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Onset of the monsoon in the Miocene drove an
increase in chemical weathering in the GangesBrahmaprutra watersheds, resulting in a shift
from mechanical weathering (tektosilicates,
plus mica, illite, and chlorite) to chemical
weathering (secondary detrital PCM; smectite,
kaolinite) (36). The later PCM mineral assemblage resulted in an Èfourfold increase in
organic loading and substantially increased the
organic carbon burial flux (36).
The global change that promoted the rise of
animals by 0.6 Ga (37) remains one of the most
important yet least understood events in the
geobiologic record. Here we adopt a nonuniformitarian approach by identifying an important component of the modern system that
was largely absent or ineffective in the Precambrian and changed in an irreversible
manner sometime during the Neoproterozoic.
The modern ocean buries 1.6  1014 g C/year,
of which 86% (1.38  1014 g C/year) is buried
in ocean margins (11), where OC concentration
and hence burial flux is linearly proportional
to clay content. Applying this burial rate
throughout the Phanerozoic and assuming
that the peak ratios in Fig. 2 are proportional
to clay content, then the clay-driven increase in
OC burial that developed during 730 to 500 Ma
(Fig. 2) ramped from 0.21  1014 to 1.38 
1014 g C/year. The resulting sixfold increase in
oxygen retention would have greatly influenced
biogeochemical cycling of redox sensitive
elements such as Feþ2 and S2– (2, 3, 5) and
ultimately increased the oxygen concentration
of the atmosphere. The evolutionary innovation
and expansion of land biota could permanently
increase weathering intensity and PCM formation, establishing a new level of organic carbon
burial and oxygen accumulation.
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The Last Deglaciation of the
Southeastern Sector of the
Scandinavian Ice Sheet
V. R. Rinterknecht,1*† P. U. Clark,1 G. M. Raisbeck,2 F. Yiou,2 A. Bitinas,3 E. J. Brook,1 L. Marks,4
V. Zelčs,5 J.-P. Lunkka,6 I. E. Pavlovskaya,7 J. A. Piotrowski,8 A. Raukas9
The Scandinavian Ice Sheet (SIS) was an important component of the global ice sheet system during
the last glaciation, but the timing of its growth to or retreat from its maximum extent remains
poorly known. We used 115 cosmogenic beryllium-10 ages and 70 radiocarbon ages to constrain
the timing of three substantial ice-margin fluctuations of the SIS between 25,000 and 12,000 years
before the present. The age of initial deglaciation indicates that the SIS may have contributed to an
abrupt rise in global sea level. Subsequent ice-margin fluctuations identify opposite mass-balance
responses to North Atlantic climate change, indicating differing ice-sheet sensitivities to mean
climate state.
t its maximum extent, the Scandinavian
Ice Sheet (SIS) merged with the Barents
Ice Sheet (BIS) and Kara Ice Sheet to
form a Eurasian ice sheet complex that was the
second largest of the former Northern Hemisphere ice sheets (1–3). Such a large ice mass
would have influenced climate on scales ranging from regional to hemispheric and may have
affected the formation of North Atlantic deepwater through releases of meltwater and icebergs. Simulations with climate models suggest
that the mass balance of the SIS was particularly
sensitive to changes in North Atlantic climate
because of its location immediately downwind
of the North Atlantic Ocean (4). Finally, the SIS
deformed the underlying crust, and the record
of postglacial isostatic recovery can be inverted
to reveal geophysical properties of the lithosphere and mantle (5, 6).

