passive margins [for example, Maine, max-
imum = 2.2 cm/year (25)] and mid-ocean
ridges [for example, Iceland, maximum =
6.9 cm/year (26)] illustrates the influence
of mantle viscosity and tectonic setting on
the rate of recovery.

The recent discovery of human remains
(9880 = 50 !C years B.P.) in a cave on
Prince of Wales Island (27-29) immediately
north of the Queen Charlotte Islands (Fig.
1) highlights the potential for eventual dis-
covery of early postglacial human
occupation of Gwaii Haanas and the adja-
cent submerged areas of Hecate Strait. Our
evidence for marked palecenvironmental
changes in Gwaii Haanas from late-glacial to
mid-Holocene time offers insights into the
distribution of habitable landscapes (Figs. 5
and 6) along the northern Northwest Coast.
Paleobotanical analyses have demonstrated
that the Northwest Coast was suitable for
human habitation by 13,000 years B.P. (30,
31). Stone tools found on paleobeach sites
confirm human occupation by 9300 MC
years B.P. (Fig. 6). The lack of evidence for
human use of the early postglacial landscape
may be largely attributable to the drastic and
rapid changes.in past sea levels. Gwaii Haa-
nas coastlines dating from 9300 to 9100
years B.P. coincide with those of today,
coastlines dated before 9300 are deeply
drowned (to —153 m), and those dating
from 9100 to 5000 years B.P. are stranded in
the rainforest some 15 m above current lev-
els. In this context, it is interesting that the
Gwaii Haanas Haida Indian oral history
abounds in legends of rapidly rising seas (32).

The sea-level curve (Fig. 4) provides an
important tool that enables archaeologists
to focus their studies in search of pa-
leobeaches and palechabitats (33, 34). The
opportunity to locate evidence of human
activity dating to the period of lowered sea
levels may be better some 150 km to the
east, along the British Columbia coast,
where isostatic dynamics resulted in coeval
raised marine deposits now situated >200
m above modern sea level.
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Mid- to Late Pleistocene Ice Drift in the Western
Arctic Ocean: Evidence for a Different
Circulation in the Past

Jens F. Bischof and Dennis A. Darby

The provenance of ice-rafted debris (IRD) in four Arctic sediment cores implies that
icebergs from the northwestern Laurentide ice sheets drifted across the western Arctic
Ocean along the 180°-0° meridian toward Fram Strait during mid- to late Pleistocene
deglaciations within the last 700,000 years. This iceberg drift was different from the
present-day Beaufort Gyre circulation and resembled a dislocated transpolar drift ( TPD).
Sea ice mainly followed the iceberg trajectories but also frequently drifted from the
Russian shelves eastward into the Amerasian Basin.

"T'he motion of sea ice in the Arctic Ocean
is defined by the Beaufort Gyre, a clockwise
circulation in the western Arctic Ocean,
and by the TPD in the eastern Arctic
Ocean, where ice drifts directly eastward
into the Greenland Sea (Fig. 1) (I). As a
consequence, ice in the Beaufort Gyre can
remain in the Amerasian Basin for decades,
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whereas ice in the TPD leaves the Arctic in
generally less than 3 years. Little is known
about the history of the Beaufort Gyre,
which should have homogenized the IRD
within the Amerasian Basin. Here, we used
data from a petrographic and geochemical
analysis of IRD to show that the directions
of the ice drift were highly variable during
the last 700,000 years and were mostly dif-
ferent from those of today.

The provenance of IRD was determined
for four sediment cores—F214, F280, F430,

and F542—in the western Arctic Ocean
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(Fig. 1). We analyzed the petrographic and
mineralogic composition of detrital grains
>250 pm and the mineralogy and geo-
chemistry of individual opaque Fe oxide
minerals in the 45- to 250-wm range from
these cores and in 158 samples from poten-
tial source areas around the periphery of the
Arctic Ocean (Fig. 1). All cores were sam-
pled by cutting 1-cm slices of sediment from
lithologic units M, L, and the upper part of
K, except for core F542, which was sampled
only to the upper part of unit L (Fig. 2).
The chronostratigraphic reference horizon
is the Brunhes-Matuyama paleomagnetic
boundary (780,000 years ago) in the middle
of unit K (2, 3). The western Arctic sedi-
ments have generally low sedimentation
rates of ~1 mm per 1000 years on average
(4). The core samples represent a long-term
sediment record of approximately 780,000
years in core F436, 630,000 years in core
F214, 710,000 years in core F280, and
560,000 years in core F542 (2, 3, 5).

