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ABSTRACT

We examined diatom preservation patterns in Pliocene age sediments of Jane Basin (ODP Site 697) and compared
them with diatom distribution in more northerly sites at various sectors of the Southern Ocean. Our data from Site 697,
as well as other sites from around the Southern Ocean, support the view that there was significant ice growth on Antarc-
tica during the late Pliocene. DSDP Site 514 in the Atlantic sector shows increased relative abundance of Eucampia ant-
arctica, an ice-related form, in the upper part of the Gauss Chron with a larger increase just above it. With one excep-
tion, all sites included in the present study show increased relative abundance of E. antarctica in the upper part of the
Gauss. Our view that there was ice growth on Antarctica during the late Gauss Chron is supported by the results from
ODP Site 697. While diatoms are present and percent opal is high in the early and middle Gauss Chron (suggesting
more open-ocean conditions), late Gauss sediments contain low percentages of opal and few or no diatoms. This is also
true for the early Matuyama Chron. If we accept spring and summer sea-ice cover as the major suppressant of diatom
productivity in the Southern Ocean, then we conclude that sea-ice covered the region around Site 697 through much of
the year during this interval. Further, the absence of diatoms and the low percentages of opal in middle and late Matu-
yama chron sediments suggests increased sea-ice cover over the Jane Basin during this time. Although warmer open-
ocean intervals are inferred for intervals near the Olduvai and Jaramillo Subchrons, most of the Matuyama Chron was
marked by extensive sea-ice cover with low seasonal contrast. Qur results for the early part of the Brunhes Chron are
similar, at least for the Jane Basin. During this time, sea-ice cover over the basin apparently extended well into the grow-
ing season. In contrast, the later Brunhes Chron is marked by alternating open water (during the growing season) and

extensive, almost year-round, sea-ice.

INTRODUCTION

Because seasonal changes in sea-ice are an important ele-
ment dictating present-day climate, knowledge of its distribu-
tion in the Southern Ocean during the late Tertiary is important
in paleoclimatology and paleoceanography and will help us to
understand the evolution of the climate system. For that reason,
it is important to evaluate and/or identify proxy indicators of
sea-ice and water mass boundaries in the water column in both
surface and late Tertiary sediments of the Southern Ocean. For
the late Pliocene, ice-sheet growth is largely seen as a Northern
Hemisphere phenomenon. The cooling, which began at about
3.1 Ma (Backman and Pestiaux, 1987; Raymo et al., 1987;
Einarsson and Albertsson, 1988) resulted in the accumulation
of successively larger ice-sheets, finally culminating in the first
extensive ice-rafting in the open ocean North Atlantic at 2.4 Ma
(Backman, 1979; Shackleton et al., 1984). Using oxygen isotope
data, Raymo et al. (in press) noted that the late Pliocene record
between about 2.4 and 1.6 Ma was marked by ice volume
changes primarily at the 41 k.y. rhythm of orbital obliquity.
This was also true of the interval prior to 2.4 Ma but the ampli-
tude in the 41 k.y. rhythm gradually increased towards 2.4 Ma.
The cooling that began at 2.4 Ma was marked by three cycles at
41 k.y. rhythm, followed by at least six low-amplitude cycles,
also at 41 k.y. rhythm. According to Raymo et al. (in press) the
late Pliocene ice-sheets younger than 2.4 Ma were, on average,
one half as large as those of the late Quaternary.
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Although it is generally conceded that there was Southern
Hemisphere cooling in the late Pliocene it is not known to what
extent changes in size of the Antarctic ice-sheet contributed to
the oxygen isotope record. Kennett (1977), for example, has ar-
gued that East Antarctica began accumulating significant conti-
nental ice when the initiation of the Antarctic Circumpolar
Current thermally isolated the continent. Although the ice-sheet
has fluctuated in size since the middle Miocene, it has not, ac-
cording to this author, undergone any significant partial degla-
ciation during the past 14-15 m.y.

