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Abstract

Conventional qualitative and semi quantitative analyses of calcareous nannofossils and planktic foraminifers from

four cores (PS2704-1, PS2708-1, PS2709-1, E13-4) documenting the area of the Eltanin impact into the Bellingshausen

Sea were done to (a) identify sediment disturbances and reworking, (b) constrain the stratigraphic framework of the

impact-related sediment sequences, and (c) evaluate probable environmental consequences of the impact. The

calcareous microfossil stratigraphy from the autochthonous sediments above and below the impact-related sediments

places the impact event into the late Pliocene at around 2.15Ma, and indicates that sediments as old as middle Eocene

were disturbed by the impact. The qualitative and quantitative determination of displaced calcareous microfossils

allows the reconstruction of sediment disturbances, displacement, and resettlement related to the impact event. No signs

for significant changes in the assemblages produced and sedimented after the impact could be observed, indicating that

the impact had no major influence on regional or global climate conditions that can be detected in the geological record.

r 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction and objectives

Microfossil analysis of marine sediments related
to extraterrestrial impacts is a common tool for
biostratigraphic and paleoenvironmental recon-
struction. Undoubtedly, the Cretaceous/Tertiary
boundary impact is the most significant event in
which planktic microfossil biostratigraphy and
paleoecology have been used for general recon-

struction (e.g., Sidgurdsson et al., 1997). The
Eocene is another interval where impact-related
structures or material (e.g., microtektites) have
been studied, dated or interpreted using micro-
paleontological techniques (Keller, 1983, 1986;
Keller et al., 1983, 1987; Aubry et al., 1990; Wei,
1995).
In the mid-1960s, the USNS ‘‘Eltanin’’ recov-

ered several cores in the Bellingshausen Sea
(Pacific sector of the Southern Ocean; Fig. 1).
Studying the Eltanin cores, Kyte et al. (1981)
discovered an Iridium anomaly, linked to the
presence of extraterrestrial material input in the
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sediments. Later on, Kyte and Brownlee (1985),
Kyte and Smit (1986) and Margolis et al. (1990)
identified ejecta particles and other evidence of an
extraterrestrial body, interpreted as a basaltic
achondrite (an anomalous mesosiderite), and
named it the ‘‘Eltanin meteorite’’.
A more comprehensive exploration of the

Eltanin impact area was accomplished in 1995
during expedition ANT-XII/4 of the R.V. ‘‘Polar-

stern’’. This survey combined bathymetric, seismic
and marine-geological studies in the area of the
San Martin Seamounts, where highest concentra-
tions of impact debris have been encountered
during the previous studies (Kyte et al., 1988). The
obtained acoustic data and sediment samples
allowed Gersonde et al. (1997) to reconstruct and
reinterpret the impact scenario. These authors
found evidence of erosion and re-deposition of
sediments covering the time-span of the last
50m.y. (Fig. 1). According to Gersonde et al.
(1997), this sediment disturbance was produced by
the impact of an asteroid, 1–4 km in diameter, in
the deep ocean during the late Pliocene (ca.
2.15Ma).

In this study we report results from calcareous
nannofossil and planktic foraminifers analyses
focusing on: (1) the age of the impact, using
combined biostratigraphy schemes; (2) dating the
undisturbed materials that underlie the disturbed
sediments; (3) reworking and identification of the
age and provenance in the mixed layers; and (4)
paleoenvironmental characteristics of the calcar-
eous plankton after the impact event.

