYdIYM Ul ‘payiluapl-aJ 81om suswiads awos uaym 1dadxe ‘(rgel) aljugt9 Ag uanid
asoy} aJe a|duwies Yyoea ul SUsWIDadS JO SIaqUINU a1 "SaAeA ‘A ‘SjusWISel) 4 :suwn|od Sululewal ay3 Ul SUOIRIARIGQGY "a|geLIeA ‘A ‘Snojinbign ‘N {epil ‘L 92.ja40ys ‘YS D1oIY-gns ‘S faJ0ysyo ‘0 ‘240ysalo}
4 012Uy ‘v syl yidap Jaddn pue sauoz o1yde80a80iq 40} SUOIRIARIGGY "BSWOAL Ul SUOIIDB||0 BY3 W) SN Ag pasAleue ‘suawidads Jo Jaquinu 8yl pue ‘saaads dsn|jow pue ueadeisnid ||V € ajqeL

Polar Research 27 2008 187-208 © 2008 The Authors

194



Ice-free conditions in Novaya Zemlya 35 000-30 000 cal years B.P.

J. Mangerud et al.

0L 1< q 8¢ 14 14 14 ¥ 4 9 /4 n Slppjoyd/p213240 DADIIXDS Sippjoyd/p213240 b||BIIH
9l L 9 4 4 S l 3 ys n Uil ‘ppoundy bA 8G/ | ‘auull papoUNJ] DAN
l A n uwiayd ‘plpIjLI DWOIDIN (L6 ‘UlBWD) DBIDI[LI DUOIDI
us v uwiay) ‘wnajpunjugis wnjpin) (6821 ‘@491N8n.g) snoipup|uso.s sadiiias
4 14 ys S uIm|jeq ‘InSnjuow 834p3sy (£181 ‘uAm|iq) InSbjuow 91i3SY
(1) us n uMoJg ‘poAdIe 93403ISY (£z81 ‘umoig) pandijje 93ip3sy
: | 0 v Ael9 ‘pDIbUBID 81UDISY (bz8 1 ‘AeJD) DIDUBID 874DISY
z | oIS A v uwiay) ‘sijpaJoq 81403sy (£181 4aydewnyds) sipaloq 81401sy
| S 4 0 S [INW ‘sndjpupys| ua3dad (9441 49]10W) D2IpUD|SI SAWDIYD
1< : 14 S un ‘sinpa sniAw 8G/1 ‘puul siinpa sninAw
A v 1O ‘bInuIL bpaT (LZ£1 Y3])INW) binusad buLININN
VIANTVAID
ys S WnL ‘bupAjenal; njag (€] ‘UoONL) bublj|EA84] bI0dOUSO
ys v (¢p309dsap) “ds paunidan (8G/1 ‘uur) ¢p1oadssp paunidsn
ys v 9A89Y ‘SNIIIUIO) SNSNH (8G/1 ‘@uur) piadsap paunidonsy
: n -ds wnupong -ds wnupong
us n “ds pipSIDN (6281 ‘Agiemos » duspoig) ppijjod piidsn3
1 v 1Nl ‘pjjeqnJ bindaL (081 ‘sniduqed) snjjoqn. snuigi3
VA0d0Y1SV9
L us n ‘ds snupjog (8G£1 ‘auur) snupjoq snupjog
VIA3dI¥dID
A 4 A 4 A A A E! A 4 A 4 A c @© z 5
e} o Q <
- - ° oQ 3 )
— N N N N - — — @ m @
& & 3 & I 3 & & 2 @ S
a1 Ny Iy B @ @ @ ) (2} o @
N w = o ~ EN w & het B o
_ = a <
28 x 58 s ¥s S5 2 g 3
g 5 g3 = o = g = S El
& = 2 Z 9 K < @ @ @
[ S ZF a S| 5
L @ @ w = <] [CHe) o =
a s ® 24q 3 2 ) N
.w < W o £
w
=
Q

panupuo) € ajqel

195

Polar Research 27 2008 187-208 © 2008 The Authors



Ice-free conditions in Novaya Zemlya 35 000-30 000 cal years B.P.

used scientific names are listed in Table 3 together with
those used by Grenlie (1924). None of the bivalve speci-
mens seem to have been found as conjugated valves. The
samples often include whole valves and specimens of the
rather thin-shelled Nuculana pernula, Chlamys islandica
and Serripes groenlandicus.

All of the collected species live in Arctic and/or sub-
Arctic environments, and thus in environments similar to
those in the region today. Ten out of the 22 samples
include species with sub-Arctic northern boundaries.
These samples are significantly more diverse than those
made up of only Arctic species (Table 3), suggesting two
distinct biofacies. Whereas the Arctic faunas have been
sampled from near sea level and up to 239 m a.s.l. (of
which we have dated samples up to 170 m a.s.l.), the
sub-Arctic faunas are all from below 142 m a.s.l.

