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Oxygen isotope records of cores from the central Arctic Ocean yield evidence for a major 
influx of meltwater at the beginning of the last deglaciation 15.7 thousand years ago (1 6,650 
calendar years B.C.). The almost parallel trends of the isotope records from the Arctic 
Ocean, the Fram Strait, and the east Greenland continental margin suggest contempo- 
raneous variations of the Eurasian Arctic and Greenland (Laurentide) ice sheets or in- 
creased export of low-saline waters from the Arctic within the East Greenland Current 
during the last deglaciation. On the basis of isotope and carbon data, the modern surface- 
and deep-water characteristics and seasonally open-ice conditions with increased surface- 
water productivity were established in the central Arctic at the end of Termination Ib (about 
7.2 thousand years ago or 6,000 calendar years B.C.). 

I n  low and mid-latitudes as well as subpolar 
regions, accelerator mass spectrometry 
(AMS) 14C-dated, high-resolution stable 
oxygen isotope records are well established 
for Quaternary chronostratigraphy and are 
used for detailed reconstructions of the 
Northern Hemisphere glaciation history 
(1-7). Such records, on the other hand, are 
very rare for the Arctic Ocean (8-1 0) and 
even unavailable until now for the most 
interior areas of the Arctic, such as the 
Lomonosov Ridge and the Amundsen Ba- 
sin. Because of the lack of satisfactory stable 
isotope data, the detailed late Quaternary 
chronostratigraphic framework as well as 
paleoceanographic reconstructions in the 
central Arctic Ocean and their significance 
for the global climate system are still con- 
troversial (1 1-1 5). We present AMS14C- 
dated isotope and carbon records that may 
help solve some of these controversies. 

During the ARCTIC '91 expedition to 
the eastern central Arctic Ocean, sediment 
cores were recovered from the Nansen, 
Amundsen, and Makarov basins, the Gak- 
kel and Lomonosov ridges, the Morris-Jesup 
Rise, and the Yermak Plateau (Fig. 1) (1 6). 
We have analyzed samples from four select- 
ed sediment cores from the Gakkel Ridge 
(core PS2163-1: 86.24ON, 59.22"E; water 
depth 3040 m; core PS2206-4: 84.2S0N, 
02.51°W; water depth 2993 m), the 
Amundsen Basin (core PS2170-4: 87.59"N, 
60.77"E; water depth 4226 m), and the 
Lomonosov Ridge (core PS2 177-3: 
88.04ON, 134.93"E; water depth 1388 m). 
All four cores, including the basin core 
PS2170-4, which was cored on an isolated 
submarine high a few hundred meters above 
the abyssal plain to exclude turbidites, sam- 
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pled undisturbed pelagic sediments (1 6). 
We determined stable isotope records, on 
planktonic foraminifera shells of Neoglobo- 
quadrina pachyderms sin. and benthic fora- 
minifera shells of Cibicidoides wuelkrstorfi, 
and carbonate and organic carbon (1 7). 

On the basis of the AMS 14C dates 
(Table 1) (1 8), the stable isotope records 
represent oxygen isotope stage 1, stage 2, 
and (the upper part of) stage 3 (Fig. 2). 
The records generally agree with a global 
isotope (climate) curve, at least in the 
upper part. The distinct decrease in dl'O 

(1 9) toward the tops of the cores represents 
the transition from the last glacial period to 
the Holocene interglacial period (Termina- 
tion I) (1, 5, 6, 20, 2 l). In all four cores, 
this transition is a two-step change, which 
may correspond to Terminations Ia and Ib. 
The higher dl'O values between Termina- 
tions Ia and Ib may correspond to the 
Younger Dryas event (22,23). Termination 
Ib is furthermore characterized by a distinct 
increase in contents of biogenic carbonate 
(foraminifers and coccoliths) and organic 
carbon (Fig. 2). The age control in the 
lower parts of the sedimentary records, es- 
pecially core PS2163, is less precise because 
of the larger errors on the AMS 14C dates. 