A

www.sciencemag.org

SCIENCE

VOL 311

Isolating the relative contributions of the
SIS to changes in global sea level, climate, and
the solid Earth requires that the chronology of
its growth and decay be well constrained. Ice1
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rafted debris (IRD) in marine cores often provide
well-dated records of ice-sheet variability (7, 8),
but the linkages between the physics of ice
sheets and the formation of an IRD signal have
not been clearly established. Prominent end
moraines deposited by the southern SIS margin
across northern Europe provide a direct record
of ice-margin fluctuations, but the paucity of
organic material for radiocarbon dating in this
region has prevented the development of more
than a general understanding of the timing of
these fluctuations (9). We measured cosmogenic 10Be concentrations in samples associated
with six main moraines (10) deposited by the
southeastern SIS in Poland, Belarus, Lithuania,
Latvia, Estonia, and Finland (Fig. 1) that firmly
establish the chronology of the southern SIS
margin since 25,000 years before the present
(25 kyr B.P.).
Boulder exposure ages were calculated from
10Be/9Be ratios measured by accelerator mass
spectrometry (table S1) (10). We present the moraine age as either the mean exposure 10Be age or
the error-weighted mean exposure 10Be age, and
the uncertainty as the larger of the standard deviation of the mean exposure ages or the errorweighted mean of the analytical uncertainty (10).
Outliers exist in the exposure-age populations
of all but one of the SIS moraines (Fig. 2). We
attribute the anomalously old ages (generally
Q30 10Be kyr) to incomplete erosion of boulder
surfaces that had previously been exposed to
secondary cosmic rays, resulting in 10Be inheritance. Exposure ages that are clearly too
young (generally e10 10Be kyr) may reflect postdepositional exhumation or movement or unrecognized erosion of boulder surfaces. Accordingly,
we removed these outliers and then further reduced the data set by using Chauvenet_s criterion
(11) to reject outliers from the sample population of a given moraine, reducing our measured
data set from 138 to 111 10Be ages (10). We
then combined previously published 10Be data
on four samples from the Salpausselk. I
moraine in Finland (12) with data on our nine
samples from that moraine (13).
By combining our new 10Be data with 70
new and existing limiting radiocarbon ages on
interstadial or postglacial organic matter (table
S2), we developed a comprehensive chronology
of the southeastern margin of the SIS that
identifies three ice-margin fluctuations between
25,000 and 12,000 calendar (cal) yr B.P. (Fig.
3A). Calibrated radiocarbon ages indicate that
after a long interstadial, the SIS margin advanced into the Baltic lowlands after 24,900 T
370 cal yr B.P. (14) and reached its maximum
extent marked by the Last Glacial Maximum
(LGM) Moraine after 20,980 T 270 cal yr B.P.
(15) (Fig. 3A). We interpret the cosmogenic
ages on surface boulders from moraines to
represent the final time of moraine formation.
Our 10 10Be ages from the LGM Moraine in
Belarus and Lithuania (Fig. 2A) thus suggest
that the SIS margin began to retreat from its
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Fig. 1. Digital elevation model of the sampling area (adapted from http://lpdaac.usgs.gov). The main icemarginal positions are outlined in gray (21). a.s.l., above sea level. (A) LGM Moraine. (B) Pomeranian
Moraine. (C) Middle Lithuanian Moraine. (D) North Lithuanian Moraine. (E) Pandivere Moraine. (F)
Palivere Moraine. (G¶) Salpausselkä I Moraine. (G¶¶) Salpausselkä II Moraine. (G¶¶¶) Salpausselkä III
Moraine. 10Be sites are indicated as follows: LGM Moraine (green-blue triangles), Pomeranian Moraine
(dark blue triangles), Middle Lithuanian Moraine (orange triangles), North Lithuanian Moraine (red
triangles), Pandivere Moraine (light blue triangle), Palivere Moraine (purple triangles), Salpausselkä I
Moraine (gray triangle represents nine samples) (13), Salpausselkä I Moraine (black triangle represents
four samples) (12). 14C sites are indicated as follows: this study (white squares), previous studies (black
squares).
maximum limit at 19,000 T 1600 10Be years
(Fig. 3A).
Radiocarbon ages on peat from the Odra
Bank of the Baltic Sea (16), 20 km north of