The source area samples—which con-
sist of glacial surface till and outwash,
glaciomarine shelf, and interisland chan-
nel sediments—represent the composition
of lithic debris that was available from
potential source terrains for ice-rafting
into the Arctic Ocean. We identified 72
different types of detrital grains >250 pm,
using optical microscopy, and determined
the composition of detrital Fe oxide grains
by reflected-light microscopy and electron
microprobe (6). We grouped the source
area clast compositions and Fe oxide geo-
chemistry data into 18 geographically dis-
tinct source groups by clustering and dis-
criminant function analysis (DFA). The
core data were then compared with the
source groups by DFA. As a test of DFA,
we compared the >250 wm grain type
data of the core samples assigned to a
particular group directly with the data of
the source group samples.

The Arctic Ocean glaciomarine core
sediments are light yellowish-brown to
dark olive-gray sandy-silty mud with vari-
able amounts of coarse, glacial IRD (0.1 to
21% >250 pm and 2 to 54% >63 pm).
The IRD composition of grains >250 pm
is dominated by quartz (57.8% of the
grains, averaged for all four cores), carbon-
ate fragments (20.7%), and fragments of
multicolored crystalline rocks (18.6%).
Clastic sedimentary rocks (2.4%) and
cherts (0.5%) are rare. Quartz is most
abundant on the central Alpha Ridge
(71.3% in core F436). Carbonate is most
abundant in core F214, the westernmost
core (31.5%), and decreases steadily to-
ward the east (22.4% in F280, 20.5% in
F436, and 16.0% in F542). Multicolored
crystalline rocks (mostly gneiss) are most
abundant in core F542 (40.8%) and aver-
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age <10% in the other cores. These dif-
ferences show that the circulation in the
Arctic Ocean during the last 700,000
years did not homogenize clast types.
The carbonate proportion of the IRD is
low in the lower part of unit L of cores
F214, F280, and F436 (Fig. 2). It gradually
rises in F280 and F436 toward the M-L
boundary before dropping again in the
middle of unit M. In core F214, the entire
interval from the middle of unit L to the
upper third of unit M is an uninterrupted
carbonate high with percentages over
30%. The peak value is 60% in the upper
part of unit L in core F214, and the rela-
tive amount of carbonate IRD decreases
from the F214 site northeastward. These
data imply that carbonate clasts were re-
placed by increasing amounts of quartz
toward the northeast. The percentages of
crystalline rocks in cores F214, F280, and
F436 rise and fall quasi~in phase with the
carbonates but show higher frequency un-
dulations. The IRD composition changes
are similar to those in five cores from
other parts of the western Arctic Ocean
and occur in approximately the same

SRR REPORTS
stratigraphic levels (7).

The most important sources of mid- to
late Pleistocene IRD grains >250 pm for
the western Arctic Ocean are located in
the Canadian Arctic Archipelago. Of 271
analyzed samples, 112 discriminant func-
tion classifications were obtained from
northern North America and Greenland,
as opposed to only 6 from Russia (Fig. 2);
85 determinations point to Arctic Cana-
da, mostly to the carbonate-dominated
area of Banks and Victoria islands (57
classifications) and the District of Mack-
enzie (19 classifications). Core F214 re-
ceived an almost uninterrupted supply of
carbonate-rich IRD from Banks and Vic-
toria islands and parts of the District of
Mackenzie from the middle of unit L to
the upper part of unit M. The crystalline
rock—dominated section in the middle to
upper part of unit M in core F542 origi-
nated from sources in Ellesmere Island and
North Greenland. The core with the
greatest proportion of source determina-
tions from Banks and Victoria islands is
F214 (84% of all DFA determinations),
followed by F280 and F436 (54% and

