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K'CO~ islands within the 50-ms pulse, and we associate the
heat released with the re-ionization of covalently bonded K
adatoms and the associated electrostatic interaction terms. For
larger precoverages of K, however, the heat release is smaller
when CO is initially dosed onto the surface, as shown in Fig.
1 for 6 = 0.3 monolayers, and rises with increasing CO coverage
to the same maximum value of 310 kJ mol ™. At high K coverages
there are relatively few unblocked sites on the surface, and this
may reduce the mobility of adsorbed CO across the surface.
Initially, therefore, at relatively high 6 it may be that small
K*CO™K" islands are formed. Only as these islands coalesce
is the full Madelung energy involved, producing the observed
increase in adsorption heat with coverage. At high K coverages
there are, therefore, two dominant contributions to the CO
adsorption heat: the increased CO 2#* population'’, which
contributes, from our low 8¢ data, a 70 k] mol ! increase; and
ionization of K adatoms, contributing a further ~125kJ mol ™!
when large islands are formed. This second component, consist-
ing of K re-ionization and Madelung terms, is important for
understanding catalytic processes as it indicates that the local
environment about the CO is ionic, even at high precoverages
of K. O
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SEDIMENTS in the North Atlantic ocean contain a series of layers
that are rich in ice-rafted debris and unusually poor in
foraminifera'. Here we present evidence that the most recent six
of these ‘Heinrich layers’, deposited between 14,000 and 70,000
years ago, record marked decreases in sea surface temperature
and salinity, decreases in the flux of planktonic foraminifera to
the sediments, and short-lived, massive discharges of icebergs
originating in eastern Canada. The path of the icebergs, clearly
marked by the presence of ice-rafted detrital carbonate, can be
traced for more than 3,000 km—a remarkable distance, attesting
to extreme cooling of surface waters and enormous amounts of
drifting ice. The cause of these extreme events is puzzling. They
may reflect repeated rapid advances of the Laurentide ice shéet,
perhaps associated with reductions in air temperatures, yet tem-
perature records from Greenland ice cores appear to exhibit only
a weak corresponding signal. Moreover, the 5-10,000-yr intervals
between the events are inconsistent with Milankovitch orbital
periodicities, raising the question of what the ultimate cause of
the postulated cooling may have been.

The most detailed study of the sediment composing the Hein-
rich deposits has been made on cores from DSDP site 6097 (Fig.
1). High percentages of ice-rafted detritus (IRD) and low con-
centrations of foraminifera clearly define the six deposits that
formed during the last glacial period (Fig. 2). Foraminiferal
stratigraphy indicates that these deposits correlate directly with
the six deposits originally identified by Heinrich in the Dreizack
seamount area’ (Fig. 1). We have now traced Heinrich deposits
in other cores from the North Atlantic and Labrador Sea
(Fig. 1), demonstrating that they are widespread features of
the North Atlantic ocean. Radiccarbon measurements by
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accelerator mass spectrometry {(AMS) at DSDP site 609 date
the first three deposits at ~14,300, ~21,000 and ~28,000 years
(Table 1), and extrapolation of '“C-based sedimentation rates
dates the last three at ~41,000, ~52,000 and ~69,000 years (Fig.
1). Comparable AMS ages for the first three layers have been
obtained from three other cores (Table 1).

One of the most unusual properties of the Heinrich deposits
is the presence of prominent layers with 20% to 25% detrital
limestone and dolomite, a composition markedly different from
that in the ambient glacial sediment which consists mostly of
quartz and feldspar, variable amounts of black volcanic glass
and only a few per cent detrital carbonate (see for example Fig.
2). These distinctive layers have a well defined distribution in
the northern Atlantic (Fig. 1; Table 3). In the southwest, all six
Heinrich deposits contain a layer with abundant detrital carbon-

TABLE 1 AMS radiocarbon dates for DSDP 609, HU75-55, V23-81 and

v23-16
Corrected
Depth age* Error
Core (em) (years) (years)

