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ABSTRACT
Detailed studies of benthonic foraminifera,
stable isotopes, and lithofacies in cores from
the southeastern Alpha Ridge, central Arctic
Ocean, reveal some new aspects of Arctic
Ocean paleoceanography. High ratios of benthonic to planktonic foraminifera are found in
most of the Quaternary sediment units, and
ratios of 1:1 appear to characterize the Arctic
deep-water sediments. Benthonic foraminifera in the carbonate mud unit M show a succession of calcareous species reflecting
increased influx of Norwegian Sea bottom
water to the Arctic Ocean during the past 0.4
m.y. Foraminiferal and lithological data indicate less-uniform sedimentation during a
warmer interval from 0.4 to 0.6 Ma, when
most of the silty lutite unit L was deposited at
the CESAR site. Lower Pleistocene units J to
I contain less limestone and more dolomite,
and they contain a uniform faunal assemblage
with low numbers of calcareous foraminifera.
Upper Pliocene units H to AB contain rare
limestone and relatively large amounts of dolomite and quartz sand. Middle to upper Pliocene units AB to A3 are marked by abundant
sand-sized ferromanganese-coated particles,
which in many cases have a silt nucleus;
hence, much of the coarse sand in these units
does not indicate increased ice rafting. The
Pliocene sediments mostly contain a lowdiversity assemblage of agglutinated foraminifera, but a mixed calcareous/arenaceous
fauna occurs in a short interval above the
Matuyama-Gauss boundary (2.4 Ma).
Stable-isotopic curves occur within sequences which broadly correspond to stages
1-9 of the global record; below stage 9, the

record is discontinuous. Strong vertical mixing apparently prevailed during most of the
Pliocene and early Pleistocene, then decreased during the past 0.4 m.y. owing to
damping by a perennial ice cover. Isotopic
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and foraminiferal data, however, suggest that
an interval of perennial sea ice also occurred
during the late Pliocene at the time of the
earliest glacial event recorded in the North
Atlantic.

Figure 1A. Location map of the Arctic Ocean and important core sites.
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To avoid some of the problems referred to
above, several new approaches were used in this
study. (1) Cores were selected from basin and
ridge sites within a 50 x 25 km area of the Alpha
Ridge (Fig. 1) for which acoustistratigraphic
data allow regional mapping of surficial lithofacies; (2) high-resolution quantitative studies
were made of benthonic foraminifera to delimit
stratigraphic range zones; (3) stable isotopes
were measured for benthonic foraminifera as
well as planktonic forms; and (4) mineralogical
studies were made of the coarse sediment fraction (greater than 63 /um) to distinguish between
biogenic and clastic components, as only the latter truly reflects amounts and sources of icerafted detritus (IRD).
The purposes of this paper are to document
our lithological and benthonic foraminiferal
studies in detail, to provide interpretations of
regional biofacies variations, and to discuss the
main features of our stable-isotope and biostratigraphic data in terms of paleoenvironmental
changes and the late Cenozoic history of the
Arctic Ocean ice cover.

8 5 ° 15'
Figure IB. Detailed bathymetry (in meters) of the CESAR study area (cross-hatched in 1A).
The T-3 experiment covered much more area than is shown in the enclosed square in A—the
area shown is that from which come some of the cores we discuss.

INTRODUCTION
The Arctic Ocean is a mediterranean polar
sea which is presently covered by about 13 million km 2 of quasi-stable ice 3 m thick. Seasonal
and annual changes in the ratio of polar sea ice
to open water profoundly influence Northern
Hemisphere weather conditions (Crowley, 1984;
Hills, 1983). Several studies of Arctic Ocean
sediment cores (Herman, 1974; Herman and
O'Neill, 1975; Herman and Hopkins, 1980;
Clark, 1982; Zahn and others, 1985; Boyd and
others, 1984; Markussen and others, 1985)
therefore have aimed at determining the relation
between the paleoceanographic history of the
Arctic Ocean and Northern Hemisphere glaciations. Data in this paper refine and modify some
earlier interpretations, and one core provides a
sufficiently long record to compare with the
North Atlantic Deep Sea Drilling Project
(DSDP) site 552A for the late Pliocene.
Recent studies have used oxygen isotope data
from planktonic foraminifera (Zahn and others,
1985; Duplessy and others, 1984; Morris and
Clark, 1986) or time-series analysis of carbonate
cycles (Boyd and others, 1984) as a basis for
paleoceanographic models. Results originally