o _______t0ookm

Laptev Sea

)
NEw Trans

O SIBERIAN 4=
ISLANDS

East /

Siberian —7~

Eurasian

Basin

~ Fram 0°

| %
Chukcm‘Cap 'o“’e
F214

i e
Northwind Ridge

¥ Amerasian
< Basin

. % Beaufort
%, Gyre

90°

Morris Jasup_,_,_s‘rait — GIN Seas

Rise-

Fig. 1. Map of Arctic Ocean and adjacent landmasses with core locations and 1000-m isobath.
Striped areas are source areas defined by clustering and DFA (6). NEG, North Greenland and North
Ellesmere Island; AH, Axel Heiberg Island; ER, Ellef Ringnes Island; SE, Southeast Ellesmere Island;
DL, Devon Island and Lancaster Sound; MB, Melville and Bathurst Island; BV, Banks and Victoria
islands; Mac, Mackenzie Basin and Delta; and AS, Alaska Shelf. Shaded arrows show present ice
drift.
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Fig. 2. Downcore variations of the weight percentages, composition, and determined sources of IRD
grains >250 um for each core. There is an inverse relation between quartz and carbonates in cores
F214, F280, and F436, but not in F542, where quartz alternates with crystalline rocks. Also, the
carbonate percentage curves of cores F214, F280, and F436 show increases and decreases in
approximately the same core sections. The carbonate low in the lower part of unit L is recognized in
all three cores, as is the subsequent rise to high values at the M-L boundary. This carbonate high is
of different thickness and is followed by a drop to minimum values in the middle of unit M in cores
F280 and F436, but not in F214, where high carbonate percentages persist until near the core top.
Only the IRD sources with a probability of >0.95 are displayed clockwise in degrees longitude from
0° (central Fram Strait) to 300°W (Kara Sea). The sources of the carbonate-rich intervals in cores
F214, F280, and F436 are concentrated between 100° and 140°W around the Banks and Victoria
islands and in the Mackenzie area. IRD in core F542 mostly originated from North Greenland and
northern Ellesmere Island (60° to 80°W ), but also from other parts of the Canadian Arctic Archipelago
and the Mackenzie area. The two quartz-dominated intervals between 10 and 30 cm and between 60
and 75 cm in F436 are most likely from the western and central Queen Elizabeth Islands. B/M,
Brunhes-Matuyama boundary.

67%, respectively). Core F542 was least
affected by IRD from Banks and Victoria
islands. IRD from North Greenland and
Ellesmere Island drifted to the F542 site
on the southeastern Alpha Ridge, but not
to any of the other three core sites. The
conclusion is that IRD from Ellesmere Is-
land and North Greenland drifted only a
short distance offshore northward and
then turned to the east, toward Fram
Strait. The occasional presence of IRD
from the Mackenzie area in F542 indicates
that, when ice originated from the Mack-
enzie region, it must have taken a north-
eastward route parallel and possibly close
to the North American Arctic continental
margin.

Most of the 56% misclassifications
were obtained for core intervals in which
IRD grains >250 m are almost entirely
composed of quartz. The origin of the
quartz-rich intervals in F436 between 10
and 30 cm and between 60 and 75 cm, as
well as those below 50 cm in F542, re-
mains uncertain but may be from around
Ellef Ringnes Island. The composition of
grains >250 wm from Ellef Ringnes Island
overlaps with those in the eastern Russian
Arctic, but DFA of the 20 most abundant
IRD lithologies of the quartz-dominated
core intervals implies that the Kara Sea is
not a source, and that the Ellef Ringnes
Island area is a more likely source than are
the Ob and Yenisey estuaries. In addition,
quartz grains from those rivers are partly
covered by a yellowish-red stain, unlike
quartz from Ellef Ringnes Island and in our
Arctic core IRD.

The most likely sources of Fe oxide IRD
are Banks and Victoria islands, the Ellef
Ringnes Island region, and northern Rus-
sia (Table 1). The data imply that each
source contributed fine-grained material
equally to all four core locations, in con-
trast to the >250-pum fraction. The dis-
crepancy between the sources of the
>250-pim IRD and the 45- to 250-pm Fe
oxide grains may be because different
types of ice transported different grain size
fractions. Large parts of the Laptev Sea,
the East Siberian Sea, and the Alaska
Shelf were never glaciated (8), and thus
the high number of Fe oxide grains from
these sources probably represents the
portion of the IRD that was rafted by sea
ice.

The western Arctic Ocean flux rates of
ice-rafted sediment in the cores (0.9 t0 2.4 ¢
m 2 year™) are lower than those under per-
manent ice in the East Greenland current
(2.9 gm? year™) (9), but the Arctic Ocean
core sediment is much coarser (11.8 to 21.7
weight % >63 m on average) than sea ice
sediment (0.3 to 1.9 weight %) (10). The

sand content of our core samples is more
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Table 1. Sources of Fe oxide grains 45 to 250 um (as percentages of all classified grains) in the Arctic

similar to that of tills from northern Canada
(11) than to sea ice sediment. Clark and
Hanson (12) calculated that the present-
day sediment accumulation rates for parti-
cles transported by icebergs would be 15.2
mg m~2 year ! for an Arctic Basin of 6.6 X
102 m2. Our calculation for the piston core
sediment yielded 1.6 g m™2 year™! for a sed-
imentation rate of 1 mm per 1000 years,
approximately 100 times the amount that
present-day icebergs could produce. There-
fore, the sediment accumulation rates of the
western Arctic Ocean require more icebergs
than exist today, plus some input from sea
ice. We conclude that the western Arctic
Ocean during the last 700,000 years was
permanently ice-covered and that its water
temperatures were comparable to or lower
than those of today.