the Polish coast (Fig. 1), indicate that the ice
margin retreated north of this site before
16,760 T 360 cal yr B.P., in good agreement
with our new radiocarbon age for interstadial
sediments in Lithuania (16,470 T 230 cal yr
B.P.; laboratory number AA-53595) (Fig. 3A
and table S2). The younger age at Odra Bank
indicates that the site remained unglaciated until
after 15,520 T 430 cal yr B.P., when ice subsequently readvanced to the Pomeranian Moraine. A similar age for ice recession (È15,400
cal yr B.P.) had previously been inferred from
radiocarbon dating of organic deposits at the
Raunis site, Latvia (15), which became a key
constraint in interpretations of SIS marginal
history (9). Subsequent investigations, however,
demonstrated that these deposits are thoroughly
penetrated by recent rootlets (17, 18), pointing
to possible radiocarbon contamination.
Forty-two 10Be ages from the Pomeranian
Moraine have a mean age of 14,600 T 300 10Be
years (Fig. 2B), which is significantly younger
than the previous moraine-age estimate of
È18,000 cal yr B.P. (19–21). Combined with
the Odra Bank radiocarbon ages, these data
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identify a significant post-LGM fluctuation of
the SIS margin, with readvance from north of
the Baltic coast to within 50 to 100 km of the
LGM Moraine after È15,500 cal yr B.P. and a
subsequent retreat beginning at È14,600 10Be
years (Fig. 3A). The 10Be ages from three
younger Baltic recessional moraines and one
boulder from the Pandivere Moraine indicate a
relatively slow retreat of the SIS margin from
the Pomeranian Moraine to a position south of
the Baltic coast by È13,000 10Be years (Figs. 2,
C to F, and 3A). With the exception of two
radiocarbon ages from Poland Ethe Gardno site
(23, 24)^ and two radiocarbon ages from Latvia
Ethe Progress site (17, 18)^, our 92 10Be ages
dating ice retreat from the Pomeranian Moraine
to the south coast of the Baltic Sea are in excellent agreement with 23 14C ages on postglacial organic material that provide minimum
ages for deglaciation of the same region (Fig. 3A
and table S2).
The third and youngest fluctuation of the
southern SIS occurred after ice-margin retreat
several tens of kilometers north of what is now
the Salpausselk. I Moraine before it readvanced
to deposit that moraine (Fig. 3A) (25). When we
combine our 10Be data from the Salpausselk. I
Moraine with those of Tschudi et al. (12) and
use an integrated production rate to account for
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Fig. 2. Single 10Be exposure ages (green and red symbols). (A) LGM Moraine [mean age 0 19.0 T 1.6
10Be thousand years ago (ka), n 0 10 samples]. (B) Pomeranian Moraine (mean age 0 14.6 T 0.3 10Be ka,
n 0 42). (C) Middle Lithuanian Moraine (mean age 0 13.6 T 0.3 10Be ka, n 0 32). (D) North Lithuanian
Moraine (error-weighted mean age 0 13.1 T 0.3 10Be ka 0 9). (E) Pandivere Moraine (13.1 T 1.1 10Be ka,
n 0 1). (F) Palivere Moraine (mean age 0 13.6 T 1.2 10Be ka, n 0 8). (G¶) Salpausselkä I Moraine (errorweighted mean age 0 12.5 T 0.7 10Be ka, n 0 13). 10Be exposure ages are ordered within a moraine
using the sample longitudes (west to east). Insets in (A) to (D) and (F) correspond to the full data set.
Green symbols are 10Be exposure ages used in the moraine age calculation. Red symbols are outliers not
included in the moraine age. Error bars for single 10Be exposure ages correspond to 1s analytical
uncertainty only. The black horizontal lines identify the mean age or the error-weighted mean age for
each moraine. Shaded gray bands correspond to 1s uncertainty (the standard deviation of the mean
exposure age or error-weighted mean of the analytical uncertainties combined when necessary with
uncertainties associated with water submergence and/or uplift assumptions). Pink symbols in (G¶) are the
10Be data from Tschudi et al. (12), recalculated using our corrected production rate and erosion and
uplift assumptions (13). Open symbols in (F) and (G¶) correspond to 10Be samples uncorrected for
estimated water submergence and/or isostatic uplift (10). The black dashed line corresponds to the
moraine mean age in (F) (10.1 T 0.5 10Be ka, n 0 8), and to the moraine error-weighted mean age in
(G¶) (12.0 T 0.2 10Be ka, n 0 13) for these uncorrected ages.