led to apparently conflicting interpretations:
cores from the Eurasian Basin (Markussen and
others, 1985) showed an isotope stratigraphy
which appeared to be synchronous with that of
the eastern North Atlantic Ocean during the past
approximately 50,000 yr. Cores from Alpha
Ridge showed cyclical changes in carbonate
(Boyd and others, 1984), palynofacies, and stable isotopes (Mudie and Jackson, 1985), with a
predominant periodicity of 100 or 400 ka (thousand years) and with a minor 41-ka component
during the past 0.7 m.y. Isotope data for a core
from the Canada Basin abyssal plain (Duplessy
and others, 1984) revealed fluctuating spectral
power frequencies which apparently reflected
variable resolution due to changes in sedimentation rates during the past 0.3 m.y.
Various explanations were proposed to account for these conflicting data, such as regional
variations in surface water temperature and salinity, uncertain stratigraphic correlation between regions of the Arctic Ocean, and differences in methods used for dating and definition
of units. New data, however, clearly show that
different parts of the Arctic Ocean are characterized by different sedimentation regimes (Macko
and Aksu, 1986; Marquard and Clark, 1987).

MATERIAL AND METHODS
Gravity cores and piston cores were collected
from the Alpha Ridge during occupation of the
Canadian Expedition to Study the Alpha Ridge
(CESAR) ice camp in 1983 (Mudie and Jackson, 1985). Field and laboratory methods of
handling the cores are given by Mudie and
Blasco (1985). The two longest gravity cores
(CESAR cores 102 and 103) from the graben
floor were selected for detailed comparison with
the longest gravity core (CESAR core 201) and
a piston core (CESAR core 14) from the plateau
on the crest of the eastern Alpha Ridge. Highresolution acoustic profiles were obtained at or
near these core sites by means of a 3.5-kHz
sounder and a 40-cu.-in. air gun. Sample volumes of 10 cm 3 were taken at 1-cm intervals in
the gravity cores and down to 70 cm in core 14;
the rest of core 14 was sampled at 2.5-cm intervals. Sediment was wet sieved through a 0.5mm screen (no. 35 mesh) to remove coarse
sediment and washed on a 0.063-mm screen
(no. 230 mesh) to retain the foraminifera and
sand fraction. Samples from cores 102 and 201
were examined for benthonic foraminifera in a
liquid suspension (alcohol and water), as no
samples had large amounts of sand. The wet
samples were split using a special wet splitter
(Thomas, 1985), so that no more than 1,000
individuals were present in any one subsample.
Samples from core 14 were dried, and an
"Otto" microsplitter was used to split them for
microfossil studies. Stable-isotope measurements
were made on the planktonic foraminifer Neo-
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globoquadrina pachyderma(s) in the size range
150-250 /urn and on the benthonic species Oridorsalis umbonatus. Delta 1 8 0 / I 6 0 and
13
C / 1 2 C ratios were determined using a Cambridge 602D mass spectrometer with an internal
reproducibility of 0.05°/oo. Methods are detailed
in Scott and others (1986a). Laboratory standard is Carrara Marble calibrated to universal
PDB standard for us by N. J. Shackleton (Cambridge University).
This paper contains no taxonomic descriptions because the critical species are illustrated in
Lagoe (1977). D. B. Scott and G. Vilks (unpub.
data) have made a detailed taxonomic study of
Arctic surface material that justifies the following combinations: S. horvathi = S. horvathi plus
Epistominella spp. of Lagoe, K tumidulus = E.
tumidulus horvathi in Lagoe, R. charlottensb =
R. charlottensis plus Ceratobulimina arctica in
Lagoe, O. umbonatus = Eponides tener in Lagoe,
and B. hensoni = B. elegantissima hensoni in
Lagoe.
RESULTS
Bottom Topography
Cores 102 and 103 are from the south side of
the Alpha Ridge graben at water depths of 1,555
and 1,585 m, respectively. Bottom relief at these
sites is highly variable (Fig. 2A and 2B), owing
to the presence of both large- (100 m high) and