In Arctic environments many molluscan taxa prefer to
live in shallow waters (Funder et al. 2002). With two
exceptions, the upper limit of habitat depth is within the
shore face-tidal zone. The abundance of deeper water
molluscs is generally low. Probably all specimens origi-
nate from shallow coastal habitats near the site where
they were found.

Results of *C dating

We obtained 37 '*C ages of mollusc shells (Table 1), of
which 33 gave ages in the range of 48-26 “C Ky. All
dated shells collected above 15 m a.s.l. yielded ages older
than 26 Ky, supporting other evidence that the Holocene
marine limit is low (Forman et al. 1999; Zeeberg et al.
2001).

Four samples, collected between 0 and 15 ma.s.l,
yielded Holocene ages. A specimen of Astarte borealis col-
lected on the surface of the Ibis Glacier indicates that at
4450 = 50 “C years B.P. (4900-4500 cal years B.P;
Hughen etal. 2004) the glacier was smaller than in
1921, consistent with results from Svalbard (Svendsen &
Mangerud 1997).

Geographic and stratigraphic occurrence of
Mytilus edulis

Mytilus edulis shells from the Holocene warm period are
often found beyond its current distribution in the Barents
Sea area. We therefore dated three specimens from
Gronlie’s collections. The two southern samples yielded
present-day ages when corrected for reservoir age, and
show that Mytilus currently lives in the north to at least
73.5°N. This is well north of 71.3°N, where Galkin (1998)
documented living specimens at Novaya Zemlya for the
period 1870-1930. The northernmost sample from Admi-
ralty Peninsula, 75°N, yielded an age of 4070 * 60 '*C
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years B.P. (calibrated as 4170-3970 cal years B.P.; Hughen
et al. 2004), which is slightly younger than the youngest
Mytilus in south-east Svalbard (Hjort et al. 1995), and at
the young end of ages from western Svalbard (Salvigsen
et al. 1992).

Amino acid results

The D/L values for the two amino acids (Asp and Glu) and
the various amino acid fractions can be compared with
each other to assess the internal consistency of the race-
mization results, because the diagenetic pathways should
lead to strongly covariant D/L values among the various
amino acid populations. The Asp D/L and Glu D/L values
are generally well correlated in the conventionally pre-
pared THAA fraction (Fig. 3a), and the correlation is
improved for the intracrystalline fraction (intra-THAA;
Fig. 3b). D/L values show an expected systematic taxo-
nomic effect between Mya and Hiatella that is also better
expressed in the intracrystalline fraction. The D/L values
in the conventionally prepared and the intracrystalline
THAA fractions are similar (Fig. 3¢), although slightly
higher in the intra-THAA. This indicates that the THAA
fraction is dominated by the intracrystalline amino acids,
and that the free amino acids are more completely
retained in the intracrystalline fraction. The correlation
between the D/L values of the THAA and the D/L values
of the FAA in the intracrystalline fraction is also strong,
attesting to the integrity of this fraction for amino acid
geochronology (Penkman etal. 2008) (Fig. 3d). Taken
together the results exhibit a high degree of intercorrela-
tion, indicating that the shells are well suited for amino
acid geochronology.

Localities

The following sections include short notes on each local-
ity based on the descriptions by Grenlie (1924). The sites
are described in the same sequence as in Gronlie (1924),
which is also followed by the Tromsg University Museum
numbering of the samples (Table 1). We will discuss most
of the 'C results here.

Goose Bay

Only one shell of M. edulis was dated from this site. It was
collected from a flight of beaches rising from the sea to
4-5 m a.s.l. Gronlie commented that “the shells looked
recent”, which is supported by the 'C age yielding
550 =+ 40 C years B.P. By subtracting the '*C age of tree
rings from 1921 (130 * 7 'C years; Reimer et al. 2004),
the new age is 420 * 41 'C years B.P, i.e. close to the
present-day marine reservoir age.
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geochronology results.
Gribovii Fjord entrance. A broad end moraine crosses the valley. Gronlie
collected a few Mya and Hiatella shells on this moraine at
120 m a.s.l. on the east side of the valley (sample 12504).
The specimens are weathered and generally exfoliated.

Gronlie noted that “several shore-lines were fairly well
developed” here (1924: 13). He found three whole valves
and 50 fragments of M. truncata, and two fragments of
Hiatella 10 m above a river and 160 m a.s.l. All specimens
are moderately weathered and are missing the perios-
tracum. We obtained a 'C age of about 41 Ky from one
specimen of Mya. The subsamples for amino acid analyses
were lost in the mail.