The abundance of Fe oxide grains from
the Laptev Sea in the western Arctic
Ocean also implies that the circulation of
sea ice was different from that of today and
that the western Arctic Ocean received
substantial amounts of sea ice sediment
from northern Russia (East Siberian and
Laptev seas). This sea ice is largely divert-
ed to the east by the TPD today. The
proportions of Fe oxide grains from specif-
ic sources change drastically over core
intervals of 1 to 3 cm thickness, which
indicates that the pattern of ice drift dur-
ing the mid- to late Pleistocene was vari-
able. The Fe oxide grains also indicate
that in every case multiple sources con-
tributed. At most times, more than six
sources were providing Fe oxide grains.

On the basis of our IRD composition
data and the DFA source determinations,
icebergs must have drifted in arcs from the
southwestern Canadian Arctic Archipela-
go and northwest Canada .toward the
Northwind Ridge and Chukchi Cap area
and from the Queen Elizabeth Islands to-
ward the central and southeastern Alpha
Ridge during the last 700,000 years, while
sea ice drifted from the Siberian shelves
toward the western Arctic Ocean with a
wind-driven circulation different from
that of today (Fig. 3). All of the identified
IRD sources in northern Canada and the
Canadian Arctic Archipelago, and at
times possibly the entire Canadian Arctic
Archipelago to the present-day water
depth of 300 m, were repeatedly buried
under continental and marine-based ice
sheets (11, 13-15). Because of the post-
glacial isostatic rebound (16), the relative
sea level during full glacials was as much as
100 m higher than today, and glacial ice
was grounded in water depths of up to
400 m (14). Therefore, icebergs with keel
depths of up to 400 m were probably
present in the glacial Arctic Ocean. The
ice flow shown in Fig. 3 allowed icebergs
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cores, as determined by DFA.

Core composition (grain %) Total

Source (number

F214 F280 F436 F542 of grains)
Unknown sources 12.3 13.7 12.9 14.1 1205
Ellesmere Island and North Greenland 4.8 4.1 2.0 5.0 347
Axel Heiberg Island 0.3 - - - 3
Ellef Ringnes Island 8.0 8.9 6.9 9.0 732
Southem Queen Elizabeth Islands 9.9 - 62 9.7 6.6 721
Banks and Victoria islands 155 18.6 15.0 242 1744
District of Mackenzie 3.3 2.8 2.7 1.5 201
Alaska Shelf 7.6 8.4 6.8 71 645
East Siberian Sea 17.9 15.4 20.7 12.6 1463
Laptev Sea 16.1 16.1 19.4 15.2 1510
Russia east of Taimyr Peninsula 4.3 59 4.0 4.7 408
North America and Greenland 56.4 56.7 49.4 62.2 4393
Canadian Arctic Archipelago 40.3 41.7 37.6 50.0 3400
Northwest Canada 3.7 3.3 3.1 1.7 201
Russian sources 43.6 43.3 50.6 37.8 3381

from the Laurentide and Innuitian ice
sheets to exit the Arctic Ocean directly
through Fram Strait without multiple ro-
tations in the western Arctic Ocean. This
flow pattern is consistent with the domi-
nant wind directions obtained with cli-
mate models for the last glacial maximum
(17) and is similar to the cyclonic state of
periodic changes in the wind-driven cir-
culation during the last 50 years (18). The
relatively low sedimentation rates and
weight percentages for all coarse grain
types >250 pm in the western Arctic Ocean
cores F214 and F280 compared with the
Alpha Ridge cores F436 and F542 (Fig. 2)
are best explained by rapid ice passage across
the central western Arctic Ocean, which
reduced the amount of time available for
particle release from the ice canopy.

The icebergs could not have reentered
the Arctic Ocean near Fram Strait because
IRD in the eastern Arctic Ocean is differ-
ent from western Arctic IRD in that it
contains primarily siltstones, quartzites,
quartz, and feldspar but only minor quan-
tities of carbonates (19), in contrast to the
abundance of carbonate clasts in our ana-
lyzed cores. Abundant carbonate IRD also
has been reported from the western Fram
Strait (20) and from the Morris-Jesup Rise
north of Greenland (21), in the direction
of our postulated flow of ice toward Fram
Strait.