small-scale (<5 m) hummocky mounds of unconsolidated sediment. The small hummocks
lack coherent internal reflectors (Fig. 2B); hence,
they are probably mud-flow deposits rather than
drift waves. Cores 201 (1,485 m) and 14 (1,370
m) were obtained from a plateau about 4 km
wide which surrounds the northern Alpha Ridge
crest at depths between -1,350 and 1,500 m
(Fig. 2A). Seismic profiles show conformable,
strongly stratified sediments throughout this
area. Core 201 is from the middle of a shallow
basin, where sharp continuous subsurface reflectors are evident. Core 14 is from the plateau top
about 6 km southeast of core 201 (Fig. 2A),
where reflectors pinch and swell to enclose parcels of semi-transparent sediment over distances
o f - 5 0 0 m.
The importance of these seismic data is that
they show relatively continuous sedimentation
in the area for at least the time period investigated herein. Sub-bottom irregularities (for example, Fig. 2B) were formed prior to 0.73 Ma,
as cores 102 and 103 have similar late Pleistocene records.
Lithostratigraphy and Age
The four cores obtain similar sequences of
lithological units (Fig. 3), which have been
dated and correlated using magnetostratigraphic
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and palynostratigraphic methods (Aksu, 1985a;
Mudie, 1985; Aksu and Mudie, 1985; D. B.
Scott and K. D. MacKinnon, unpub. data for
core 201). Additional chronological control was
obtained for core 102. (1) 14 C ages were measured by the tandem accelerator micromass
method, using Neogloboquadrina pachyderma(s)
hand picked from the >150 micron fraction at
2 - 3 and 5 - 6 cm core depths; (2) an aminostratigraphy was obtained (Macko and Aksu, 1986)
from the allo-isoleucine ratios of 10 samples
of N. pachyderma(s) hand picked from the
125-250 micron size fraction in units M and K.
Together, these data firmly establish that the average sedimentation rate is about 1 mm/ka,
with maximum rates of 1.5 to 3 mm/ka being
possible for some intervals.
The lithostratigraphy of the CESAR cores is
described in detail elsewhere (Mudie and Blasco,
1985; Dalrymple and Maas, 1987). Herein, we
report only the results of new studies related to
the paleoenvironment of the sediment.
Unit M. Unit M is a dark brown mud with
one to three sandy carbonate layers. The carbonate layers have been designated as marker
beds, PW2, W2, and W3 (Clark and others,
1980); their extensive occurrence in cores from
the western Arctic Ocean indicates paleoceanographic events of a regional magnitude, although
the number and thickness of the carbonate beds
are locally variable (Fig. 3).
On a dry-weight basis, unit M contains about
20%-40% detrital sand and gravel, with limestone rock fragments making up 40%-80% of
the gravel fraction (Fig. 4). The sand (5%-20%)
is mainly angular quartz and feldspar grains,
with V-shaped chatter marks indicating a glaciogenic origin. Most of the carbonate is biogenic
and consists of abundant well-preserved foraminiferal tests and variable amounts of calcite
fragments. Aragonite is also found as the
pteropod Limicina helicina, which occurs from
the surface to the top of PW2. Unit M lies in the
upper Brunhes normal polarity chron (Aksu
and Mudie, 1985). Accelerator micromass spectrometer dates provide the following radiocarbon ages for core 102: 31,000 ± 290 yr B.P. for
2 - 3 cm depth (Beta-12230) and 54,000 ± 1,042
yr B.P. for 5-6 cm depth (Beta-12231).
Unit L. Unit L is a light olive-brown fine
sandy mud with a grayish coarse sand lamina at
the base (subunit LI in Fig. 3). Silty mud with
biogenic carbonate marks the top of the lithofacies (subunit L5 in Fig. 3), but carbonate is rare
or absent in the rest of unit L. In the CESAR
cores, the fine structure of unit L is highly variable (Fig. 3). Ridge cores (CESAR 11-15) contain 22 to 27 cm of yellowish silty mud with
some gray sandy layers or mottles. In core 14,
the sandy subunit LI is overlain by silt with
discontinuous clay laminae, followed by silty
mud with two thin sandy laminae containing