In general, our AMS 14C and isotope 
data indicate that sedimentation rates in 
the postglacial eastern central Arctic 
Ocean were 0.7 to about 1.0 cm per thou- 
sand years (Table 2), in contrast to rates of 
a few millimeters per thousand years for the 
western central Arctic Ocean (1 1, 13). 
Calculated sedimentation rates for the Hol- 
ocene interval at AMS 14C dated cores 
from the Gakkel Ridge were also similar 
(1 0, 24). Holocene sedimentation rates 
higher than ours have been determined on 
the basis of calcareous nannofossil stratigra- 
phy from ARCTIC '91 cores (14). On the 
basis of the AMS 14C dates. the sedimen- 
tation rates of the last glacial interval were 
about 0.5 cm per thousand years (Table 2). 

Fig. 1. Locations of cores (a) investigated and mentioned in the text. Hatched area indicates 
approximate limit of the Northern Hemisphere ice sheets during the last glacial maximum (51). 
Stippled arrows indicate surface-water circulation; small solid, arrows indicate supply of low-saline 
waters (meltwater); heavy line connecting dots mark the cross section shown in the inset. TD. 
Transpolar Drift; BG, Beaufort Gyre; EGC, East Greenland Current; ESS. East Siberian Sea; LS, 
Laptev Sea; KS, Kara Sea; BS. Barents Sea; NB, Nansen Basin; GR, Gakkel Ridge; AB, Amundsen 
Basin; LR, Lomonosov Ridge; MB, Makarov Basin; AR, Alpha Ridge. 
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It is generally accepted that the oxygen 
isotopic composition of the planktonic for- 
aminiferal species N. puchyderma sin. is in 
equilibrium with the isotopic composition 
of the surface water (25). In addition, the 
a180 values in the foraminiferal tests are 
strongly controlled by the seawater temper- 
ature (20, 26). In the central Arctic Ocean 
north of 83"N, N. puchyderma sin. lives in 
the surface mixed layer (50 to 100 m) (27), 
which is characterized by its rather con- 
stant, very low temperature close to the 

freezing point (around - 1.7"C) (28, 29). 
The salinities, on the other hand, vary 
between about 30 and 33.5 per mil in the 
central Arctic Ocean; values decrease from 
the Nansen Basin (>33 per mil) toward the 
Lomonosov Ridge and Makarov Basin 
(<31.5 per mil) (28, 29). The salinity 
distribution in the central Arctic is mainly 
controlled by the river discharge and the 
transport of this low-saline water from the 
shelf areas to the oDen ocean bv the 
Transpolar Drift system. In the modem 

aIBO (per mil) r)13C (per mil) CaCO, (%) TOC (%) 

5 4 3 2 1 0.0 0.5 1.0 0 '1 8 0 0.4 0.8 

PS2163 (Gakkel Ridge) 

PS2170 (Amundsen Basin) 

PS2177 (Lomonosov Ridge) 

PS2206 (Gakkel Ridge) 

Fig. 2. Oxygen and carbon stable isotopes, determined on N. pachyderma sin., and carbonate and 
total organic carbon (TOC) contents. At core PS2163, stable isotope values were also determined 
on C. wuellerstorfi (open circles); benthic carbon isotope values are given at the bottom of the 
diagram. Between 10 and 17 cm below sea floor (cmbsf ), C. wuellerstorfiis absent in the sediments 
of core PS2163, suggesting that this interval may correspond to the last glacial interval. Numbers 
at the oxygen isotope records are reservoir-corrected AMS 14C ages in thousands of years B.P. 
(Table 1). The AMS 14C dates >38,000 years at core PS2163 are finite ages. The slight inversion at 
core PS2170 might be ascribed to small effects of reworking. Shaded horizontal bars indicate 
Termination la and Ib; dashed line indicates the oxygen isotope stage 213 boundary. 