DSDP 809 (G.b) 63-65 11,9801 120
SDSP 609 64-66 11,180% 180
DSDP 609 69-70 11,020% 190
DSDP 609 73-75 12,3504 220
DSDP 609 75-77 13,490: 220
DSDP 609 (G.b) H1 79-81 et 13,250: 090
DSDP 609 84-85 14,590+ 230
DSDP 602 87-88 15960+ 240
DSDP 609 90-91 16,360+ 150
DSDP 609 98-99 16,960: 120
DSDP 609 105-107 18,9404 220
DSDP 609 110-111 19,970= 330
DSDP 809 H2 1113-112 20,5503 260
DSDP 609 112113 He 21,110 220
DSDP 609 115-116 21,370% 220
DSDP 609 118-120 22.380% 340
DSDP 603 (G.i) 139-141 25.260% 440
DSDP 609 143-144 26,570 480
DSDP 609 H3 147-149 26,170 310
DSDP 609 153-155 29170+ 660
DSDP 609 166-167 30,0801 680
DSDP 609 (Gi) 174-176 30,720% 730
HU75-55 H1 = 81 13236 190
HU75-B5 116 14610 105
HU75-B5 HO - 181 19455 210
HU75-55 250 21,105 240
V23-81 198-199 12,3208 220
V23-81 H. - 215-216 13,2608 210
V23-81 : 249-250 16,550% 190
V23-81 H o 264-265 18,530% 240
V23-81 2 335-336 21,950% 310
V23-81 B 340-341 23,0901% 370
V23-81 7Y 400-401 31,250% 690
v23-81 418-419 30,150% 770
V23.16 H1 - 29-30 10,050+ 150
v23-16 54-55 15,370% 220
v23.16 Ho = 62-63 16,670% 280
V23-16 144-145 23,400% 390
Vv23-16 H3 o 184-185 28,240% 600
V23-16 207-208 31,230% 880

* Corrected for assumed 400-yr difference between surface water carbon
and atmospheric carbon. G.b. indicates analyses done on G. bulloides, G.f.
indicates analyses done on G. inflata. All other measurements are on N
pachyderma (1.c.) H1 and so on are Heinrich deposits as defined by low
foram concentrations (see for exampie Fig. 2). He refers to layers within
Heinrich deposits that are rich in detrital carbonate IRD.

T Ref, 29.

+ From analyses done in Zurich for this paper.

§ Ref. 19.
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ate. To the north and east, however, H3 and Hé lack these
layers, and their IRD resembles that of the ambient sediment.
Still farther to the north and in the southernmost samples, none
of the Heinrich deposits identified so far contain detrital carbon-
ate. Hence, layers rich in detrital carbonate are confined to the
belt of high IRD accumulation that formed during the last
glaciation® (Fig. 1).

Evidence of at least one source of the carbonate IRD has
been found in the Labrador Sea {Fig. 1). Here, H1 and H2
contain thick layers rich in detrital carbonate (Tables 1-3) that
was derived from nearby limestone and dolomite bedrock in
Hudson Strait*’ (Fig. 1). A source in eastern Canada is further
supported by the marked westward increase in thicknesses of
the carbonate-rich layers (Fig. 1). In addition, in the Dreizack
cores the <<2-pm carbonate-free fraction in H1, 2, 4 and 5 has
an average K/Ar age of 897 Myr, contrasting with average ages
of 442 Myr for the =2-wm ambient glacial sediment®’ (Fig. 2).
The older ages are evidence of detrital clay with large amounts
of Precambrian material®™’, ample sources of which occur in
eastern Canada.

Two other features of the Heinrich deposits are worthy of
mention. First, each layer rich in detrital carbonate accumulated
rapidly. This is indicated by their sharp bases as revealed in
X-radiographs of Dreizack®™” and DSDP site 609 cores, and by
increased fluxes of lithic grains comprising the carbonate IRD
in H1 and H2 (Table 2). Foraminifera are well preserved in
these layers and our flux estimates are not affected by dissolution.
Second, all six Heinrich deposits contain evidence of surface
water with extremely low temperature, low flux of planktonic
foraminifera and low salinity. In each deposit, the planktonic
species Neogloboguadrina pachyderma (left-coiled}) dominates
the foraminifera population (Fig. 2}, indicating deep southward
penetration of polar water. In DSDP site 609, the flux of plank-
tonic foraminifera of size > 150 pm dropped markedly during

TABLE 2 Foraminifera and IRD sand flux estimates for DSDP 609

Flux of
foraminifera Flux of IRD
Depth >150 pm =150 pm
interval Radiocarbon {number {(number

{cm) time interval cm 2yr 1) em 2yr )
64-74 1,270 29.31 3.78
T74-716 1,140 5.39 2.58
H1 76-84 1,100 7.40 He - 10.50
84-87 1,370 6.34 314
87-90 400 27.57 11.49
90-105 2580 26.87 6.07
105-110 1,030 9.89 4.78
H2 110-112 1,140 445 2.85
112-115 260 8.53 He - 20.15
115-118 1,010 9.78 5.25
118-139 2880 17.24 417
H3 139-143 1,310 558 1.05
143-153 2,600 197 213
153-166 910 17.79 9.10
166-174 540 22.76 7.02