rare planktonic foraminifera (Fig. 3). In core
201, subunit LI is overlain by silty mud with
three sandy laminae near the base. The lowest
two laminae contain common pyrite, Fe-Mn
particles, and infilled microfossil fragments;
the uppermost lamina also contains rare
foraminifera.
Unit L is significantly longer (38-45 cm) in
cores 102 and 103 from the Alpha Ridge
graben, and more fine structure is present
(Fig. 3). Subunit LI contains rare gravel and
foraminifera. This sandy bed is overlain by yellowish silt with gray streaks, small white flecks,
and rare rust-colored spots (subunit L2). Xradiographs show silty or fine sandy laminae
alternating with thin (1 mm) clay laminae. In
core 103, microlaminae are also found near the
top of unit L (Fig. 3), but subunit L2 is not
repeated in core 102. Subunit L2 is overlain by
yellowish mud with gray sandy streaks or mottles (subunit L3), with the mineralogy being similar to the yellowish silt in core 201. In the
graben cores, a brown fine sand lamina occurs
near the middle of subunit 3, but no coarse
sandy laminae are present like those found in the
ridge cores.
Unit L contains 20%-30% detrital sand, most
of which consists of roughly equal amounts of
quartz and feldspar (Fig. 4). The quartz sand is a
mixture of well-rounded frosted grains, angular
grains with fresh chatter marks, and heavily
iron-stained grains, which suggests multiple
sources of sand transport for this unit. Hematite
and volcanic minerals are also common throughout unit L, suggesting increased input of sediment eroded from volcanic bedrock outcrops on
the Alpha Ridge. Large mica flakes are present
in some intervals. Carbonate is rare and consists
mainly of foraminiferal tests and traces of limestone at the top of the unit. Unit L lies within the
lower part of the Brunhes magnetochron.
Units K and J. The brown muds in units K
and J are similar to those of unit M in percentage of detrital sand and biogenic carbonate, but
they contain 30%-80% quartz or feldspar and
less limestone. Dolomite fragments and rock
fragments make up most of the gravel fraction.
The Brunhes-Matuyama boundary (0.73 Ma)
occurs near the top of the carbonate marker bed
W1 in unit K. Unit J is lighter brown and has a
higher content of coarse sand (>375 /urn) than
does unit K. It contains the pinkish carbonate
marker bed PW1. A short-lived normal polarity
excursion at or just below the top of unit J is
tentatively correlated with the top of the Jaramillo event, thus providing an age of about 0.91
m.y. for unit J / K boundary (Aksu and Mudie,
1985).
Units I and H. The sandy brown muds of
units I and H contain more gravel (mainly dolomite and rock fragments) than do the other
lithofacies. The sand contains <10% calcite, and