The three analysed specimens yielded “C ages ranging
from 32 to 29 Ky. On the west slope, the moraine com-
prises two ridges. The northern ridge “consists for the
greater part of clay with a top layer of sand, gravel and
pebbles” (Gronlie 1924: 17). Here, Gronlie described a
rich molluscan fauna (65-70 m a.s.l.) with numerous
individuals (mostly fragments) of 13 taxa, including
Matotchka Valley many large C. islandica. The specimens, which are slightly

Matotchka Valley is a short, wide valley that opens to the weathered, occasionally retain fragments of the per-

south shore of the Matotchkin Strait, near its western iostracum. One specimen of Mya was analysed. The
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southern ridge “consists of gravel and pebbles; clay has
not been observed” (Grenlie 1924: 18). Here (140-
170 m a.s.l.), he found 30 individuals (mostly fragments)
of three species, among which three specimens have been
dated. All shells from the west slope yielded older *C ages
(44-39 Ky) than from the east slope.

Serebryanka Fjord

Serebryanka Fjord is an inlet just north of the western
entrance to Matotchkin Strait. Grenlie states that, from
the sea and up to 180 m a.s.l., marine sediments are
exposed on flat areas and rock detritus in the old cliffs;
till is exposed only above 180 ma.s.l. (1924: 21). At
199 m a.s.l. he described “. .. a very distinct line with a
beach of water-worn pebbles of quartzites and dolomites”
(1924: 21). Along this profile from 0-200 m a.s.l. he
described shells only at 142-150 m a.s.l. (sample 12508).
The shells are weathered and are mostly small fragments.
One of these was “C dated to about 42 Ky. In the vicinity
of this profile, Gronlie collected shells at about 20 m a.s.l.
(sample 12510). Three '*C analyses of different individu-
als yielded ages from 35 to 31 Ky.

Gronlie also collected one valve of M. edulis here. His
description of the site is poor, but the altitude is between
0 and 10 m a.s.l. The specimen in the collection looked
recent, which was confirmed by the '*C age. Once the '*C
age of tree rings from 1921 (Reimer et al. 2004) is sub-
tracted the age is 195 = 31 ¢ years, which is less than
expected for the marine reservoir age (Mangerud et al.
2006). However, Forman & Polyak (1997) also reported
some young reservoir ages from Novaya Zemlya.

Matotchkin Strait, middle part

On the south shore of the strait, Gronlie listed multiple
shorelines up to 92 m a.s.l. on a till surface. However, he
found only two shells, at 85 and 10 m a.s.l. The latter
specimen (12511) was an Astarte with part of the perios-
tracum preserved. It was dated because it was collected
near sea level, and was therefore a candidate for a post-
glacial age. However, it yielded an age of about 35 Ky.

Matotchkin Strait, Belushii Bay

The Belushii Bay is a 12-km-long inlet on the northern
shore of the Matotchkin Strait, near its eastern entrance.
In a wide valley on the eastern side of the bay, Grenlie
(1924) described shells at elevations ranging from 52 to
142 m a.s.l. He also found driftwood up to 16 m a.s.l.
The shells collected at 52 m a.s.l. (12513; Table 1) were
found in the channel of the outlet river from a lake. They
are poorly preserved. Two specimens were dated. Further
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upstream “along the river above the lake shell fragments
were to be seen everywhere” (Gronlie 1924: 34). He
collected the next sample at 70 m a.s.l., where he found
numerous weathered Hiatella (Table 3), among which
one (12514) has been dated to 34 Ky. Between 70 and
80 m a.s.l. the river runs in a canyon, but from 80 m a.s.
it is gentler, and from here he collected another sample
(12515). Two of these rather heavily weathered speci-
mens were dated. Between 90 and 100 m a.s.l. he found
“plenty” rather heavily weathered M. truncata and Hiatella
shells, but we did not analyse any of these. Gronlie
reported a more diverse fauna at 100-115m a.s.l.
(sample 12517; Tables 1 and 3), and then the highest
shells were located at 130-142m a.s.l. (12519). Both
samples contain specimens of variable preservation. One
valve from 100-115 m a.s.l. and two from 140 m a.s.l.
were dated. All of the dated shells from Belushii Bay
yielded old '*C ages of 48-39 Ky, except the aforemen-
tioned Hiatella with an age of 34 Ky. The D/L values
(Table 2) indicate that this Hiatella is older than 34 Ky.