isostatic uplift of the region (10), we find that
ice retreat from the moraine began at 12,500 T
700 10Be years (13) (Figs. 2G¶ and 3A).
Our new chronology for the southern SIS
margin has several important implications for
understanding the response of the SIS to climate change and its contribution to global sea
level change. Our constraints on the timing of
the southern SIS at its last maximum extent
(È21 cal kyr B.P. to 19.0 10Be kyr) are in good
agreement with ages constraining a major advance of the western SIS margin (26) and the
maximum extent of the BIS margin (27, 28).
Because the SIS and BIS coalesced at their
maximum extent, this agreement indicates the
expansion of much of the Eurasian ice sheet

complex to its full glacial extent during the
interval of relative climate stability and low sea
level of the LGM (19.0 to 23.0 kyr B.P.).
Within dating uncertainties, our new ages
suggest that the onset of deglaciation of the
southern SIS margin at È19.0 10Be kyr may be
synchronous with a rapid sea-level rise of 10 to
15 m at È19.0 cal kyr B.P. that abruptly terminated the LGM lowstand (29) (Fig. 3B).
Clark et al. (30) inferred that the source of this
event originated from one or more of the Northern Hemisphere ice sheets. Our dating of the
retreat of the southern SIS margin at this time
provides direct evidence that the SIS may have
contributed to this abrupt sea-level event. The
abruptness of the sea-level event in the ab-
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sence of any associated abrupt warming (Fig.
3, B and C) points to an instability of the SIS
that caused it to partially collapse, although the
gradual warming that preceded the event suggests the possibility of a nonlinear response of
the ice sheet to that warming (31). Such a
response may have induced fast flow (32) and
drawdown of the low-sloping Baltic Sea ice
stream (21), causing retreat of the southeastern
SIS margin.
This phase of early deglaciation was followed by a 3 to 4 kyr interval of restricted SIS
margin extent that coincides with a reduction of
the Atlantic meridional overturning circulation
induced by the 19-kyr sea-level event and
subsequent Heinrich event 1 (H1) (Fig. 3D)
(30, 33), with the attendant loss of ocean heat
transport to the North Atlantic region causing
the Oldest Dryas cold interval (Fig. 3C). Why
did the southern SIS margin remain retracted
during this cold interval? We suggest that the
southward expansion of the polar front in the
North Atlantic associated with H1 (34), with an
attendant increase in sea ice coverage, caused
moisture starvation of the SIS (4), thus preventing its margin from readvancing. Evidence
in support of this hydrologic response comes
from proxy records that indicate that extreme
aridity over Europe accompanied cold temperatures during Heinrich events (35).
We attribute the subsequent readvance of
the southern SIS margin to the Pomeranian
Moraine to the initial warming that occurred in
the North Atlantic region after H1 but before
the large and abrupt warming marking the onset
of the BLlling-AllerLd (Fig. 3, A and C). In
particular, a more positive SIS mass balance
and attendant ice-margin readvance are expected
outcomes of such a warming as a consequence
of the precipitation-temperature feedback, which
is most effective under cold climates (36). Pollen
records support the idea that this atmospheric
hydrologic response occurred in showing a
rapid shift from semiarid to temperate taxa
over parts of southern Europe starting at È16
cal kyr B.P. (35).
The large-scale recession of the southern SIS
margin beginning at 14,600 T 300 10Be years,
marking the start of the final retreat of the SIS
from the Baltic lowlands, appears to represent a
response to the abrupt onset of the BLllingAllerLd warm interval at È14.6 cal kyr B.P. In
this case, the warming to near-interglacial temperatures associated with the BLlling-AllerLd
interval (Fig. 3C) would have overwhelmed the
precipitation-temperature feedback and caused
a negative mass balance over the ice sheet (36).
The ages of the three post-Pomeranian moraines (Figs. 1 and 2C, D, and F) suggest that
the receding margin must have paused briefly
during the BLlling-AllerLd warm interval to
construct each of them. Although the precise age
of these events cannot be resolved by our dating,
the most likely explanation for their occurrence
is an ice-margin response to the three centennial-
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Fig. 3. (A) Time-distance diagram showing fluctuations of the southern margin of the SIS as
constrained by our mean or error-weighted mean 10Be ages (green circles) (table S1) and calibrated
radiocarbon ages (white squares, this study; black squares, previous studies) (table S2). The smallest
(green) vertical error bar for each moraine age corresponds to the error as described in (10). The
largest (black) vertical error bar for each moraine age includes the uncertainty in the 10Be production
rate (6%) for comparison with other records. Horizontal uncertainties shown for our 10Be data identify
the spatial north-south distance over which samples from each moraine were collected. We calibrated
radiocarbon ages younger than 21,381 14C yr B.P. using IntCal04 (39); we calibrated older radiocarbon
ages using the Cariaco Basin calibration curve (40). We excluded four samples (Gd-6117, Gd-4776, TA129, and TA-129A; table S2) from this data set because they are probably redeposited or contaminated.
(B) Records of far-field relative sea-level (RSL) change during the last deglaciation (29, 41, 42). (C)
d18O record from the Greenland Ice Sheet Project 2 ice core (43, 44). (D) Sedimentary 231Pa/230Th
record from North Atlantic core OCE326-GGC5, a proxy for the Atlantic meridional overturning
circulation (33).
scale cold events that occurred during the
BLlling-AllerLd warm interval (Fig. 3C). The short
distance (È100 km) separating the Pomeranian
and Middle Lithuanian Moraines along the
climatically sensitive southern SIS margin is also
important in indicating a negligible contribution
of the SIS to global sea level rise in response to
BLlling-AllerLd warming.
Our new 10Be ages confirm the Younger
Dryas age of the Salpausselk. I Moraine (25)
and support the varve chronology (37) in showing that the southern SIS margin subsequently
began to retreat to the Salpausselk. II Moraine
during the Younger Dryas. The presence of the
three Younger Dryas moraines may reflect small
climate changes during the Younger Dryas affecting SIS mass balance. Alternatively, the
small ice-margin retreat may indicate a dynamic
response associated with a drawdown of ice
through the Gulf of Bothnia. In any event, in
contrast to the preceding Pomeranian readvance,
which occurred in response to a small warming
during a cold climate, the readvance to the
Salpausselk. I Moraine occurred in response to a
large Younger Dryas cooling during a warm
climate. We attribute these opposite responses to
the importance of the precipitation-temperature
feedback in controlling mass balance only
during cold climates (36). Similar opposing
mass balance changes are projected for the
two remaining ice sheets in response to future global warming, with a negative mass
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balance simulated for the warm-climate Greenland Ice Sheet and a positive mass balance
simulated for the cold-climate Antarctic Ice
Sheet (38).