Figure 2. A. Air-gun seismic profile across the northern Alpha Ridge and graben, with the locations of all the cores in this study.
B. 3.5-kHz seismic profile in the graben near cores 102 and 103.
C. 3.5-kHz seismic profile on the Alpha Ridge at the site of core 14.
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limestone is rare; however, dolomite is common
in the coarsest fraction, and therefore, the total
carbonate content remains high. In unit I,
5%-20% of the grains are heavily coated with
ferromanganese. Unit H is a reddish sandy bed
with common hematite and volcanic minerals.
A short normal-polarity interval occurs at the
top of unit I (Aksu and Mudie, 1985), which
probably corresponds to the base of the Jaramillo event (ca. 0.98 Ma). The boundary between units I and H is marked by another
normal interval which is correlated with the
Gilsa event (1.63-1.64 Ma).
Units G, F, DE, and C. The lithofacies units
G, F, DE, and C contain ~10%-20% sand and
mottled silty mud layers. Rare gravel- to pebblesized clasts are present, including dolomite and
metamorphic rock fragments. Carbonate content is low and is mostly dolomite, with rare
limestone in unit DE. Ferromanganese-coated
grains are common. The magnetostratigraphic
sequence (Fig. 3) is typical of the Olduvai and
Reunion events in the lower Matuyama polarity
interval, and it provides an age of -1.80 m.y. for
the gray sandy layer marking unit F and - 2 . 0
m.y. for unit C.
Unit AB. Unit AB is mainly a mottled brown
silty mud with a very low carbonate content.
The central portion, however, is faintly banded
with yellowish or reddish sandy beds containing
calcareous foraminifera. This carbonate sand interval marks the Matuyama-Gauss boundary
(2.48 Ma); it also marks the start of a major
decrease in detrital quartz, feldspar, and volcanic
minerals (Fig. 4) and the occurrence of abundant (>80%) sand-sized ferromanganese particles, most of which have a nucleus of coarse silt
or finer sediment.
Units Al, A2, and A3. Units Al, A2, and A3
are dark brown muds with about 20%-30% sand
and coarser clasts, including rare gravel- to
pebble-sized dropstones. More than 80% of the
sand consists of ferromanganese-coated silt or
fine sand. Agglutinated foraminifera and large
mica flakes make up most of the remaining
coarse fraction, with carbonate being present
only as rare, poorly preserved (corroded and
manganese coated) planktonic foraminifera. The
paleomagnetic record shows a polarity reversal
in the middle of unit Al (Fig. 3) which probably
marks the Gauss-Gilbert boundary (3.40 Ma).
Benthonic Foraminiferal Stratigraphy
As discussed briefly already, these foraminiferal findings are the first high-resolution benthonic data from the central Arctic Ocean.
Unfortunately, because of space limitations, we
can present only summary diagrams for each

core; complete data tables are available for each
core from the Geological Society of America
Data Repository.1
Core 102. Gravity core 102 (103 cm long) is
from the graben floor at 1,555 m water depth.
Assemblage A (0-10 cm) shows the highest diversity in the core, being dominated by Stetsonia
horvathi (60%-70%) along with significant percentages (4%-20%) of Valvulinera arctica, Eponides tumidulus, Oridorsalis umbonatus, and
Buliminella hensoni and traces of Robertinoides
charlottensis, Bolivina arctica, Triloculina
trihedra, Planulina wuellerstorfi, and Quinqueloculina spp. (Fig. 5). In assemblage B (10-26
cm), V. arctica drops below significant levels
(< 1% or absent), and S. horvathi becomes more
dominant (>80%), whereas other species remain
the same. The base of this biofacies is marked by
the first occurrence of E. tumidulus in significant
percentages (that is, >1%). Assemblage C
(26-31 cm) records the oldest significant occurrence of O. umbonatus, and it includes the
youngest peak in the relative abundance of B.
arctica. Assemblage D (31-37 cm) is marked by
high percentages (18%—53%) of B. arctica, and
the base of this interval is the oldest significant
occurrence (>1%) of B. hensoni. Assemblage E
(37-49 cm) is marked by a small peak of V.
arctica and a low-diversity fauna dominated by
S. horvathi and B. arctica. Assemblage F (49-80
cm) is characterized by rare foraminifera which
are mainly shallow-water species (Elphidium
spp.) that appear to be transported in subunit LI
(75-80 cm). Planktonics are also rare in this
assemblage. Assemblage E abruptly reappears at
the top of unit K (81 cm) and continues to the
base of the core at 103 cm.
Total numbers of benthonic foraminifera are
extremely variable, ranging from 0 to 241,000/
10 cm 3 . Numbers are generally high in assemblage A (30,000-70,000) but show a major
decrease (900-8,000/10 cm 3 ) at 7-9 cm. High
numbers persist from 10 to 46 cm, where they
drop below 1,000/10 cm 3 , then disappear in a
barren section of assemblage F (50-81 cm).
Low numbers also occur at the base of unit L,
but they rapidly increase at 81 cm and are high
(25,000-50,000) in assemblage E except for a
short barren interval at 95-97 cm. Aksu
(1985b) reported total numbers of benthonics
from core 102 at least one order of magnitude
lower than those found in our study, resulting in
B:P ratios of 1:10 compared to ratios of as high
as 3:1 that we observe at selected intervals. This
difference may be due to the difficulty of recogl
The data tables may be obtained free of charge by
requesting Supplementary Data 8902 from the GSA
Documents Secretary.