Mashigin Fjord, Sol Bay

Sol Bay is on the northern shore of the wide western part
of Mashigin Fjord. Here Gronlie (1924) described several
sites with shells. He also reported well-preserved shore-
lines formed in unconsolidated sediments, despite the
active solifluction. If this is correct it indicates that the
shorelines survived below the overrunning ice sheet. At
30-50 m a.s.l., he found 35 slightly weathered valves of
A. borealis, although none with their periostracum pre-
served. We dated one to about 31 Kya (sample 12525).

Zivolka Fjord, Ibis Glacier

The Ibis Glacier is an outlet of the central glacier plateau,
which had an ice divide at about 350 m a.s.l. (Grenlie
1924). The Ibis Glacier flows eastward, terminating in
Zivolka Fjord on the east coast. Twelve slightly weathered
shell fragments were found on the surface of the glacier at
about 15 m a.s.l. (sample 12533). We postulate that the
glacier picked them up from its bed, and that the age of
4450 = 50 "C years B.P. indicates a period when the
glacier front had retreated further back than its position
in 1921.

Zivolka Fjord

Several slightly to moderately weathered shells were
found at the head of this east-coast fjord at 30 m a.s.l.,
including C. islandica (sample 12534). We obtained an age
of about 38 Ky for a Hiatella shell from this sample.
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Admiralty Peninsula, Glassova Bay

Glassova Bay is located on the northern and inner part of
the Admiralty Peninsula. Here Gronlie described M. edulis
up to 10 m a.s.l. We dated a well-preserved specimen to
4070 * 60 'C years B.P. (sample 12537).

Arkhangel Bay

The Arkhangel Bay is located between the mainland and
the Berkh and Litchutin islands. Grenlie surveyed what
he described as 17 shorelines between 3 and 239 m a.s.l.
on a ridge on the mainland shore of the bay, and collected
moderately to heavily weathered and fragmented shells
at different altitudes. We obtained eight *C ages for six
specimens; the oldest age (37 Ky) was from the lower-
most sample collected at 40-50 m a.s.l. (sample 12540).
Three shells from the altitudes 110-118 and 140-
150 m a.s.l. (samples 12541 and 12543) yielded ages of
about 27 Ky, two of which were dated at both the Trond-
heim and Poznan laboratories, and returned identical
ages. The last two shells yielded ages of 35 and 32 Ky.

Gorboff Islands, Berkh Island

Gronlie stated that at 60 m a.s.l. “the shells lay on the
surface in great masses” (Greonlie 1924: 73). These were
mainly moderately weathered whole valves of Hiatella,
but also included Balanus balanus. We dated one Hiatella
shell to about 37 Kya (sample 12552).

Discussion

Are any of the finite '*C ages real?

A key question for the interpretation of the geological
history is whether any of the finite *C ages are real, or
whether all samples were contaminated with younger *C
so that the ages should be considered minimum ages.
This problem has been much discussed for samples that
are older than about 20 Ky, because the low '*C activity
makes them very sensitive to contamination by young or
modern “C. Although it is impossible to resolve this issue
unequivocally, we will examine the problem from mul-
tiple angles. It should be noted that only the core of the
umbo of hard shells, which is best protected from con-
tamination, was used for the AMS analysis. Thus, AMS
samples should be less exposed to potential contamina-
tion than samples for conventional '*C dating in which
more of the shell is used.

The first batch of samples submitted for *C dating to
the Trondheim laboratory included a shell that gave an
age of about 18 Ky (sample 12504; TUa-4769, Table 1).
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We found this age unlikely, and resubmitted a piece from
the same specimen to the Poznan Laboratory, together
with two other specimens from the original Trondheim
batch. The replicate subsample yielded an age of 29.2 Ky
(Poz-11058), whereas the two other sets of subsamples
yielded almost identical ages from the two laboratories:
27.0 vs. 27.6 Ky (sample 12541; TUa-4784/Poz-11053)
and 27.9 vs. 26.6 Ky (sample 12543; TUa-4785/Poz-
11055). We therefore conclude that the younger age of
18 Ky was the result of a laboratory error. The two other
sets of replicate samples demonstrate that '“C ages are
reproducible from slightly different parts of a specimen in
Gronlie’s collection.

In several cases we also submitted more than one speci-
men from a sample in Grenlie’s collection (i.e., samples
given different subsample numbers but the same TSGF
number in Table 1), and we were careful to submit only
one subsample from each individual. Certainly individu-
als in one sample may have different ages, especially
because we postulate that glaciers have overrun all
localities, and thus shells of different ages could have
been mixed. We nevertheless find it likely that most
specimens in a sample have similar ages. In general, the
“C ages of the subsamples show a strong correlation
among different individuals from each collection (Fig. 4):
for five pairs of samples the *C ages are virtually identi-
cal. If the samples were heavily contaminated with young
carbon, we would expect a larger and random spread of
the ages.