2. Material and micropaleontological techniques

2.1. Study area and sediment cores

The studied region is located on the Pacific-Aluk
portion of the Antarctic plate, in the Bellingshau-
sen Sea (Fig. 1). In the abyssal portions of this area
high-resolution seismic survey with Parasound
echosounding has revealed an acoustically well-
stratified sequence, underlain by a seismically
transparent sediments with a thickness between
20 and 60m, named the ‘‘Eltanin-Polarstern
Transparent Zone’’ (EPTZ) and interpreted as
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being impact-related (Gersonde et al., 1997). In the
area of highest flux of meteoritic ejecta
bathymetric mapping revealed a complex topo-
graphic high with minimum water depths of ca.
2500m, named the San Martin Seamounts. The
surrounding abyssal areas have depths around
5000m. Here we present micropaleontological
data from three sediment cores recovered during
the ANT-XII/4 expedition. The cores form a depth
profile from the top of the seamount (PS2709-1),
to intermediate water depths at the seamount’s
slope (PS2708-1), to the abyssal basin, east of the
seamount (PS2704-1) (Fig. 1; Table 1). From these
cores Gersonde et al. (1997) defined five sedimen-
tary units (SU I–V), which document the impact
event as well as autochthonous sediments below
and above the impact-related sequences. Addition-
ally, Eltanin core E13-4, located close to the
assumed impact site, was analyzed.

2.2. Calcareous nannofossils

Standard unprocessed smear slides were
made for all samples. Calcareous nannofossils
were examined using a light-polarized microscope
at 1000� magnification. Unless otherwise indi-
cated, we followed the taxonomic concepts
summarized in Perch-Nielsen (1985). For
morphometric concepts concerning the Gephyro-

capsa group, we followed the proposal of Raffi
et al. (1993).
Regarding nannofossil preservation, etching and

overgrowth are the most important features. In
order to establish a ranking of preservation we
followed previous code systems, such as that used

by Gersonde et al. (1999), considering both effects,
etching and overgrowth:

G=good (little or no evidence of dissolution
and/or secondary overgrowth of calcite; diag-
nostic characters fully preserved)
M=moderate (dissolution and/or secondary
overgrowth: partially altered primary morpho-
logical characteristics: nearly all specimens can
be identified at species level).
P=poor (severe dissolution, fragmentation,
and/or secondary overgrowth with primary
features largely destroyed; many specimens
cannot be identified at species level and/or
generic level).

The abundance of calcareous nannofossils was
estimated using the following criteria:

V (very abundant)=>50 specimens per field of
view.
A (abundant)=10–50 specimens per field of
view.
C (common)=1–9 specimens per field of view.
F (few)=1 specimen per 2–10 fields of view.
R (rare)=1 specimen in more than 11 fields of
view.

Data concerning calcareous nannofossil
abundance from different samples are provided
in Tables 2–4. Additionally, the proportion
between autochthonous and reworked nannofos-
sils was estimated by counting about 300 speci-
mens.

2.3. Planktic foraminifers

Samples for planktic foraminifers analyses were
washed over a 63-mm mesh sieve and dry sieved at
125 mm. The residues were split into suitable
aliquots of about 350 specimens, which were
counted afterwards. The fragmentation index
represents the ratio between whole planktic
foraminiferal shells and whole plus fragmented
shells. The content of the coarse-grained fraction is
the weight percentage of the residue larger than
125 mm relative to the weight of the dry bulk
sample.

Table 1

Location and water-depth of the RV Polarstern and Eltanin

cores

Core Situation Depth (m)

PS2709-1 57146.80S, 90159.90W 2707

PS2708-1 57135.40S, 91113.20W 3965

PS2704-1 57123.40S, 90148.40W 4961

E13-4 57147.20S, 90147.60W 4700
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3. Calcareous microfossil composition of

sedimentary units

3.1. Autochthonous undisturbed basal

sedimentsFsedimentary unit V

This sedimentary unit (SU V) is well documen-
ted in core PS2708-1 (1275–1450 cm) (Fig. 2). The
abundance of calcareous nannofossils in this
interval is very high, with a moderate degree of
preservation. A 20-cm interval analysis of this
interval revealed a uniform nannofossil assem-
blage (Table 2). The presence of common Reticu-

lofenestra umbilicus, whose first occurrence (FO) is
situated in the standard Martini (1971) Zone NP
16, as well as the absence of other frequent species
in the overlying ‘‘reworked’’ sediments, such as
Reticulofenestra bisecta (FO in NP 17 Zone), allow
us to assign a middle Eocene age (NP 16), about
41–43Ma (Berggren et al., 1995) to these sedi-
ments. This suggests that the geomagnetic polarity
sequence obtained from this interval represents an
interval ranging from the top of Chron C20n to
the base of Chron C18n.
The planktic foraminifers of unit SU V were

only analyzed in core PS2708-1. All planktic
foraminifers in this unit are of middle Eocene
age, corresponding to the biozone of Acarinina