Flux estimates were calculated using measured dry sample weights, grain
and foram counts, radiocarbon age intervals and dry bulk density. Dry bulk
density was calculated using wet bulk density and sediment porosity in ref.
20. Two equations were solved: flux=8I [} (pc) X pyl/At and pug=
Pwg — s X o), where Sl is sampling interval, pc is particle count per gram.
Pae=dry bulk density, p,.=wet bulk density, ¢, is sediment porosity, p,,
is density of sea water, and At is time interval based on radiocarbon dates.
Because layers with carbonate IRD have higher densities than ambient
sediment and they lack foraminifera, the IRD flux values for those layers
are a minimum. The decrease in foraminifera flux in the H layers is too large
to be an artefact of variations in density and porosity of typical glacial
sediment™”.
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FIG. 1 Location of cores containing Heinrich deposits
(deposits with unusually large concentrations of IRD and low
amounts of foraminifera) and IRD unusually rich in limestone
and dolomite grains. Filled circles indicate that carbonate-rich
IRD is present in all Heinrich deposits identified; half-filed
circles indicate that carbonate-rich IRD is absent in some of
the Heinrich deposits identified; open squares indicate that
carbonate-rich IRD is absent in all of the Heinrich layers
identified (see Table 3). The solid black pattern is the distribu-
tion of limestone and dolomite bedrock (including submerged
rocks in Hudson Bay and Hudson Strait) and the thick solid
line is the approximate maximum limit of ice sheets during
the last glaciation. Cs are small exposures of carbonate rocks.
The westward increase in thicknesses of layers rich in carbon-
ate IRD, indicated by increase in the size of the circles, and
the widespread occurrence of limestone and dolomite in
eastern Canada and northwestern Greenland are evidence
that the carbonate-bearing icebergs originated in the Labrador
Sea and Scotian Shelf regions. Their transit completely across
the Atlantic was made possible by extreme cooling of surface
waters, as indicated by the high percentages of the polar
planktonic foraminifera N. pachyderma in the Heinrich layers
(Fig. 2). The arrows show possible paths of iceberg transport.
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FIG. 2 Summary of radiometric, planktonic 620, foraminiferal and lithic
measurements in cores from DSDP site 809 and from the Dreizack seamount
area. The number of foraminifera size >150 um per gram and the ratio of
lithic grains to total entities =150 um in cores from both localities defines
the six deposits originally identified by Heinrich®. Microscopic examination
indicates that low foraminiferal concentrations aiso occur in material
<150 wm in the Heinrich layers. AMS C** ages are from Table 1. The linear
timescale begins at 175c¢m (30,720 C* years, Table 1), and is based on
a mean sedimentation rate of 6 cm per 1,000 years given by C** dating
and by orbital tuning®’. K/Ar ages from core Me 68-89 are from refs 6
and 7. The 80 measurements were made at Gif-sur-Yvette. (680=
(*20/%0)omple/(*B0/*%0), angars — 1, Where standard is PDB.) The gaps in
the ratio of N. pachyderma to total of foraminifera and in the 620 record
in DSDP site 609 are intervals where the number of foraminifera is nearly
zero. In these cores, four of the Heinrich deposits (H1, 2, 4 and 5) contain
layers with unusually high percentages of carbonate IRD that was derived
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from sources in eastern Canada (Fig. 1). The black bars in DSDP 609 are
the positions of these layers in the core as defined by their distinctive
appearance in X-radiographs. The detrital carbonate constitutes 20% to
25% of the IRD in both the Dreizack area and at DSDP site 609, determined
by line counting the >63 pm fraction with a petrographic microscope. Based
on visual estimates of DSDP site 609 material, detrital carbonate consitutes
40% to 60% of the <63 um fraction. The detrital carbonate grains are
rounded to subrounded and have fine-grained recrystallized textures. At one
locality in the Dreizack area, core 244, oolites and fragments of echinodems
have been identified in the carbonate IRD. In addition, the layers rich in
detrital carbonate have small amounts of fine-grained authigenic dolomite
and unusually low porosities that average about one half that of typical
deep sea muds (refs 89). The clay mineralogy of layers H1, 2, 4 and 5 in
the Mount Dreizack cores also is unusual, consisting of abundant material
from freshly derived acidic and metamorphic rocks and lacking the smectitic
products of weathered basalts found in the ambient sediment (refs 6, 28).
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TABLE 3 Thicknesses of detrital carbonate-rich layers within Heinrich deposits (H)