Site 697 in the Jane Basin is well suited to investigate, in part
at least, the Antarctic contribution to late Pliocene global cool-
ing and glaciation (see Barker, Kennett, et al., 1988, for physical
setting of Jane Basin). Schwerdtfeger (1975) notes that the Wed-
dell Sea is presently the main sea-ice producing region of the
Southern Ocean. When stable air masses move westward over
the ice-covered Weddell Sea they are blocked by the mountains
of the Antarctic Peninsula. This produces a strong surface wind
flow from the southwest (the barrier winds), which drives sea-
ice and icebergs toward the north and northeast. Besides being
in the track of icebergs and sea-ice advected northward under
the influence of these barrier winds and the Weddell Gyre, this
region is also a pathway for Antarctic Bottom Water (AABW)
streaming down off the Weddell shelf (Gordon, 1971; Pudsey et
al., 1988). In addition to having sedimentological characteristics
reflecting winnowing and iceberg movements, sediments in the
underlying Jane Basin may also reflect diatom productivity pat-
terns dictated by the presence or absence of sea-ice during the
growing season (i.e., during the austral spring and summer).

Background

The basic sediment pattern of the Southern Ocean (both bio-
genic and nonbiogenic) has been known since the work of Mur-
ray and Renard (1891). These authors noted that Antarctica is
surrounded by a belt of largely terrigenous sediment that ex-
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tends as far north as 60°S. To the north, this terrigenous sedi-
ment is bounded by a zone of biosiliceous ooze which extends to
about 50°S. North of this belt, depending upon water depth,
biocalcareous ooze or red clay occurs. Philippi (1912) was the
first to observe that these sedimentary patterns changed over re-
cent geologic time. He found biocalcareous sediment overlying
biosiliceous oozes in cores raised from north of the Polar Front
and, in cores raised from south of the front, biosiliceous oozes
overlying glacial marine sediment. This apparent northward dis-
placement of sediment zones was attributed to both increased
continental ice and sea-ice during glacial intervals. Schott (1939)
argued that the upsection change from glacial marine sediment
to diatom ooze was due to a decrease in iceberg rafting of conti-
nental material and that the upsection change from diatom ooze
to Globigerina (biocalcareous) ooze was due to southward move-
ment of the Polar Front.

More recent work has served to refine these earlier observa-
tions. Hays et al. (1976) used new biostratigraphic data to dem-
onstrate that the youngest diatom ooze was deposited during the
Holocene while the underlying diatomaceous clay represented
glacial conditions. Additionally, they suggested that the diato-
maceous clay was probably deposited during periods of greater
sea-ice cover. Using both bio- and lithostratigraphy to identify
relative time intervals, they concluded that sea-ice cover during
full glacial episodes greatly exceeded present day cover by a fac-
tor of four or five.

Diatom species and assemblages in late Quaternary sedi-
ments have also been used to identify sea-ice conditions or sea-
ice limits around Antarctica. Burckle (1984), for example, used
high relative abundance of resting spores of Eucampia antarc-
tica to infer increased wintertime sea-ice concentrations during
the Last Glacial Maximum (LGM) in the Atlantic sector of the
Southern Ocean. His winter LGM sea-ice margin did not differ
greatly from that of Cooke and Hays (1982). Pichon et al.
(1987) used geographically restricted diatom assemblages in sur-
face sediments to identify summer sea-ice conditions and sug-
gested that this approach may be useful in determining summer
sea-ice limits during the LGM.

Burckle et al. (1987), Burckle and Cirilli (1987), and She-
mesh et al. (1989) suggested that diatom dissolution may also be
a useful tool for identifying oceanic fronts and sea-ice limits, at
least for specific intervals of the year (i.e., early spring). Bur-
ckle and Cirilli (1987), for example, identified a diatom dissolu-
tion boundary beneath the northern limit of spring sea-ice and
suggested that it may be useful in identifying such limits in the
late Quaternary record. This dissolution boundary was approxi-
mately coincidental with the summer sea-ice boundary as de-
fined by Cooke and Hays (1982; see also, Burckle et al., 1982).
From water column data, Burckle and Cirilli (1987) determined
that the presence of at least 75% sea-ice cover through much of
the growing season is reflected in reduced diatom accumulation
and, hence, apparent increased diatom dissolution on the un-
derlying sea floor. Furthermore, they noted that open-ocean
diatoms are abundant in surface sediments beneath regions
south of the Subantarctic Front where there is little or no sea-ice
during the biologically productive season.