VOL 311

SCIENCE

26.
27.
28.
29.
30.
31.
32.
33.
34.

References and Notes
1. G. H. Denton, T. J. Hughes, The Last Great Ice Sheets
(Wiley, New York, 1981).
2. P. U. Clark, A. C. Mix, Quat. Sci. Rev. 21, 1 (2002).
3. J. I. Svendsen et al., Quat. Sci. Rev. 23, 1229 (2004).
4. S. W. Hostetler, P. U. Clark, P. J. Bartlein, A. C. Mix,
N. J. Pisias, J. Geophys. Res. 104, 3947 (1999).
5. K. Lambeck, C. Smither, P. Johnston, Geophys. J. Int. 134,
102 (1998).
6. G. A. Milne et al., Science 291, 2381 (2001).
7. G. C. Bond, R. Lotti, Science 267, 1005 (1995).
8. K. H. Baumann et al., Quat. Res. 43, 185 (1995).
9. J. Ehlers, P. L. Gibbard, in Quaternary
Glaciations—Extent and Chronology, Part I: Europe,
(Elsevier, Amsterdam, Netherlands, 2004).
10. Materials and methods are available as supporting
material on Science Online.
11. J. R. Taylor, An Introduction to Error Analysis,
(University Science Books, Sausalito, CA, 1997).
12. S. Tschudi, S. Ivy-Ochs, C. Schlüchter, P. W. Kubik,
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from the Salpausselkä I Moraine and S. Hostetler,
J. Licciardi, J. Mangerud, and anonymous reviewers
for comments.

Supporting Online Material
www.sciencemag.org/cgi/content/full/311/5766/1449/DC1
Materials and Methods
Tables S1 and S2
References
28 September 2005; accepted 9 February 2006
10.1126/science.1120702

www.sciencemag.org