Although the sea ice motion is mainly
driven by the prevailing winds (22), deep-
keeled icebergs are more likely affected by
surface currents. Thus, the surface currents
within the uppermost several hundred

Fig. 3. Map of the in-
ferred surface current—
driven iceberg drift direc-
tions from North Ameri-
can sources (solid ar-
rows) and concurrent
hypothesized drift of
Russian pack ice (bro-
ken arrows) during gla-
cial intervals. The seaice
drift in the westem Arctic
Ocean was mostly simi-
lar to the iceberg drift,
but sea ice occasionally
drifted from Russian
sources into the westem
Arctic  Ocean along
paths shown as shaded
broken arrows. Neither
scenario is compatible
with the Beaufort Gyre.

We infer that relatively

fast iceberg passage across the central Arctic Ocean accounts for the lower sedimentation rates and the

lower IRD content in that part of the Arctic Ocean.
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meters must have been largely similar to the
reconstructed iceberg drift tracks. The data
suggest that this surface current was driven
by an inflow of waters from the south into
the Arctic Ocean at deeper levels, probably
below 1000 m. This implies that some form
of deep-water production similar to the
present  North  Atlantic deep  warter
(NADW) formation must have been opera-
tive during glacial periods. It is possible that
the formation of NADW never completely
stopped during glacial intervals, and that it
was modified and occurred in a different part
of the northern North Atlantic than today.
Evidence for southward-flowing surface cur-
rents along the entire width of the Norwe-
gian and Greenland seas during glacial inter-
vals exists from the dispersal of coal frag-
ments of eastern Arctic origin and clastic
sedimentary rocks from the Barents Shelf in
IRD assemblages of the Norwegian Sea (19,
23). Melting of icebergs from the Laurentide
and Innuitian ice sheets in the Greenland-
Iceland-Norwegian (GIN) seas could have
reduced the surface water salinity and thus
affected the NADW formation. This process
could have initiated cold glacial conditions
and contributed td their maintenance and
stabilization.
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Synthesis and Characterization of a Stable
Dibismuthene: Evidence for a Bi-Bi Double Bond

Norihiro Tokitoh,* Yoshimitsu Arai, Renji Okazaki,”
Shigeru Nagase

Treatment of an overcrowded triselenatribismane, 2,4,6-tris(bis(trimethylsilyl)methyl)-
phenyl-1,3,5-triselena-2,4,6-tribismane, with hexamethylphosphorous triamide in tolu-
ene at 100°C resulted in the quantitative formation of a stable dibismuthene
[TbtBi=BiTbt, where Tbt is 2,4,6-tris(bis(trimethylsilyl)methyl)phenyl}, a compound con-
taining a double bond formed between two bismuth atoms. The compound formed as
deep purple crystals upon cooling. Ultraviolet-visible and Raman spectra, x-ray crys-
tallographic structural analysis, and theoretical calculations provided evidence for the

double bond character of the Bi-Bi bond.

The synthesis of compounds containing
double bonds between heavy main group
elements has stimulated wide interest (1)
because of their unusual structure and
properties compared with compounds con-
taining second-row eclements, such as
olefins (R,C=CR,), azo compounds
(RN=NR), and ketones (R,C=0). Sev-
eral stable compounds with a double bond
between heavier group 14 to group 16
elements, such as R,E=ER, [E = Si (2),
Ge (3), Sn (4, 5)], RE=ER [E = P (6), As
(7)], and R,E=X (E = Si, Ge; X = S, Se)
(8-10), have been synthesized by taking
advantage of kinetic stabilization afforded
by sterically demanding substituents. Dis-
tannenes R,Sn=S8nR, have also been syn-
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thesized, but they are known to dissociate
into the corresponding stannylene R,Sn:
in solution (4, 5, 11). To our knowledge,
no stable examples containing sixth-row
elements have been reported. Here we
report the synthesis of a stable dibismuth-
ene, ThtBi=BiTbt (1), prepared by using
an efficient steric protection group 2,4,6-
tris(bis(trimethylsilyl)methyl)phenyl (de-
noted as Tht hereafter) developed by us
(12).

Compound 1 was prepared by deselena-
tion of triselenatribismane 2 with a phos-
phine reagent. The precursor 2 was readily
synthesized (Fig. 1) by nucleophilic sub-
stitution of bismuth trichloride with
ThtLi, giving the corresponding bismuth
dichloride TbtBiCl, (3), followed by
treatment of 3 with Li,Se in tetrahydro-
furan. Triselenatribismane 2 was isolated
as a stable crystalline compound by gel
permeation liquid chromatography and
was then treated with an excess amount of
hexamethylphosphorous triamide in tolu-
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