265

nizing the small forms, such as Stetsonia horvathi, which are easily overlooked.
Core 201. Core 201 is a shorter gravity core
(71 cm) from the Alpha Ridge crest at a water
depth of 1,485 m. The same foraminiferal assemblages observed in core 102 are present in
this core, although assemblage E is truncated at
the base (Fig. 6). Assemblage A occurs at 0-10
cm, assemblage B at 10-30 cm, assemblage C at
30-35 cm, assemblage D at 35-38 cm, assemblage E at 38-49 cm, and assemblage F at
49-64 cm, and assemblage E reoccurs from 64
cm to the base of the core. Assemblage E in this
core differs in that the V. arctica component is
not as distinct as in core 102. Assemblage F is
also noticeably shorter in this core than in core
102, and assemblage E extends up into the base
of unit L.
Total numbers in this core are lower than in
core 102, ranging from 0 to 20,000/10 cm 3 , but
fluctuations in numbers show similar trends.
Higher numbers occur from 1-7 cm, from 9-45
cm, and from 64 cm to the base; low numbers
occur at 7-9 cm and at 45-50 cm; there is a
barren zone at 50-64 cm. The short lownumber interval found at the base of core 102
was not penetrated by this core. Planktonics
occur in numbers similar to those in core 102,
but B:P ratios are lower because the number of
benthonics is lower in this core (1:3).
Core 14. Piston core 14 (440 cm) is from the
Alpha Ridge at 1,370 m water depth. Although
the surface sediment layer was not recovered,
the faunas at the top of this core are almost
identical to those in the corresponding lithofacies of 102 and 201. Assemblage A occurs from
1 to 10 cm, assemblages B and C at 10-16 cm
(O. umbonatus and E. tumidulus have their first
significant occurrences together in this core), assemblage D at 16-20 cm, assemblage E at
20-26 cm, and assemblage F at 26-43 cm, and
assemblage E reoccurs from 43 to 54 cm
(Fig. 7). A slightly different assemblage, El,
occurs at 54-86 cm, with significant percentages of A hensoni and greatly reduced numbers
of B. arctica. Planktonics in El are so rare that
no isotope values could be obtained. Assemblage E reoccurs at 86-94 cm. In the middle of
this interval (91 cm), planktonics become sufficiently abundant to obtain isotope values.
Foraminiferal assemblage G occurs from 94 to
118 cm; it is marked by the occurrence of Brizalina pseudopunctata. Near the base of this assemblage, there is a unique interval in which
Fursenkoina fusiformis becomes relatively
common. Assemblage H occurs at 118-218 cm
and is characterized by low numbers of agglutinated species and lack of both calcareous benthonic and planktonic foraminifera. Between
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Figure 4. Summary of main sedimentologic
parameters for sand and coarser sediment in
CESAR core 14. Relative abundance of dolomite clasts is indicated by rare (R = <5%),
common (C = 6%-20%), abundant (A = >20%).
RF = metamorphic rock fragments, haem. =
hematite grains, VM = volcanic minerals.
Note that from 65-90 cm and below 120 cm,
planktonics/gm are actual numbers (not
times 1,000).