Table 2

Relative abundance of calcareous nannofossil species in SU IV and SU V in the studied cores. Nomenclature given in the text (Section

2.2)

Species Martini zone (Perch-Nielsen, 1985) PS2708-1 PS2708-1 PS2704-1 PS2709-1 E 13-4

Coccolithus pelagicus gr. Wide range F F F F F

Coccolithus miopelagicus NN 1?-NN 8 F

Calcidiscus leptoporus NN2?-recent F R R

Cyclicargolithus floridanus NP 20-NN 6 F C C

Chiasmolithus spp. (rims) F A C C C C

Chiasmolithus expansus NP 12?-NP 16 F F F

Chiasmolithus solitus NP 12-NP 16 R F F

Chiasmolithus oamaruensis NP 18-NP 22? F R R

Chiasmolithus sp. cf. S. grandis NP 11?- NP 17 R R

Reticulofenestra hillae = R. samodurovii NP 14-NP 22 C R C C

Reticulofenestra umbilicus NP 16-NP 22 C R C C

Reticulofenestra sp. cf. R. pseudoumbilicus NN 7?-NN 15 F

Reticulofenestra oamaruensis NP 2-NP 22 R R

Reticulofenestra daviesii NP 16-NP 21 F F F

Reticulofenestra bisecta NP 15-NP 25? F F

Istmolithus recurvus NP 19-NP 21 R

Cribrocentrum reticulatum NP 16-NP 19 R R R

Cyclicargolithus protoannulus NP 14?-NP 20 C C C

Coronocyclus nitescens NP17?-NN4? F R R

Ericsonia formosa NP 12-NP 21 R R R R

Neococcolithes dubius NP 13-NP 18 R R R C

Discoaster deflandrei NP 11-NN 11 R R

Discoaster sublodoensis NP 13-NP 15 F

Discoaster lodoensis NP 12-NP 14 R

Discoaster septemradiatus NP 12-NP 14 R

Discoaster spp. F C

Sphenolithus moriformis NP 12-NN 9 R F R R R

Sphenolithus sp. cf. S. abies NN 10-NN 15 F F

Stratigraphic unit SU V SU IV SU IV SU IV SU IV

Interpretation Eocene NP16 Mixed Mixed Mixed Mixed
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Table 3

Relative abundance of calcareous nannofossil species in SU I in core PS2709-1. Nomenclature given in the text (Section 2.2)

Depth

(cm)

Abundance Preservation Small

Gephyrocapsa

P. lacunosa Medium

Gephyrocapsa

R.

asanoi

C.

pelagicus

C.

leptoporus

H.

carteri

Syracosphaera

spp.

Large

Gephyrocapsa

Sedimentary

unit

700 C M C F R F R R

710 A G V F R C F R

720 A G A F R R R C

725 A G V C R F F

730 A G V F R F C

740 A G V F F R C F

750 F M F F R R F F

755 F M R R F

760 C M R F R R C F

770 A G A F F F F R R

780 A M F F F C C

820 A M F R F A R

850 A M F F F A R

860 A M R R R A C

870 A M C F R A C

890 A M R R R A F

920 C M F R F C F

930 A G V F C A C F

950 A G V F F C F F

960 A G V R R A F

965 A G V C F A C F

970 C M R F C C R

1000 C M R C F F F

1040 C M C R R F R

1050 C M R C F F C

1060 C M C R F C R

1065 C M C C R R

1070 C M C R C F

1080 C M F C R

1090 F M F ? F R R

1095 F M F R F C

1100 F M R F R F F F F

1105 F M F R F F SU I

1110 F M A F R F C

1115 C M C C C C C

1120 C M F F F R C

1130 C M R F F F R C

1140 C M F F F F C

1200 C M R F R F R C

1230 C M R F F F F F
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Table 3 (continued)

Depth

(cm)

Abundance Preservation Small

Gephyrocapsa

P. lacunosa Medium

Gephyrocapsa

R.

asanoi

C.

pelagicus

C.

leptoporus

H.

carteri

Syracosphaera

spp.