These observations have been quantified in other parts of the
world’s ocean. Leinen et al. (1986), for example, measured per-
cent biogenic opal in surface sediments and showed a close cor-
respondence to biogenic (largely diatom) productivity in the
overlying waters. A number of authors (Molina-Cruz and Price,
1977; Leinen, 1979; Brewster, 1980; Heath et al., 1983; Bana-
han and Goering, 1986) demonstrated temporal and spatial var-
iations in opal accumulation related to shifts in productivity.
Mortlock and Froelich (in press) concluded that the percent
opal content in sediment carries a valuable paleoceanographic
message related to surface water productivity. Since diatoms

804

make up the bulk of biosiliceous sediment we believe that tem-
poral or spatial changes in percent opal largely reflect changes
in productivity patterns in this group. These authors also noted
that the systematic error due to clay contamination in opal-
bearing sediments is on the order of 2%-3%. However, we can-
not as yet rule out sedimentological processes (i.e., the amount
and nature of detrital influx and sediment winnowing).

From these various published data sets and observations it
appears that the relationship between overlying sea-ice concen-
trations and diatom accumulation and/or preservation on the
sea floor within the late Neogene can be described as follows:

1. Sediments taken from localities near the Antarctic conti-
nent and which contain no diatoms or few, poorly preserved,
diatoms (and also have low percentages of opal) indicate the
presence of 75% or more sea-ice in the overlying surface waters
during much of the growing season (i.e., surface-water diatom
productivity is suppressed by the presence of sea-ice). This does
not include areas, such as submarine canyons and the continen-
tal slope, where bottom processes may affect sediment distribu-
tion.

2. Sediment with increased relative abundance of resting
cells of Eucampia antarctica indicate a short growing season
with ~20% to <75% sea-ice present during the summer. The
lower end of this percentage range should be viewed with cau-
tion, however, since Shemesh et al. (1989) have shown that rela-
tive abundance values as high as 10% may be due to differential
dissolution and may be unrelated to suppression of productivity
by sea-ice.

3. Sediments containing high opaline silica content (usually
in excess of 20%) and abundant open-ocean diatoms such as
Nitzschia kerguelensis and Thalassiosira lentiginosa indicate at
least 4-6 months per year of essentially ice-free conditions over
the site. The data of Shemesh et al. (1989) suggest that sedi-
ments in which T. lentiginosa is relatively more abundant than
N. kerguelensis probably seldom had sea-ice in the overlying
waters.

In the present study, these three relationships are used to in-
terpret the paleoclimatic significance of diatoms in middle and
late Pliocene sections of the circum-Antarctic region, as well as
the late Pliocene-early Pleistocene section of Site 697 in the
Jane Basin. At Site 697, we focus on the persistence of sea-ice
over the Jane Basin area during this time interval.

SOURCE OF MATERIALS AND PREPARATION
METHODS

Diatoms from four piston cores and two DSDP/ODP sites
were examined (Table 1; Fig. 1). Core E13-3 is from the Pacific
sector of the Southern Ocean (Hays and Opdyke, 1967), while
Cores E38-7, E38-8, and E50-33 are from the southeast Indian
sector (Osborn et al., 1982; Burckle and Abrams, 1987). ODP
Holes 697A and 697B are from the Atlantic sector (Jane Basin)

Table 1. Location and depth of all sites used

in this study.

Water

depth

Site Latitude Longitude (m)

E13-3 57°00.3'S 89°29.0'W 2785
E38-7 61°48.8'S  149°54.1'E 2000
E38-8 61°46.4'S 149°58.7'E 1800
ES50-33 61°05.1'S  170°03.8'E 2488
DSDP 514  46°02.7'S 26°53.1'W 4318
ODP 697A  61°48.6'S 40°17.2'W 3480
ODP 697B 61°48.2'S 40°17.74'W 3480
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Figure 1. Map of the Southern Ocean showing distribution of piston cores and DSDP/QDP sites used in this study.