Water
Latitude  Longitude depth H1 H2

Core (N) (W) (m) d t d
HU75-55 61° 30 58° 39’ 2500 90 40 210
V2316 48° 00" 45° 03 2813 45 25 120
V23-14 43°24' 45°15" 3177 * * 55
V28-82 4G° 27" 22°16" 3935 60 5 98
V30-101k 44° 06" 32°30 3504 37 3 52
DSDP 602 49°53' 24° 14’ 3884 82 1 113
V29.179 44°01" 24° 32" 3331 60 2 83
Mo1-32 47° 35 28°56" 4070 42 3 78
V23-82 52° 3% 21°56" 3974 90 5 152
v23-81 54°15" 16° 50 2,393 220 B 329
V30-105 54° 31" 36° 30 2758 110 0 X
v27.17 50° 05’ 37°18° 4,054 33 4] 49
V27-20 54° 00 46°12" 3,510 56 0 96
V27-116 52° 50" 30020 3,202 43 Q 65
vV28-14 64° 47" 29° 34" 1855 150 0 *
V23.42 62°11 27° 66" 1514 NH *
K708-7 53° 56" 247 05" 3502 40 0 100
V30-97 41°00 32°56" 3371 70 0 i
V23.82 46° 00’ 16°55 4513 50 0 *

—~

=W m
o ;D

iy
¥ 20O ¥ *ONO *xWO~NWOo o

H3 H4 H5 HB
d t d t d t d t
* * * *® * * * *
205 20 270 50 375 8 550 12
120 20 150 15 265 25 380 15
* 192 23 * * * *
80 5 98 4 * ® * A
150 0 229 10 296 10 400 o]
120 5 200 4 * * * *
105 0 157 12 192 5 236 0
190 0 270 4 340 2 440 0
383 0 495 3 584 2 760 0
* * * * * #* * ®
70 2 a5 3 * * 147 2
125 0 210 8 * & ¥ %
* * * * * * * *
* * * * * * * *
* #* %* * * * * *
NH NH NH 200 o]
® * * * * * *
100 * * * * * *

Core locations are given in Fig. 1. Thicknesses (t) and depths (¢} are in centimetres; where layer rich in detrital carbonate is present, depths are at the approximate middle of
that layer; otherwise depths are at the middie of the low foraminiferal zone. NH-No Heinrich deposit (that is, no deposit with low abundance of foraminifera) at expected depth.
Data for identification and correlation of Heinrich deposits as follows: HU75-55, DSCP 609 (Table 1, refs 2, 4, 5); M01-32 {ref. 1); V23-81 (refs 19, 21 and W. F. Ruddiman,
unpublished data from the National Geophysical Data Center (NOAA); K708-7 (refs 21-23, and W. F. Ruddiman, NOAA unpublished data), V28-82 (% N. pachyderma from GB. et
al., manuscript in preparation); V28-14 (refs 21, 23, 24); v23-16, V23-82, V23-83, V30-101k, v29-179, V30-105, v27-17, v27-20, V27-116, v23-42, V30-97 (refs 21, 23, 25, 26
and W. F. Ruddiman, NOAA unpublished data; and % N pachyderma from GB. et al, manuscript in preparation). In V23-84 foraminiferal abundances have not been measured, but
low coccolith zones occur at probable depths of H1 and H3 (ref. 26) and are taken as evidence of Heinrich deposits.

*No data available.

formation of at least the first three deposits (Table 2). This
implies a reduction in the number of foraminifera living in the
surface water, although we note that dissolution of foraminifera
has occurred in H3. A reduction in the number of foraminifera
in surface water could be associated with changes in primary
productivity, but it could also reflect other changes in surface
water, associated directly with temperature or salinity. Con-
spicuous decreases in planktonic 8'*0 also occur in all six of
the Heinrich deposits (Fig. 2). As the foraminiferal assemblages
dictate cold conditions, sea surface salinities must have dropped
markedly during deposition of each layer.