219 and 250 cm, there are low numbers of a
fauna similar to assemblage D, and a short interval of assemblage H occurs at 235-240 cm.
Assemblage H reoccurs at 250 cm and extends
to the base of the core.
Total numbers of foraminifera can be divided
into two groups (Fig. 7); above 118 cm,
numbers vary from 0 to 63,000 individuals/5
cm 3 , and below 118 cm, numbers vary from 0
to 109/5 cm 3 . In the upper 118 cm, most of the
variations in foraminiferal numbers are similar
to those in the gravity cores except the 64- to
90-cm interval of lowered benthonics and rare
planktonics. The very low numbers in assemblage H do not correspond to any modern or
late Pleistocene assemblages in the present
Arctic Ocean. The B:P ratios are similar to
those in core 102 in the upper units but virtually
infinite in the Pliocene except the short interval
at 2.4 Ma.
STABLE ISOTOPES
Data for stable isotopes are less complete than
for the faunal assemblages because several intervals contain too few specimens for reliable isotope measurements. Delta 1 8 0 / I 6 0 and
13
C / 1 2 C values were obtained for both planktonic and benthonic forms in cores 102 (Fig. 5)
and 201 (Fig. 6) and for planktonic forms from
core 14 (Fig. 7). The benthonic record (O. umbonatus) extends only to 40 cm, below which
core depth the species is rare.
Planktonic Oxygen Isotopes—
Core 102 and 201
Vertical changes in the isotopic curves are
highly compressed, as expected for an area of
very low sedimentation (—1 mm/1,000 yr).
This compression makes it difficult to resolve
the boundaries of paleoclimatic events with a
duration of 10 ka (= 1 cm depth) or less, for
example, substages within interglacial stage 5.
With bioturbation depths of 1 cm or more, finescale correlation between cores cannot be ex-