and DSDP Site 514 is from the southeastern part of the Argen-
tine Basin. ODP Site 697 and DSDP Site 514 serve as the two
(and only) end members of a north to south traverse in the At-
lantic sector. Piston cores were sampled at 10 cm intervals and
diatom slides were prepared using procedures described by Schra-
der (1974). The DSDP/ODP sites were sampled at ~ 50 cm in-
tervals and also prepared after Schrader (1974). Opal determina-
tions were made using methods described by Mortlock and
Froelich (in press). A minimum of 300 specimens was counted
for each sample. In addition to using the shipboard biostrati-
graphic data, we counted diatoms in two categories: ice-related
forms and all others. Essentially this amounted to a comparison

between E. antarctica and all others since the former was the
only ice-related species present in any significant numbers. We
also noted the presence of such open-ocean species as N. ker-
guelensis and T. lentiginosa. The former species is also found in
and near sea-ice; however, its maximum abundance is in an
open-ocean environment south of the Subantarctic Front but
north of the Antarctic Slope Front (Burckle et al., 1987).

STRATIGRAPHY

An upper Pliocene to Pleistocene diatom biostratigraphy for
the Southern Ocean has been established by a number of work-
ers, is directly tied to magnetostratigraphy, and has been refined
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by Ciesielski (1983). The primary purpose of this contribution is
to quantitatively describe diatom floras associated with the
Gauss/Matuyama paleomagnetic reversal boundary. Figure 2
shows the percent abundance of Cosmiodiscus insignis relative
to the Gauss Chron in Core E13-3 from the Pacific sector south
of the Polar Front (magnetostratigraphy from Hays and Op-
dyke, 1967). Although this species ranges above the Gauss Chron,
its abundance distribution is marked by a sharp drop near the
top of the Gauss. This may be referred to as a Last Abundant
Appearance Datum (LAAD; Burckle et al., 1978). Figure 3
shows the same relationship in Core E50-33 (also south of the
present Polar Front) from the southeast Indian sector. This core
also shows a modest increase in abundance of E. antarctica con-
comitant with the abundance drop-off of C. insignis. This for-
mer species, which is an ice-related form (Burckle, 1984), de-
creases in abundance in the early Matuyama and then increases
in abundance near the Brunhes/Matuyama boundary.

Figure 4 shows a similar relationship in Core E38-8, also
from the southeast Indian Ocean. This core has high relative
abundance of E. antarctica suggesting increased summer sea-ice
cover. Although the magnetostratigraphy on this core is suspect
(Osborn et al., 1982; Burckle and Abrams, 1987), the Gauss/
Matuyama boundary probably occurs at ~110-120 cm depth.
Similarly, based upon biostratigraphy, Core E38-7 (Fig. 5) from
the southeast Indian Ocean also appears to have the Gauss/Ma-
tuyama boundary at ~ 160-180 ¢cm depth (Osborn et al., 1982;
Burckle and Abrams, 1987).

There are two points to be made about these data: (1) there is
a sharp, measurable drop in abundance of C. insignis near the
end of the Gauss in two cores that have been paleomagnetically
dated; and (2) in three sites, this abundance drop is accompa-
nied by an increase in abundance of E. antarctica. Since this
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Figure 2. Abundance of Cosmiodiscus insignis in Core E13-3 from the
Pacific sector of the Southern Ocean. Magnetostratigraphy is from
Hays and Opdyke (1967).
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Figure 3. Abundance of C. insignis and Eucampia antarctica in Core
E50-33 from the southeast Indian sector of the Southern Ocean. Mag-
netostratigraphy is from Osborn et al. (1982).

species is an ice-related form and is found in increased abun-
dance during Pleistocene glacials (Burckle and Cooke, 1982),
we relate this increase to a glacial advance. It should also be
noted that the initiation of the abundance increase of E. antarc-
tica comes in the late Gauss Chron, before the drop in abun-
dance of C. insignis, suggesting that the initial phases in the gla-
ciation began in the upper normal event of the Gauss and were
intensified just after it.