The evidence we have so far allows us to propose a tentative
explanation for Heinrich layers and their unusual mineralogy.
First, we note that the layers with abundant detrital carbonate
lie within but do not extend through the Heinrich deposits (Fig.
2). This leads us to view Heinrich deposits as a composite of
two processes. One was a drop in sea surface temperatures
accompanied by reduction of the flux of planktonic foraminifera,
accounting in part for the high lithic to foraminifera ratios
originally noted by Heinrich'. The other, indicated by rapid
deposition of the carbonate-rich IRD, was a brief but massive
discharge of icebergs, occurring within but not spanning the
interval of low surface temperatures. The rapid deposition of
this IRD overwhelmed the already reduced flux of foraminifera,
producing layers within the Heinrich deposits nearly devoid of
foraminifera (Fig. 2). We suggest that shortly after surface
temperatures and foraminifera flux began to drop, ice streams
in eastern Canada (and possibly in northwestern Greenland)
began to advance rapidly, leading to massive calving as ice
fronts reached maximum seaward positions. This led to the
release of large amounts of glacier ice, much of it carbonate-
bearing, into the Labrador Sea and perhaps into the Scotian
shelf as well. Cold sea surface temperatures slowed melting and
the icebergs drifted into the North Atlantic. Rapid transit of
huge amounts of this ice eastward along the southern edge of
the polar gyre led to rapid deposition of carbonate-rich IRD in
a wide belt, reaching completely across the ocean during four
of the events.

The absence of the carbonate-rich layers south of the IRD
belt (Fig. 1) probably reflects complete melting of ice upon
reaching warm water south of the glacial polar front®. Similarly,

248

the absence of carbonate-rich IRD in H3 and H6 in cores within
the belt is probably a consequence of warmer sea surface tem-
perature causing melting of the ice before it could traverse the
width of the Atlantic. The absence of the carbonate-rich IRD
in virtually all of the Heinrich deposits identified farther north
is consistent with the glacial circulation pattern in which dis-
charge of ice from the Labrador Sea was carried southwards
and then in a broad arc northeastwards along the southern
boundary of the polar gyre'”.

Melting of the huge quantities of ice drifting across the North
Atlantic must have been an important factor in the sudden
lowering of surface salinities implied by the 8§'*0 measure-
ments'. Assuming a §'%0 of —35% for glacial ice'' and ignoring
the decrease in temperature implied by the foraminiferal speci-
ation, the ~1% 8'®0 changes require mixing only about 1 part
iceberg meltwater with about 30 parts sea water. We note that
the accompanying salinity drop is probably enough to shut down
the North Atlantic’s thermohaline circulation.

Perhaps the most important result of our study is its evidence
of repeated, rapid advances of ice sheets in eastern North
America and the questions it raises about the cause of those
events. One explanation is stochastic surging”, but that does not
account for evidence of extreme cooling of surface water and
reduced flux of planktonic foraminifera before and after the
discharge of ice into the ocean. The same evidence makes it
unlikely that the discharges of ice and melt products were the
sole cause of the lowered sea surface temperatures. If atmos-
pheric cooling accompanied the shift of polar water southward,
the ice advances may have been forced by falling temperatures.
The time intervals between the successive Heinrich layers,
however, are shorter than orbital precession cycles (19 and
23 kyr), raising the question of what would have caused the
atmospheric cooling. So far, only H1 and H2 have been linked
directly to advances of ice streams, and only in the limited area
of Hudson Strait™®, Our study raises questions of whether other
paris of the Laurentide ice sheet discharged carbonate-bearing
icebergs at the same times, whether there are glacial records of
the older Heinrich events in eastern North America, and whether
there were correlative advances of the Greenland, Fennoscan-
dian and Barents Sea ice sheets'*™'®_ If so, those will be the first
indications that large portions of Northern Hemisphere ice
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sheets advanced synchronously on timescales less than those of
the Milankovitch cycles, events that are not incorporated in
current models of ice-sheet dynamics. n
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Primary production in the
glacial North Atlantic and
North Pacific oceans
Constance Sancetta

Lamont-Doherty Geological Observatary of Columbia University, Palisades,
New York 10964, USA

THE conditions controlling primary production are very different
in the medern North Atlantic and Nerth Pacific oceans', a
difference that is reflected in the composition of diatom fossils in
surface sediments. By contrast, I report here evidence that during
the last glacial interval the diatom assemblage, and by extrapola-
tion the primary production, was very similar in the two regions.
The modern analogues of these assemblages occur in sediments
of Baffin Bay and the Sea of Okhotsk, both highly productive seas
where ice is present. I infer that during the last glacial interval
plankton biomass was at least as high as it is today in the North
Atlantic, and was as much as an order of magnitude higher in the
North Pacific. The glacial assemblage occurs in lithologies domi-
nated by ice-rafted detritus, which is generally believed to indicate
the presence of icebergs™®, I hypothesize that the presence of
numerous icebergs, possibly associated with sea ice, supported high
production by physical mechanisms (such as turbulent mixing and
enhanced density stratification) and/or biogeochemical ones (such
as supply of major or trace nutrients).