Large

Gephyrocapsa

Sedimentary

unit

1250 A G A F A R F F A

1260 A G F R F F F R C

1270 C G C C F R F

1275 A G C A C F F

1280 C M R R F C R

1290 C M R R F C F

1300 C M F F F F R

1310 C M F F F A R

1315 C M F R F A R R

1320 F M F F F R

1340 F M F F F R

1400 C M F F F

1500 A M F A C

1540 A M F F A D R

1550 A M R A F R

1560 A M R A A F

1570 C M F C A

1600 C M F C R cf.

1620 C M F F

1640 C M F C C

1650 C M F F

1660 C M F F F

1668 C M F F F SU II

Reworked dominant (Eocene–Miocene)
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Table 4

Relative abundance of calcareous nannofossil species in SU I in core PS2708-1. Nomenclature given in the text (Section 2.2)

Depth

(cm)

Abundance Preservation Small

Gephyrocapsa

G.

oceanica

G.

caribbeanica

P.

lacunosa

Medium

Gephyrocapsa

R.

asanoi

C.

pelagicus

C.

leptoporus

H.

carteri

Large

Gephyrocapsa

Sedimentary

unit

349 F P R F F F

363 F P R F F F R

370 F M R R? F F F R

380 F M F F F R R

400 C M R R F C F

435 C M R F R F F F

463 C M R R R C R

498 F M F F F R R

530 C M R F R A F

560 F P C F C R

600 F M R F F F R SU I

630 F M R F R

656 F P F C F

690 F P F R F R

711 F M F F F F

740 C M R F F F

754 C M F F F

781 F M F R F

810 C M F R F F F

820 F M F R R

840 F M R R R F F

854 F M F C F

880 C P F F F

897 C M Reworked dominant (Eocene–Miocene) SU II
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collactea of Berggren (1992). Subbotina angipor-

oides, Globigerinatheca index, Acarinina primitiva,
and Chiloguembelina cubensis are the most fre-
quent species. At the boundary between SU V and
SU IV, planktic foraminifers are predominantly

Eocene in age, but a few specimens of Globorotalia

puncticulata, a typical Pliocene species, also have
been encountered (Fig. 3).
In core PS2704-1, sediments attributed to SU V

are barren of calcareous plankton due to its
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well as assignment of sedimentary units (SU) is according to Gersonde et al. (1997) CN=Calcareous nannofossils. Details of

calcareous nannofossil composition given in Tables 2 and 4.
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original position beneath the carbonate compensa-
tion depth (CCD) (see Table 1).

3.2. Impact-related depositsFsedimentary units

IV, III, and II

3.2.1. Sedimentary unit IV

This unit (SU IV) composed by an allochtho-
nous, chaotic mixture of sedimentary clasts with
different ages and lithologies was identified in all
studied cores, PS2708-1, PS2709-1 and PS2704-1.
The species composition and stratigraphic range of
the calcareous microfossils encountered in differ-

ent clasts and samples from the associated sedi-
ment matrix are mixed, revealing no down-core
sequence or pattern. Clasts in which calcareous
nannofossils are absent alternate with others
containing taxa labeled in Table 2, and include a
mixture of Eocene–Oligocene species. In these
cores, the matrix between the clasts contains
disconnected shields of Coccolithus pelagicus and
Calcidiscus leptoporus at various abundances ran-
ging from rare to few as well as few Reticulofe-

nestra sp. cf. R. pseudoumbilicus. Additional
species identified also in the clasts, indicate a
mixture of Paleogene and Neogene calcareous
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nannofossils. Samples taken from the lower
portion of SU IV in core PS2704-1 are devoid of
calcareous microfossils (Fig. 4).
Regarding planktic foraminifers, two intervals