DSDP Site 514 presents a slightly different picture (Fig. 6).
Here the drop in abundance of C. insignis occurs some 14 m be-
low the top of the Gauss and just below the first appearance da-
tum of the radiolarian Cycladophora davisiana in the Southern
Ocean (Hays et al., in press). Hays et al. (in press) have shown
that this species first appears in the upper normal event of the
Gauss Chron in the Southern Ocean. Our diatom data suggest
one of two things: (1) the LAAD of C. insignis may be diachro-
nous between the Antarctic and the Subantarctic; or (2) this di-
achrony may be more apparent than real and may be due to the
fact that sections previously worked on were piston cores which
had to have low sedimentation rates in order for the corer to
penetrate to the Pliocene. Site 514 was originally selected be-
cause, among other things, the region has a relatively higher
rate of sedimentation. There is also a modest, though measur-
able, increase in abundance of E. antarctica just before the
abundance drop of C. insignis. This abundance increase be-
comes more pronounced just above the Gauss and was also ob-
served in most other cores used in this study.

DATA FROM SITE 697

Holes 697A and 697B appear to have a reasonably complete
section back to the lower Pliocene (Fig. 7). The Brunhes/Matu-
yama Chron boundary is present in the lower part of Core 113-
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Figure 4. Abundance of C. insignis and E. antarctica in Core E38-8
from the southeast Indian sector of the Southern Ocean.

697B-2H (30 mbsf), both the Jaramillo and Olduvai Subchrons
are present, and the Gauss/Matuyama Chron boundary is in the
upper part of Core 113-697B-10H (105.7 mbsf). Similarly, the
Mammoth and Kaena Subchrons are identifiable in the Gauss
and the Gauss/Gilbert boundary is in the lower part of Core
113-697B-16X (164.25 mbsf). Three of the four normal Sub-
chrons in the Gilbert are present in this site (Table 2). Although
this section appears to be complete we did not observe abundant
C. insignis in the upper Gauss. Indeed, the interval which in-
cludes the C. insignis zone (Ciesielski, 1983) is largely character-
ized by poor diatom preservation, which may be due to in-
creased sea-ice cover. We rule out winnowing since this would
remove the fragments and leave the more robust diatoms as a
lag deposit. Similarly, an increase in detrital influx would not
influence diatom preservation.

As also noted by Pudsey (this volume) there are cyclical oc-
currences of diatoms within the Brunhes between near-surface
sediments and about 17 mbsf (Fig. 7). In most diatomaceous in-
tervals E. antarctica predominates, but there are a few intervals
where non-ice-related forms are more abundant. Diatoms are
absent or in low abundance between 17 and ~40 mbsf (lower
part of the Brunhes to the upper part of the Matuyama Chron,
just above the Jaramillo). A short interval, centered around 50
mbsf (just below the Jaramillo) also contains diatoms, but here
non-ice-related forms predominate. This is also true of the in-
terval between ~85 and 95 mbsf (lower part of the Matuyama
just below the Olduvai). Between ~ 130 and 160 mbsf (encom-
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Figure 5. Abundance of C. insignis and E. antarctica in Core E38-7
from the southeast Indian sector of the Southern Ocean.

passing all but the upper part of the Gauss) diatoms are com-
mon to abundant. At a few levels, E. antarctica exceeds 50% in
relative abundance, but at most levels non-ice-related forms pre-
dominate.

Percent opal ranges from about 2.5% to almost 20% in
Holes 697A and 697B. Mortlock and Froelich (in press) show
that the silica in clay contributes ~2%-3% to percent opal so
that opal may be present in low concentrations without diatoms
or radiolaria being present. In our data set we found that per-
cent opal may range up to 5% without diatoms or radiolaria be-
ing present, which does not seriously conflict with the results of
Mortlock and Froelich (in press). Our data also confirm the
conclusion of these authors that the opal content (in excess of
about 5%) reflects both the location and intensity of surface
water productivity.

DISCUSSION

We can identify broad paleoclimatic trends in Site 697 and
relate them to Pliocene/Pleistocene sections elsewhere in the
Southern Ocean. Chief among these is our interpretation of the
increase in relative abundance of the ice-related form E. antarc-
tica, in the upper part of the Gauss Chron. We suggest that this
occurrence, as well as upsection occurrences in the early Matu-
yama Chron, reflects reglaciation of Antarctica, possibly fol-
lowing partial deglaciation of the continent in the early Plio-
cene. Such a reglaciation would support a fringe of sea-ice
around the continent, although it would not be as extensive as
that during the late Quaternary (Burckle, 1984). While diatoms
are present and percent opal is high in the early and middle
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Figure 6. Abundance of C. insignis and E. antarctica in DSDP Site 514
from the Atlantic sector of the Southern Ocean. Magnetostratigraphy is
from Salloway (1983).
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Figure 7. Percent opal plotted against abundance of E. antarctica in
ODP Site 697 from the Jane Basin. Note that high opal content (i.e.,
> 5%) is associated with the occurrence of diatoms. Refer to Table 2 for
depths to magnetic reversals.
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Table 2. Age and depth of magnetic rever-
sals at Holes 697A and 697B.