Amino acid racemization is a chemical reaction that
progresses independently of the decay of '*C, and there-
fore can be used to assess the reliability of the C ages.
The rate of racemization is controlled by temperature,
and is also different between different mollusc species.
The D/L value thus depends on the age of the shell, the
ambient temperature since the mollusc died and the
studied species. Regardless of the precise rate of racem-
ization, however, the D/L values offer a reliable relative-
age index for shells of the same species that have
experienced the same temperature history since the
mollusc died.

We focus on the results for Mya shells because we have
more measurements on this taxon (Table 2) to evaluate
age-dependent trends, and in order to avoid species-
related variations in the rate of racemization. We also
concentrate on Asp because this amino acid racemizes
faster than Glu, and is therefore a more sensitive chronom-
eter at low temperatures (Goodfriend et al. 1996). The
measured Asp D/L values generally increase with
increasing "C age (Fig. 5), indicating that the "C ages
approximate the real age of the shells. This interpretation
is bolstered by the evidence for the integrity of the shells
for the amino acid geochronology described above. Three
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shells from Belushii Bay have *C ages of between 48 and
43 Ky, and D/L Asp values >0.3, which is considerably
higher than that obtained from shells at other sites, and we
therefore consider the corresponding '*C ages as minimum
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ages. Some of the scatter in the correlation between '*C age
and D/L value (Fig. 5) can be explained by different tem-
perature histories (north-south gradient, duration below
sea level or glacial ice) between the localities.
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The five pairs of subsamples with almost identical '*C
ages (Fig. 4) were also analysed for their intra-THAA D/L
values (Fig. 6); the results are supported by those based
on other fractions (Table 2; Fig. 3). The D/L values are
similar for four of the five replicate pairs, and for three of
the pairs the D/L values also increase with increasing '*C
age. These results strongly support the interpretation
that the 'C ages are reliable. For the pair (12541) with
the youngest '*C ages, however, the D/L values are higher
than expected. This may suggest that both subsamples
have either been contaminated with young 'C, or expe-
rienced a period with a higher diagenetic temperature.
For the oldest pair (12515), the high D/L value for one
subsample indicates a non-finite '*C age, and thus con-
tamination of this subsample.

We conclude that several of the finite *C ages in the
range of 35-27 Ky, and possibly even some of the older
ones, are approximately correct, but we still suspect that
contamination by young carbon has influenced the
results to some degree. The oldest ages are most sensitive
to contamination because the concentration of “C is
about three times higher in a 27-Ky shell than in a shell
that is 17-Ky older. In fact, the high D/L values indicate
that some of the '*C ages in the range 48-43 Ky should be
considered as non-finite. Although it seems likely that
some of the '*C ages are trustworthy, we cannot identify
individual samples that are unequivocally uncontami-
nated. This is partly because of the low resolution of D/L
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values in a very cold climate, and an uncertain tempera-
ture history at the base of the overriding glaciers or below
sea level.

Have the molluscs been transported uphill by the
ice sheet?

If Novaya Zemlya was inundated by an ice sheet that was
centred over the Barents Sea shelf during the LGM
(Svendsen, Alexanderson et al. 2004), then some of the
mollusc shells may have been transported uphill by
glacier ice flowing eastwards and onto Novaya Zemlya.
On the other hand, if a satellite ice dome was located over
Novaya Zemlya during the LGM, as suggested by Zeeberg
(2001), then any shell transport would have been down-
hill. From the north-west coast of the northern island,
Forman et al. (1999) described in situ, sub-till mollusc
shells up to about 35 m a.s.l. Unfortunately, from the
descriptions in Grenlie (1924) it is impossible to identify
in situ individuals. However, some shells are likely
candidates, including for example the shells found at
80-140 m a.s.l. in the valley near the Belushii Bay
(samples TSGF-12515-TSGF12519; Tables 1, 3). This
valley is located on the eastern (lee) side of the island,
where it seems unlikely that shells could have been trans-
ported uphill by a Barents—Kara ice sheet. Also, many of
Gronlie’s other samples were found in rugged and high
topography, and often as a large concentration of shells,
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Fig. 7 Satellite image downloaded from Google Earth Professional on 15 November 2007 (image credit: Google Earth™ mapping service). Arrows show a
shoreline at about 140 m a.s.l. cutting bedrock structures. Above the shoreline the bedrock is completely exposed; below there is a thin cover of
unconsolidated sediments. We interpret the latter as beach and shallow marine sediments subsequently modified by an ice sheet, and then by solifluction.
Lower shorelines can be discerned in places. The thin yellow line shows the postglacial marine limit, about 10 m a.s.l., from Zeeberg et al. (2001).

including whole valves and thin shells. It is unlikely that
all of these shells were transported significantly uphill by
ice, although some probably were transported.