were distinguished in core PS2709-1: in the lower
part (between the base and 1816 cm core depth),
the faunas are predominantly of Pliocene age
(Fig. 3). The most abundant species is G. puncti-

culata, and there are only very rare occurrences of
species with an age-range extending from the
middle Eocene to the lower Oligocene. Above this
interval (between 1806 and 1764 cm core depth),
the foraminifers are predominantly Paleogene in
age. The encountered assemblages are dominated
by S. angiporoides in the >125-mm fraction, and
by C. cubensis in the >62-mm fraction. These two
species are characteristic of the middle Eocene, late
Eocene and early Oligocene in the Kerguelen
Plateau area (Berggren, 1992). Both species were
extremely abundant during the late Eocene.
Pliocene assemblages were seen in samples at
1776 and 1764 cm core depth where G. puncticulata

occurs in very low percentages (Fig. 3).
In core PS2708-1, SU IV mostly contains

Pliocene foraminifers, although a few Paleogene
forms are frequent in some intervals, while in core
PS2704-1 the foraminiferal assemblages in SU IV
are dominated by Paleogene microfaunas. The
remaining fraction of the foraminiferal association
is characterized by Pliocene species (Fig. 3).
Because the Eltanin core E13-4 was in an

incomplete state and strongly fragmented 30 yr
after its recovery, the original sediment structure
could not be recognized when the core was re-
sampled for this study. The sediments below the
ejecta horizon (1298 cm core depth) have formerly
been interpreted to represent a continuous Eocene
section (Wei, 1993). However, discovery of sam-
ples consisting of zeolithic clays that are barren in
calcareous microfossils indicates that the sedi-
ments below the ejecta horizon are disturbed and
belong to SU IV (Gersonde et al., 1997). Due to
the incomplete state of the core, we could not
distinguish whether samples studied herein origi-
nates from clasts or the associated matrix. In
general the encountered calcareous nannofossil
assemblages differ from those obtained in the
cores PS2704-1, PS2708-1, and PS2709-1. Com-

mon occurrences of Discoaster sublodoensis, whose
FO is situated at the base of NP14, as well as the
presence of Discoaster lodoensis (FO at the base of
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Geomagnetic polarity record and its stratigraphic interpreta-

tion as well as assignment of sedimentary units (SU) is

according to Gersonde et al. (1997) CN=Calcareous nanno-

fossils. Details of calcareous nannofossil composition given in

Table 2.
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NP12 and last occurrence (LO) in middle NP14 at
about 50Ma; Perch-Nielsen, 1985; Berggren et al.,
1995), allow us to interpret a late early Eocene to
early middle Eocene age for most of the samples in
this interval. This represents the oldest strati-
graphic age obtained from sedimentary sequences
that document the impact.

3.2.2. Sedimentary units III and II

The laminated deposits of SU III are interpreted
to be sedimented from highly turbulent environ-
ments and reflect rapid sedimentation of well-
sorted sand-sized particles (Gersonde et al., 1997).
The sand fraction of SU III is mainly composed of
planktic foraminifers making up to 80% of the
bulk sediment. The presence of such sediments in
the abyssal basin (PS2704-1) documents that there
was an impact-related down slope gravitational
sediment transport from the seamount system. Its
occurrence on the top of the seamount indicates
rapid sedimentation from sediments stirred up in
to the water column. Interestingly, we observe a
decrease of the amount of Paleogene taxa with
decreasing water depth. In the core recovered from
the abyssal basin east of the seamounts (PS2704-
1), the planktic foraminifers in SU III are
dominated by Paleogene taxa, such as S. angipor-

oides, G. index, Subbotina linaperta, A. primitiva

and Catapsidrax dissimilis. The remaining portion
of the planktic foraminifers assemblage is Pliocene
in age (Fig. 3). In contrast, in core PS2708-1 taken
at the slope of the San Martin Seamounts, Eocene
taxa amount to about 30% while the rest are
Pliocene taxa. The assemblages obtained from core
PS2709-1 recovered at the crest of the seamount
are dominated by Pliocene taxa such as G.