Depth

Chron or Subchron Age (Ma)  (mbsf)

Blake Subchron, top 0.105 2.97

Blake Subchron, base 0.155 4.59
Brunhes Chron, base 0.73 30.0

Jaramillo Subchron, base 0.98 42,95
Olduvai Subchron, top 1.66 67.8
Olduvai Subchron, base 1.88 86.3
Matuyama Chron, base 2.47 105.7
C2AN-2, top 2.99 132.8
C2AN-2, base 3.08 138.7
C2AN-3, top 3.18 147.6

Gauss Chron, base 3.40 164.25
C3N-1, top 3.88 201.0
C3N-1, base 3.97 207.5
C3IN-3, top 4.40 247.2
C3N-3, base 4.47 261.0
C3N-4, top 4.57 295.7

Gauss Chron (suggesting more open-ocean conditions), the late
Gauss is marked by low percentages of opal and few or no dia-
toms in the sediment. This is also true for the early Matuyama
Chron. If we accept spring and summer sea-ice cover as the ma-
jor suppressant of diatom productivity in the Southern Ocean
then we would have to conclude that sea-ice stood over Site 697
during much of the year during this time interval.

Similarly, the absence of diatoms and the low percent opal
content of sediments deposited during much of the middle and
later Matuyama would argue for increased sea-ice cover over the
Jane Basin during this time. Warmer, open-ocean intervals are
noted near the Olduvai and Jaramillo Subchrons but the bulk of
our record for the Matuyama Chron support the conclusion of
Westall et al. (1987) that most of this interval is characterized by
extensive sea-ice cover with low seasonal contrast. Our results
for the early part of the Brunhes Chron are similar, at least for
the Jane Basin. During this time sea-ice cover over the basin ap-
parently extended well into the growing season. In contrast, the
later Brunhes is characterized by alternating open water (during
the growing season) and extensive, almost year-round, sea-ice.

Using a sea-ice proxy as a criterion for ice build-up on the
continent is also supported by data from other sites. DSDP Site
514 in the Atlantic sector shows increased relative abundance
(although modest, given its distance from the continent) of E.
antarctica in the upper part of the Gauss Chron with a larger in-
crease just above the Gauss. With the exception of piston Core
E50-33, and E13-3, all sites included in this study show an in-
crease in relative abundance of E. antarctica in the upper part
of the Gauss. The abrupt nature of the abundance drop of C.
insignis and the overlying abundance increase in E. antarctica in
Core E50-33 suggest to us an hiatus across the Gauss/Matu-
yama boundary at this site. Core E13-3 does not show any in-
crease in abundance of E. antarctica in any part of the Pliocene.
This is understandable since, even today, it is well outside the
range of ice, either sea-ice or icebergs. Although there are no re-
liable paleomagnetic data for cores E38-7 and E38-8, we are rea-
sonably sure that the biostratigraphy can be used to identify the
interval between the upper part of the Gauss and the lower part
of the Matuyama.

The glaciation scenario is similar to what was played out in
the Northern Hemisphere. Raymo et al. (in press) point out that
prior to 2.4 Ma the upper part of the Gauss Chron in the North-
ern Hemisphere is characterized, both sedimentologically and
isotopically, by glaciations only minimally smaller and some-
times greater than some of those that occurred after 2.4 Ma.
These authors further note that “the presence of ice-rafted de-



tritus (IRD) in the North Atlantic suggests that a significant
fraction of this ice must be located in the Northern Hemisphere,
yet we cannot rule out the possibility of ice growth in Antarc-
tica.” We suggest that ice growth also occurred on Antarctica
during this time.
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