central Arctic Ocean, about 10% of the 
water column is made up of river water 
(30). Thus, changes in the isotopic compo- 
sition in the planktonic foraminiferal cal- 
cite tests from the central Arctic do not 
reflect changes in temperature. Instead, 
they indicate changes in the isotopic com- 
position of the seawater, which is linearly 
related to the salinity (3 1, 32). This rela- 
tion between modern surface-water salinity 
and oxygen stable isotopes of N. pachydewnu 
sin. can be seen in Arctic Ocean surface 
sediments (including ARCTIC '91 sam- 
ples) (33). The distinct general trend to- 
ward lighter oxygen isotope values from the 
Gakkel Ridge (core PS2163) toward the 
Amundsen Basin (core PS2170) and the 
Lomonosov Ridge (core PS2177) also sup- 
ports this relation (Fig. 2). 

Comparing the isotope values from be- 
fore the onset of Termination I with the 
surface (near-modem) ones, it is obvious 
that the glacial-interglacial differences in 
a180 are irregular among the four cores. 
They range between 2.4 per mil in core 
PS2206 at the westem Gakkel Ridge and 
1.6 to 1.2 per mil in cores PS2163, PS2170, 
and PS2177 at the eastern Gakkel Ridge, 
the Amundsen Basin. and the Lomonosov 
Ridge, respectively. A large glacial-inter- 
glacial shift in a180 of 2.7 per mil is also 
recorded at Fram Basin core FRAM-114, 
which is close to core PS2206 (Fig. 1) (9). 
At the western Gakkel Ridge, this differ- 
ence distinctly exceeds the shift in also of 
about 1.3 per mil attributed to changes in 
the glacial-interglacial ice volume (23, 34, 
35), but the differences are similar to the 
ice-volume signal in the central Arctic. 
Because the modem surface-water temper- 
atures in the central Arctic Ocean are 
already low and close to the freezing point 
(29), a further cooling during glacial times 
is unrealistic. Thus, the excess in al*O at 
the western Gakkel Ridge was probably 
caused by a decrease in salinity resulting 
from increased meltwater discharge during 
the last deglaciation (Termination I). At 
Lomonosov Ridge, where the glacial-inter- 
glacial difference is closest to the ice-vol- u 

ume signal, the salinity of the last glacial 
surface waters was likely similar to the 
modem one, and the Transpolar Drift 
might have also transported significant 
quantities of low-salinity waters into the 
central Arctic Ocean during those glacial 
times. At the western Gakkel Ridge and in 
the Fram Basin, on the other hand, glacial 
salinity was probably significantly higher in 
comparison to today because the supply of 
meltwater was reduced then. On the basis 
of the comparison of modern salinity and 
temperatures of surface and bottom waters 
and oxygen isotope data from planktonic 
and benthic foraminifera of surface sedi- 
ments from the central Arctic Ocean (36), 
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glacial surface waters were about 1.1 to 1.4 
per mil more saline than waters today in the 
western Gakkel Ridge area. 

The 14C date at the beginning of the 
glacial-interglacial transition, indicated by 
a distinct, rapid d 1 8 0  depletion of up to 1.4 
per mil, is 15.7 thousand years ago (ka) (or 
16,650 years B.C. in calendar years) (18) 
(Figs. 2 and 3; Table 1). This a180 shift is 
almost contemporaneous with a distinct 
a13C minimum, which can be correlated 
from the eastern Gakkel Ridge through the 
Amundsen Basin to the Lomonosov Ridge 

(Fig. 2). Both shifts can clearly be identi- 
fied at all other cores from this area, includ- 
ing the Makarov Basin (36). These records 
suggest that there was a strong meltwater 
influx at the very beginning of Termination 
I. The thick meltwater cover probably re- 
sulted in a maior widemread stratification 

2). During these events, carbonate pro- 
ductivity (mainly planktonic foraminifers) 
evidently decreased, indicated by distinct- 
ly reduced carbonate contents in the early 
stage 1 sediments (Fig. 2). The lack of 
distinct a13C and a180  minima at core 
PS2206 suggests that the meltwater pulse 
probably did not reach the western Gakkel 
Ridge during this early phase of deglacia- 
tion. The distinct a13C minimum at this 
core at about 10 cmbsf, which coincides 
with high also values, represents the 
uppermost stage 2 (Fig. 2) and was prob- 
ably caused by a reduced oxygenation of 
near-surface waters and a reduced CO, 
exchange between the ocean and the at- 

and decrease in ventilation of near-surface 
waters, as reflected in the distinct a13C 
minima. A similar, older (stage 3?) influx of 
meltwater is probably represented in the 
isotope records of core PS2170 at a depth of 
about 25 cm below sea floor (cmbsf) (Fig. 