pected. The isotope stratigraphy is illustrated by
the sequence in core 102 (Fig. 5), where we
recognize stage 1 (0-1 cm), stages 2 - 4 (2-8 cm),
stage 5 (8-12 cm), stage 6 ( 1 2 - 1 5 cm), stage 7
(15-20 cm), stage 8 (20-38 cm), and stage 9
(38-49 cm). Values range from +0.5 to +3.5
ppm. To correlate the oldest stages with certainty, we need detailed dating control for the
barren interval of unit L. At present, however,
magnetostratigraphic, palynostratigraphic, and
aminostratigraphic data (Aksu and Mudie,
1985; Macko and Aksu, 1986) show that the
sedimentation rate is about 1 mm/1,000 yr
above the Brunhes/Matuyama boundary. The
same range of 1 8 0 / 1 6 0 values and sequences
can generally be observed in equivalent lithofacies of cores 201 and 14, although it should be
noted that the top 8 cm of the piston core (core
14) was not recovered.
Although the planktonic isotope stratigraphy
for core 102 shows the same general trends as
those reported by Aksu (1985b), heavier
18
0 / 1 6 0 values were found by Aksu (1985b),
especially in the upper 30 cm. This may reflect
his use of all size ranges of planktonics, including
the large specimens. Above 30 cm in core 102,
the proportion of specimens greater than 250
jam is relatively high. Larger planktonics, which
live deeper in the water column, generally give
heavier values (Williams and others, 1981). In
addition, bioturbation may add significant noise
to the signal. For example, at the stage 1/stage 2
boundary, duplicate analyses of one sample
show a l°/oo variation between replicates
(Fig. 5). This variation probably reflects bioturbation in an interval where rapid changes are
recorded within a short vertical distance. This
magnitude of signal mixing may occur at all
glacial-interglacial boundaries in cores from the
Alpha Ridge, and it highlights the need for continuously spaced sampling to delimit isotopic
stages. Even with continuous sampling, however, events of < l°/oo isotopic magnitude in the
planktonic record may not be discernible, and
signal to noise would increase with greater
depths of bioturbational mixing. The general
similarity of isotopic values and light/heavy
events found in all three cores from the Alpha
Ridge, however, indicates that a regional paleoenvironmental signal is recorded despite the
high signal:noise ratio.
Benthonic Oxygen Isotopes—
Cores 102 and 201
The isotope signal for the benthonic foraminifera (O. umbonatus, Figs. 5 and 6) in cores
102 and 201 shows the same general pattern as
does the planktonic record except the curves are
smoother and the amplitude of change is much
lower (+4.2%o to +4.8°/oo). These records show
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that essentially synchronous isotopic events are
recorded by both the planktonic and benthonic
faunas but that fluctuations in the signals for the
surface water layer are far greater than those for
the more stable bottom waters.
Planktonic Oxygen Isotopes—Core 14
Benthonic foraminifera were not analyzed in
core 14 because O. umbonatus is common down
to only 10 cm. The planktonic isotope stratigraphy from 0-65 cm in core 14 (Fig. 7)
essentially corresponds to that of core 102, with
the upper 10 cm of this core (W3 carbonate
marker) missing. The interval from 65-90 cm
contains too few planktonics for isotopic analysis. Samples just above the Pliocene-Pleistocene
boundary (91-98 cm) show light oxygen isotopic values (+0.041 to +0.725 ppm), suggesting
both melt-water input and higher temperatures.
Values obtained from this interval may be artificially light, however, as smaller specimens
(>125 /xm) were used to obtain sufficient
numbers for analysis. Below 98 cm, there were
insufficient specimens for analysis except for a
wide interval (218-235 cm) where specimens
were combined to give an average value of
+2.465 ppm for 1 8 0 / 1 6 0 . This value indicates
average conditions slightly colder than at present
for an early interval in the late Pliocene and
suggests a short period of perennial ice cover.
Carbon Isotopes
The 1 3 C / 1 2 C ratios for all cores show values
which are mostly positive for the planktonics
(+0.5°/oo to 1.5°/oo) and mostly negative for the
benthonics (0°/oo to - f.5"/nc,), but the trends
track their oxygen isotopic counterparts. This
difference in ranges of carbon values between
benthonics and planktonics is typical for all
deep-sea areas in which surface waters are depleted in 12 C owing to preferential uptake of the
lighter isotope during primary production. The
13
C/ 1 2 C values of N. pachyderma(s) and O.
umbonatus in the Alpha Ridge cores, however,
are about l°/oo heavier than those in the Norwegian Sea (Jansen and Erlenkeuser, 1985), presumably reflecting the lower productivity of the
Arctic surface water. Glacial-interglacial shifts in
carbon values for N. pachyderma(s) are also
about 0.5°/oo larger than those found in the
Norwegian Sea. This may indicate a greater reduction of primary productivity of the Arctic
Ocean during glacial stages. Other factors, for
example, reduced ocean-atmosphere C 0 2 exchange or organic carbon influx from ice-rafted
sediment, could also account for these differences in carbon ratios. Detailed interpretation
of the Alpha Ridge carbon isotope records
therefore is not warranted at present.

268

SCOTT A N D OTHERS

à

fa

*
0

JSr
25

50

^

.6

/

&

&
75

100

0%20

ór

P

40

sT
60 80 100

0% 20 ¿0 60

80 100

0% 20 40

/
<$>
ir
60

80

B

~C

D

m
Figure S. CESAR core 102 iithology, percentage and total number of occurrences of benthonic foraminifera, and stable-isotope values (in per
mil relative to PDB) for benthonic and planktonic foraminifera. BETA numbers indicate 14 C dates. Large letters refer to foraminiferal
assemblages described in text.

INTERPRETATION AND DISCUSSION
Present Benthonic Faunas
Few studies have reported quantitative data
on benthonic foraminifera in the Arctic Ocean.

The numbers of planktonics (P) and benthonics
(B) reported by Aksu (1985b) for Alpha Ridge
give B:P ratios of 1:10, similar to those found in
open-water North Atlantic sites. Morris and
Clark (1986) also suggested that benthonics are
uncommon in Arctic sediments. Our data for

the CESAR cores and other studies on surface
sediments from a wide range of water depths
from 800 to 4,000 m (D. B. Scott and G. Vilks,
unpub. data) indicate that the opposite is true,
with B:P ratios in many cases exceeding 1:1.
These high B:P ratios have also been observed in