Relative sea level

Gronlie (1924) described shorelines up to 239 m a.s.l.
Zeeberg (2001) has shown that some of these surfaces
were confused with other features, whereas he accepts
others. We also assume that some of the shorelines were
correctly interpreted by Grenlie, except that we postulate
that those above 20 m a.s.l. have been covered by glacial
ice at some time. This assumption is supported by Forman
etal. (1995), who described till-covered beaches on
Novaya Zemlya up to ca. 100 m a.s.l. Near Cape Zhela-
niya, at the north-east tip of the archipelago (Fig. 2), we
interpret a distinct lineation on a satellite image as a
shoreline that extends to an altitude of about 140 m a.s.l.
(Fig. 7). The shoreline cuts bedrock structures, and marks
the upper boundary of a thin sediment cover, which
probably consists of shallow marine sediments that were
overridden by an ice sheet, and then later modified by
solifluction. In this region, Zeeberg et al. (2001) showed
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that the postglacial marine limit is only 10.5-13 m a.s.l.,
but they also found a pre-Holocene shoreline at
20-30 m a.s.l. near the coast. They report two *C ages of
more than 40 Ky from molluscs from a diamicton above
the Holocene marine limit.

We conclude that raised pre-Holocene shorelines in
Novaya Zemlya extend up to at least 140 m a.s.l.,, and
perhaps significantly higher. Assuming that some of our
shell ages are trustworthy implies that the corresponding
shorelines were formed during MIS 3. Calibrating such old
ages to a calendar-year scale is tenuous, but a '*C age of
about 30 "C Ky should correspond to about 36-33 cal Ky
(van der Plicht et al. 2004; Fairbanks et al. 2005). MIS 3
shorelines considerably higher than Holocene shorelines
are also known from other islands in the Barents and Kara
seas, including Severnaya Zemlya (Mdller et al. 2007),
Vaigach (Zeeberg 2001) and Svalbard (Mangerud et al.
1992). Raised shorelines in areas that have been covered
by ice sheets are normally interpreted to reflect glacio-
isostatic rebound after a deglaciation. And indeed,
Forman et al. (1999) and Moller et al. (2007) presented
sedimentological evidence that the raised MIS 3 beaches
were formed during a fall in the relative sea level. This is
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also supported by observations from the Pechora Sea to
the south of Novaya Zemlya (Gataullin et al. 2001), where
seismic profiles and sediment cores suggest that the
Pechora delta was prograding during a period of MIS 3
when the relative sea level was falling. We would expect
that the highest MIS 3 shorelines were formed during the
deglaciation of some 50-40 Kya, and that they become
progressively younger at lower elevations; however, this
trend is not apparent in our dataset (Fig. 8). On the con-
trary, several of the youngest ages were obtained from
molluscs collected at 120-140 m a.s.l. Taken at face value,
our ages could be explained by a regression from ca. 160
to ca. 60 m a.s.l. between 40 and 35 C Kya, and a sub-
sequent sea-level rise up to 140 m a.s.l. However, if the
sea level rose to such high levels as a result of glacio-
isostatic depression in front of the growing MIS 2 ice
sheet, then we would also expect to find high shorelines
from the subsequent deglaciation, which is not the case
(Forman et al. 1999; Zeeberg et al. 2001). Although our
dataset is not sufficient to reconstruct sea-level changes
during MIS 3, we infer that the relative sea level on
Novaya Zemlya was at least 160 m a.s.l. at some time
during MIS 3. These high shore levels can only be
explained by isostatic rebound after the preceding
glaciation.

The postglacial (Holocene) marine limits in Novaya
Zemlya are only 10-18 ma.sl. (Forman etal. 1999;
Zeeberg et al. 2001). This is much lower than the shore-
lines from the preceding ice-free period described above.
Forman et al. (1999) obtained a minimum age for the last
deglaciation of 9.2 '*C Ky, whereas the marine limit was
formed about 6 "*C Kya. This suggests that the relative sea
level was even below 10 m during the last deglaciation,
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and that the marine limit marks the culmination of a
subsequent transgression. The simplest interpretation is
that the LGM ice sheet was very thin across Novaya
Zemlya. Serebryanny & Malyasova (1998) and Sere-
bryanny etal. (1998) reported two radiocarbon dates
yielding 15.3 and 15.1 '*C Ky (about 18-19 cal Ky) from
Novaya Zemlya. We are somewhat sceptical about the
reliability of these ages because bulk sediments with low
organic content were dated, and also because such old
ages are in conflict with deglaciation dates from the sur-
rounding shelf area (Svendsen, Gataullin et al. 2004).
However, we are open to the possibility that they are
approximately correct, and thus that Novaya Zemlya was
deglaciated prior to about 18 cal Kya. This would also
make it easier to understand the low relative sea level
during the deglaciation, because the global (eustatic) sea
level at 18 cal Kya was almost 100 m lower than at the
start of the Holocene (Peltier & Fairbanks 2006).