Table 1. The AMS 14C datings performed on N. pachyderms sin. samples. Depths are given in 
centimeters below the sea floor (cmbsf). The various ages (given with *1 SD) and units are 
explained in (18). The AMS 14C dates >38,000 years at core PS2163 are finite ages. The slight 
inversion at core PS2170 might be ascribed to small effects of reworking. 

- 
mosphere as a result of an extended glacial 
sea-ice cover (9). 

This early influx of meltwater into the 
central Arctic Ocean may have resulted 
from the supply of large amounts of fresh- 
water by the major Siberian rivers (such as 
the Lena) onto the shelf where these low- 

Depth Age 
Reservoir- 

Core 
Age (calendar 

Lab (cmbsf) (years BP.) c ~ ~ ~ ~ , ~ 9 e  years B.C.) 

saline waters were incorporated into the 
Transpolar Drift system and further trans- 
ported into the central Arctic (Fig. 1). This 
meltwater pulse appears to indicate the 
onset of the decay of the major Barents 

a180 (per mil) 

5 4 3 2 1 
0 

AAR-I 168 

58 Vedde ash? 
93 14,870 k 140 

*Number at AMS Laboratory, Aarhus University. ?The age of the Vedde ash is given by Mangerud eta/. (52). 

Table 2. Accumulation rates of total organic carbon (TOC) for the Holocene and pre-Holocene (last 
glacial) intervals at the AMS I4C-dated cores PS2163, PS2170, and PS2206 from the central Arctic 
Ocean. TOC is percent of the bulk sediment sample. Mean dry density values from Kassens (16). 

Fig. 3. Oxygen stable isotope records of core 
PSI 295 (Fram Strait) (0) (6), core PSI 730 (east 
Greenland continental margin) (e) (40),  and 
core PS2170 (Amundsen Basin) (b) versus age 
(with a reservoir correction of 550 years). Cir- 
cled data points in the records of cores PSI 730 
and PS2170 are AMS 14C-dated (Table 1); at 
core PS1295, all data points are AMS I4C- 
dated. Shaded horizontal bars indicate Termi- 
nation la and Ib; vertical black bars indicate the 
two major global meltwater events (23); and 
black arrows 1 through 3 indicate major melt- 
water pulses in the central Arctic Ocean. 

Core 
Sedimentation rate TOC Dry density Accumulation rate 

(cm ka-l) (%) (g ~ m - ~ )  (mg cm-2 ka-l) 
- - 

PS2163 
Holocene 0 7 0 55 0 75 
Last glac~al <O 7 0 3 0 75 

PS2170 
Holocene 0 85 0 7 0 75 
Last glac~al 0 5 0 4 0 75 

PS2206 
Holocene 0 7 0 5 0 75 
Last glac~al 0 5 0 3 0 75 
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Shelf (Eurasian Arctic) Ice Sheet during this 
early phase of deglaciation. If so, the increase 
in the supply of meltwaters from Siberian 
rivers began slightly before the major meltwa- 
ter discharge recorded at Fram Strait core 
PS1295, which has been AMS 14C-dated to 
about 14.5 ka (Figs. 1 and 3) (6). 