In the modern world, primary production in the Pacific Ocean
between 45° N and 60° N is dominated by production of pico-
plankton and is not limited by the availability of major nutrients.
It has been suggested that picoplankton abundance is limited
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by efficient microzooplankton grazing, and that diatom produc-
tion may be limited by very low availability of a trace element
such as iron"""*. Coastal zone colour scanner (CZCS) imagery
indicates a biomass of 0.3-0.5 mg C m ™" (ref. 10) and chlorophyll
a concentrations rarely exceed 0.4 mg m > (ref. 9). The sediment
diatom assemblage is dominated (60-80%) by Denticulopsis
seminae"!, an endemic taxon which also dominates the diatom
plankton assemblage'?.

In contrast, primary production in the same latitudes of the
North Atlantic is characterized by a large spring bloom triggered
by thermal stratification' and possibly seeded by transport from
the coastal zone (R. Sambrotto, personal communication); sum-
mer production is nutrient-limited and may depend on recycled
nutrients'. Biomass estimated from CZCS is 1.0-10.0 mg C m™?
(ref. 10), at least an order of magnitude higher than that in the
North Pacific, and chlorophyll a levels during blooms exceed
1 mgm  (ref. 1). Sediments underlying this area contain abun-
dant spores of the genus Chaetoceros (40-60%) and a variety
of sub-tropical taxa'’. Chaeroceros are characteristic of the
regional spring bloom (ref. 1 and A. Weeks and R. Williams,
personal communication), whereas the sub-tropical taxa prob-
ably reflect transport by the West Wind Drift'?. The difference
in sediment diatom assemblages thus parallels the modern
differences in seasonal conditions of primary production.

I have examined the diatom fossil assemblage in core records
spanning the last 20,000 years using two cores from the North
Pacific and one from the North Atlantic. Ocean Drilling Project
Site 609 is located in the central North Atlantic Ocean (49°53' N,
24°14' W), and recently has been the focus of studies®* address-
ing the short intervals of massive ice-rafting (which created the
so-called Heinrich deposits) during the last glacial period. I
examined sampies dating from about 9,000 to 23,000 yr BP, at
intervals of 1,100 to 1,500 years (ages from accelerator mass
spectrometry (AMS) '“C dating of planktonic forminifera®).
Samples from Heinrich zones were examined but not included
in the quantitative analysis. Diatoms are extremely rare in these
intervals, and it would be necessary to process large volumes
of material to obtain sufficient numbers for statistically reliable
results. Two cores from the North Pacific were examined at
intervals of less than 1,000 years, covering the same period of
time. Age control on these cores (PAR87a-02, 54°17' N,
149°36" W and RNDB-PC11, 51°4' N, 167°58'E) is based on
correlation to nearby cores dated by AMS '“C analysis of plank-
tonie foraminifera'®'®,

The taxonomic difference between the two oceans persists in
samples younger than 15,000 yr BP, representing the Holocene
and latest glacial interval. This suggests that, throughout that
time, conditions of production in the two oceans were similar
to those at present. In contrast, samples representing the full
glacial interval are very similar in both oceans, with the diatom
assemblage characterized by Actinocyclus curvatulus and
Thalassiosira latimarginata. Samples from the Pacific cores are
dominated by T. latimarginata (40-60%), with A. curvatulus as
a secondary component {10-20%), whereas in the Atlantic core
the two taxa are present in similar proportions (15-30%).
Chaetoceros spores are also common in the Atlantic material
(30-50%}, implying persistences of the spring bloom.

Modern analogues of the assemblages can be found in the
western marginal seas of the two oceans. Cluster analysis shows
that the assemblage in the Pacific cores is most similar (r>> 0.78)
to modern core-top assemblages in the Sea of Okhotsk''. The
Atlantic assemblage of Site 609 seems to be similar to those
reported for core-top material from Baffin Bay'®. The latter are
described as having abundant Chaeroceros spores (30-70%) and
an average of 21% A. curvatulus and 13% T. larimarginata, values
close to those observed in glacial samples from Site 609.

In modern Baffin Bay, biomass {estimated by CZCS) is about
1.0 mg C m * (ref. 10), and the average chlorophyll a concentra-
tion in spripg is 1.7 mg m > (ref. 17). These values are within
the range of those for the modern North Atlantic, from which
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