The palaeoenvironment during MIS 3

Samples with sub-Arctic species include individual speci-
mens with '*C ages that span the range of obtained ages,
as do samples with only Arctic species. If the '*C ages of
samples younger than 35 Ky are nearly correct, then sub-
Arctic species, including C. islandica, lived along the coast
of Novaya Zemlya during MIS 3. A similar fauna is also
known from deposits of the corresponding Kapp Ekholm
interstadial in Svalbard (Mangerud & Svendsen 1992).
The diversity is highest in samples including sub-Arctic
species, as would be expected if the samples were repre-
sentative of the original fauna.
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The glaciation history of Novaya Zemlya
during MIS 4-MIS 2

It is generally agreed that there was a large Barents—Kara
ice sheet during MIS 4 and early MIS 3, and that this was
the last time the ice sheet reached mainland Russia south
of the Barents—Kara seas (Svendsen, Alexanderson et al.
2004; Larsen et al. 2006; Moller et al. 2007). The timing
of the deglaciation from mainland Russia is not well con-
strained, but a number of OSL ages below the youngest
till are about 60 Ky (Kjeer et al. 2003; Kjeer et al. 2006;
Henriksen et al. 2008), indicating a deglaciation well after
this time. Polyak et al. (2000) obtained minimum ages,
believed to be close to deglaciation ages, of 38-37 '*C Ky
from marine cores in the Pechora Sea. These are rea-
sonably consistent with the ages from Novaya Zemlya.
A similar glaciation history is described from Svalbard
(Mangerud et al. 1998) and Zevernaya Zemlya (Moller
etal. 2007). Zeeberg (2001) constructed a glaciation
curve leaving Novaya Zemlya ice-free from 40-30 Kya.
Our larger data set supports this conclusion, although it is
difficult to determine the exact age for the onset of the
ice-free period. Theoretically, the oldest reliable finite
ages from Novaya Zemlya represent the age for the degla-
ciation of the islands. Although we consider the oldest *C
ages as minimume-limiting ages, the analyses indicate that
the deglaciation of Novaya Zemlya did not occur later
than about 35 cal Kya.
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ca. 35 cal years Kya. The box marks the men-
tioned age interval; the corresponding Tes
ranges from —7.7°C to —8.5°C.

80 100

The extent of amino acid racemization depends on
both the age and the effective diagenetic temperature
(Terr) since the death of the mollusc. The temperature
sensitivity of Asp racemization in M. truncata has been
determined based on laboratory controlled heating
experiments, combined with the analysis of shells of
known age (Manley et al. 2000) (Fig. 9). On the basis of
these kinetic models, we can assess the temperature
history of the Novaya Zemlya shells, assuming that the
4C ages are correct (but most calculations are valid even
if the '*C ages are non-finite). We use the eight specimens
with '*C ages of 32-27 Ky, which we believe are the most
reliable results. The mean Asp D/L value of these eight
shells is 0.171 = 0.026, and the approximate mean age is
probably between 35 and 30 cal Ky. Solving the kinetic
model of Manley et al. (2000) yields a Tex between —7.7°C
and —8.5°C for ages ranging from 35 to 30 Ky. The Te
integrates the effects of multiple thermal conditions,
which can be represented by three intervals: (1) a “high-
temperature” interval, when the shells were below sea
level or glacier ice, (2) one or more low-temperature
intervals, when the shells were exposed subaerially
during glacial climate, and (3) an interval of intermediate
temperature during the Holocene (11-Ky duration),
when shells were exposed to subaerial conditions similar
to modern conditions, i.e. from —6°C to —8°C. To satisfy
an overall T of between —7.7°C and -8.5°C for the
35-30-Ky post-depositional history, while accounting for

Polar Research 27 2008 187-208 © 2008 The Authors



J. Mangerud et al.

-5

Ice-free conditions in Novaya Zemlya 35 000-30 000 cal years B.P.