The early Arctic Ocean meltwater signal 
clearly precedes major meltwater events re- 
corded on the southeast Baffin shelf and the 
northemmost Labrador shelf (37) that cor- 
relate with pulses of global ice-sheet melting 
pulses at about 13.5 and 9 ka (23, 35). The 
two younger meltwater signals recorded at 
core PS2170 coincide with these two global 
pulses (Fig. 3). At those times, the rapid 
retreat of the Laurentide Ice Sheet also may 
have supplied major amounts of meltwater 
into the Arctic Ocean (38, 39). 

All three central Arctic Ocean meltwa- 
ter signals can also be identified at core 
PS1730, which is located at the east Green- 
land continental margin off Scoresby Sound 
(Fig. I), one of the largest fjord systems of 
the world. This isotope record may reflect 
either the fluctuation of the Greenland Ice 
Sheet or changes in the flux of low-saline 
waters in the East Greenland Current sys- 
tem (Figs. 1 and 3) (40). Thus, the almost 
parallel trends of the oxygen isotope records 
shown in Fig. 3 may be indicative of con- 
temporaneous variations of the Barents Sea 
and Greenland ice sheets. Thev might also , - 
signal, however, an increased export of 
low-saline waters from the Arctic within 
the East Greenland Current controlled by 
the decav of the Barents Sea and (for the 
two younger meltwater signals) Laurentide 
ice sheets. An early beginning of the decay 
of the Barents Sea Ice Sheet (represented in 
the Arctic Ocean and Fram Strait stable 
isotope records) and the Greenland Ice 
Sheet may have triggered the subsequent 
major decay of the Laurentide Ice Sheet 
(37) and the major retreat of glaciers from 
the western margin of Spitsbergen (4 1, 42), 
starting at about 13.5 to 12.5 ka (6). 
Furthermore, the influx of meltwater from 
the Arctic Ocean into the North Atlantic 
controlled by the decay of the major North- 
em Hemisphere ice sheets might have been 
critical for the North Atlantic deep water 
formation and, thus, important for global 
climate system changes (43-45). 

During Termination Ib, a13C values in 
the cores distinctly increased, as did car- 
bonate and organic carbon concentrations 
(Fig. 2). The Holocene increase in d13C to 
modem values recorded in most of the cores 
suggests that a well-oxygenated surface-wa- 
ter mass was extensive and more open-ice 
conditions prevailed in the Arctic 'Ocean at 
the end of Termination I. Because the 
carbonate material is mainly composed of 
planktonic foraminifera, coccoliths and os- 
tracodes (14, 46) and changes in carbonate 

dissolution can be neglected at depths less 
than 4500 m (47), the reduced sea-ice 
cover and at least seasonally open waters 
may have increased surface-water produc- 
tivity (1 4). The organic carbon levels are 
probably not a pure productivity signal be- 
cause major proportions of the organic mat- 
ter are of terrigenous origin (48, 49). The 
glacial-to-interglacial increase in accumula- 
tion rates of total organic carbon by a factor 
of 2 or 3 (Table 2) was thus mainly caused 
by an increased supply of terrigenous organ- 
ic matter from Eurasia. The flux of marine 
organic matter may also have increased 
during the Holocene, but oxic, well-venti- 
lated deep-water conditions [inferred from 
the homogenous brown sediments (1 6) and 
high a13C values determined from C. wuel- 
lerstorji tests] and low sedimentation rates 
would have precluded its preservation. 

By the end of Termination Ib (about 7.2 
ka or 6000 calendar years B.C.), ,the max- 
imum (modem) difference between dlsO 
values of planktonic and benthic foramin- 
ifera was reached (Fig. 2, core PS2163), 
suggesting that the modem characteristics 
of the surface- and deep-water masses have 
existed since that time. The distinctly re- 
duced difference in the planktonic and 
benthic oxygen stable isotope values re- 
corded at core PS2163 in the lower part of 
the sedimentary sequence, on the other 
hand, indicates that (if major temperature 
changes are neglected) the salinity differ- 
ence between the surface water laver and 
the deeper water masses was probabli small- 
er than it is today, and the strong vertical 
stratification of the modem Arctic Ocean 
should have been less pronounced during 
this earlier (stage 3?) time interval. 
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derivatized with a polyethylene glycol 
(PEG)-tenninatedalkanethiol [HS (CH,) , , - 
(OCH,CH,),OH]; SAMs of this alkane- 
thiolate resist adsomtion of a rote ins (10). 

Gregory N.-Stephan~p~ulo~, Daniel I. C. ~ a n g ,  Through this tech&ue, heiadecanethio- 

George M. Whitesides,* Donald E. Ingber* late regions of defined sue (lateral dimen- 
sions of 2 to 80 km) that supported protein 

An elastomeric stamp, containing defined features on the micrometer scale, was used to adsorption were produced on otherwise 
imprint gold surfaces with specific patterns of sew-assembled monolayers of alkanethiols nonadhesive gold surfaces (Fig. 1B). The 
and, thereby, to create islands of defined shape and size that support extracellular matrix exposure of this substratum to the purified 
protein adsorption and cell attachment. Through this technique, it was possible to place extracellular matrix (ECM) protein, lami- 
cells in predetermined locations and arrays, separated by defined distances, and to dictate nin, resulted in the formation of protein- 
their shape. Limiting the degree of cell extension provided control over cell growth and coated islands of defined geometry and dis- 
protein secretion. This method is experimentally simple and highly adaptable. It should be tribution (Fig. 1C) that corresponded pre- 
useful for applications in biotechnology that require analysis of individual cells cultured at cisely to the patterns formed from SAMs of 
high density or repeated access to cells placed in specified locations. hexadecanethiolate (Fig. 1B). 

The ability of this technique to control 
cell distribution and shape was explored by 
the plating of primary rat hepatocytes in 

N e w  approaches to drug screening, in vitro ylsiloxane (PDMS) stamp was used to pat- hormonally defined medium (7) on lami- 
toxicology, and genetic engineering focus on tern the adsorption of a hexadecanethiol nin-coated substrata that were stamped 
the analysis of functional changes within [HS(CH,) ,,CH,] in a self-assembled mono- with square and rectangular islands having 
individual cultured cells (I).  While poten- layer (SAM) on gold substrata (Fig. 1A) (8, micrometer-scale dimensions (9). Cells at- 
tially exciting, these approaches are limited 9). The remaining bare gold regions were tached preferentially to the adhesive, lami- 
in that cell shape and, hence cell behavior 
(2-7) can vary greatly from cell to cell 
within the same population in a culture dish. A p+ Fig. 1. (A) D~agrammatlc repre- 
Further, it is dacult  to analyze many ran- Photoresist pattern sentatlon of the method for the 

(1- to 2-pm thickness) 
domly oriented cells simultaneously or to fabr~cat~on of the rubber stamp 

return to the same cell after measurements 1 PDMS peeled away and the creatlon of patterned sub- 

have been made in other locations. Thus, a from master strata (8, 9) (B) Scannlng elec- 
tron micrograph of the substrate 

convenient method for physically isolating r] after the lmprlntlng of 40 km by 
large numbers of individual cells cultured at 40 km squares with hexade- 
high density, controlling their shape, and PDMS exposed to solut~on of caneth~ol [HS(CH,),,CHJ and ex- 
reproducibly defining their distribution posure to PEG-termmated alka- 
would be extremely valuable. neth~d [HS(CH,), , (OCH,CH,),OH, 

We now report a simple and flexible PEG-thld] Adhesive hexadecane- 
method for the construction of tissue cul- thlolate-coated reglons appeared 

ture substrata that contain adhesive islands light against a darker, nonadhes~e 

distributed in defined sizes, shapes, and background coated with PEG-thlo- 

pattems (Fig. 1) and demonstrate their late, as reported (18) (C) Scannlng 
electron micrograph of a lamnin- 

utility for controlling cell shape, growth, A coated patterned substratum Pro- 
and function. An elastomeric polydimeth- tein coating resulted In a reversal of 

the light and dark stainlng pattems 
R S~nghvl, G N Stephanopoulos, D I C wang, (18). (D) Scann~ng electron micro- 
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