-10

Fig. 10 Relationship between the duration of
the “warm” interval (ice or marine cover) and
the effective diagenetic temperature (Te) of the
remaining cold subaerial interval necessary to
balance an overall T of between —7.7°C and
—8.5°C for Mya shells, the ages of which range
from 30 to 35calKya. The widths of the
temperature/duration bands delimit the range
of solutions based on these T and age ranges.
As the duration of the warm interval increases,
the Te of the remaining interval must decrease
exponentially, as seen in Fig. 9. The solution also
assumes that the shells experienced an interval

Tert of cold subaerial interval (°C)

modern mean
annual
temperature

cold-based ice (-5°C)

warm-based ice or
marine water (0°C)

of temperatures similar to that of modern times
(from —6°C to —8°C) that lasted for the entire
Holocene (11 cal Ky).

a period of 11000 years when temperatures were
between —6°C and —8°C, and assuming that the kinetic
equations are correct, the shells could not withstand
more than about 3 Ky of marine or ice cover at 0°C, even
if the Ter of the remaining time (i.e., the cold interval 2)
was below —15°C (Fig. 10), when hardly any racemiza-
tion would occur (Fig.9). If the ice was cold-based,
however, the shells could have spent up to 10 Ky of their
post-depositional history below ice at —5°C. Under the
assumption that Novaya Zemlya was deglaciated shortly
after the Younger Dryas (Svendsen, Gataullin et al. 2004),
this may suggest that the islands became ice-covered
during the later part of the Late Weichselian, possibly well
after the LGM. On the other hand, if Novaya Zemlya was
deglaciated at 18 cal Kya, as discussed above (Serebry-
anny et al. 1998; Serebryanny & Malyasova 1998), then
the glaciation could have started earlier.

Assuming that the '*C ages of the shells are minimum
ages, then the short duration of ice or marine cover
calculated based on the D/L values represents a
maximum duration. This means that the molluscs with
the lowest D/L values could not have been ice-covered
during two glaciations, especially because the earlier MIS
4—early MIS 3 glaciation was probably of longer duration.
Therefore, the low D/L values indicate that most of the
studied molluscs are of MIS 3 age, a conclusion drawn
independently of the '*C ages. The short duration of ice
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cover indicated by the D/L values is also consistent with
modest ice loading, as indicated by the low Holocene
marine limits (about 18 m a.s.l.; Forman etal. 1999;
Zeeberg et al. 2001).

The timing and location of ice-sheet inception during
MIS 3/2 in the Barents—Kara Sea region is not well
known. An obvious thought is that glaciers in Novaya
Zemlya and the other islands might have served as the
nuclei for ice-sheet growth, similar to that described for
older glaciations in Severnaya Zemlya (Moller et al.
2007). If so, then our results suggest that ice over Novaya
Zemlya remained thin and cold during MIS 2. However,
the local glaciers in Severnaya Zemlya (Moller et al.
2007) and the northernmost tip of the Ural Mountains
(Mangerud etal. 2008) hardly expanded during the
LGM, and therefore, perhaps, neither did glaciers in
Novaya Zemlya, which is located between these two
areas. An alternative hypothesis is therefore that precipi-
tation from the Atlantic during the inception period was
restricted to the western Barents Sea, and that the ice
sheet started to grow in Svalbard and the western Barents
Sea, and subsequently overran Novaya Zemlya.

Global ice volume at 30 Kya was 60-65% of the LGM
volume (Lambeck & Chappell 2001; Peltier & Fairbanks
2006). This contrasts with our results that indicate the
Barents—Kara ice sheet did not exist 30 Kya, indicating
that the Barents—Kara ice sheet responded faster and with
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a larger amplitude to global climate (and sea-level)
changes than other ice sheets.

Conclusions

We obtained 33 '#C ages in the range of 48-26 *C Ky on
mollusc samples from Novaya Zemlya. Amino acid D/L
values indicate that many of the finite '*C ages are reli-
able, whereas some are minimum ages only.

During the later part of MIS 3 (35-27 '*C Kya), Novaya
Zemlya did not support glaciers larger than those present
today. This implies that the Barents—Kara ice sheet did not
exist at this time, whereas global ice volume at the same
time was 60-65% of the LGM volume.

The low D/L values in most shells indicate that they
have not been subjected to the relatively high tempera-
tures under glacier ice or marine water (0°C) for longer
than about 3 Ky. Under cold-based ice of —5°C, the dura-
tion of glacier cover in Novaya Zemlya during the LGM
may have been up to 10 Ky.

These results from Novaya Zemlya are consistent with
reconstructions of the ice-sheet history from northern
Russia and Svalbard. The limited extent and duration of
ice cover is also consistent with the low Holocene marine
limit below 18 m a.s.l.

If some of the '*C ages around 30 Ky are correct, as we
concluded, then sub-Arctic mollusc faunas immigrated to
the eastern Barents Sea during MIS 3.

We obtained Holocene '*C ages on a few marine mol-
luscs. One shows that at least one glacier was smaller about
4000 years ago than in 1921, and the other shows that
M. edulis was present in the area about 4700 years ago.
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