puncticulata and Neogloboquadrina pachyderma

(sinistral), contributing between 80% and 90% to
the total assemblages. The remaining portion is
composed of Paleogene species, such as chilo-
guembelinids and subbotinids. Calcareous nanno-
fossils make up only minor portions in SU III and
the species are similar in the three investigated
cores. The most characteristic species are R.

umbilica, R. bisecta, Istmolithus recurvus, Discoas-

ter spp., Ericsonia formosa and Cyclicargolithus

floridanus, all pointing to Eocene and Oligocene
ages of the reworked sediments, together with C.

pelagicus and C. leptoporus, both frequent taxa in
Neogene sediments.
The sediments assigned to SU II are fine-

grained, generally graded and include meteoritic
ejecta and reworked sediment. At the base of this
unit highest concentration of meteoritic ejecta, the
so-called ejecta layer, has been encountered. This
sedimentary unit records rapid settling of most
probably airborne meteoritic ejecta and deposition
from a cloud of resuspended bottom sediment
through the water column. Due to the rather rapid
settling rate, thick deposits of SU II, as encoun-
tered in core PS2708-1, are not disturbed by
bioturbation (Gersonde et al., 1997). In the non-
bioturbated SU II of core PS2708-1 we found an
upward-decrease of Eocene foraminifers from
80% to 20% of the total assemblages. In the
abyssal core PS2704-1, no calcareous microfossils
were encountered due to carbonate dissolution
(Fig. 4). In contrast to SU III, SU II contains high
amounts of calcareous nannofossils in the cores
recovered above the CCD (PS2708-1, PS2709-1),
which document the settling of fine-grained sedi-
ment stirred-up in the water column by the impact.
The calcareous nannofossil assemblages observed
in these cores are the similar to those described
from SU III, containing variable proportions of
Oligocene and Neogene species such as Coccolithus

miopelagicus, Reticulofenestra pseudoumbilicus and
I. recurvus. In PS2708-1 around 90% of the
calcareous nannofossil assemblages of SU II
consist of reworked Paleogene taxa, showing a
sharp decrease in the uppermost portion of SU II
where the composition of the rapidly accumulated
sediments start to be influenced by bioturbation.
The assemblages in the following late Pliocene
portion of SU I are only affected by minor
admixtures of Paleogene taxa (Fig. 2). A different
pattern occurs in the SU II section obtained in
PS2709-1. Here, the maximum of reworked
Paleogene taxa reaches up to 80% of the total
assemblages, and in the lowermost portion of SU I
up to 20% of the total calcareous nannofossil
assemblages can consist of Paleogene species
(Fig. 5), together with rare occurrences of Paleo-
gene foraminifers (in particular C. cubensis). This
pattern can be explained by bioturbation, which
affects the rather thin SU II section in PS2709-1
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and leads to an up section admixture of reworked
Paleogene taxa.

3.3. Post-impact depositsFsedimentary unit I

This unit (SU I) comprises bioturbated calcar-
eous and biosiliceous sediments deposited after the
impact. The degree of preservation of the calcar-
eous nannofossils varies from poor to good in
cores PS2709-1 and PS2708-1 (Tables 3 and 4).
Core PS2704-1 is devoid of calcareous nannofos-
sils because of its location below the CCD. Here
we focus on the dating of the lowermost section of
SU I, as an indicative age for the asteroid impact.
Comprehensive information on the calcareous
nannofossil stratigraphy from the middle and

upper portion of SU I in PS2708-1 and PS2709-1
is presented in Flores et al. (2000).
Common records of Pseudoemiliania lacunosa

and the absence of R. pseudoumbilicus which has
its LO at ca. 3.8Ma (Gartner, 1990; Rio et al.,
1990; Raffi and Flores, 1995; Flores et al., 1995)
indicate a late Pliocene age of the lowermost
portion of SU I. Because some other prominent
upper Pliocene calcareous nannofossil markers,
such as taxa of genus Discoaster and Calcidiscus

macintyrei are absent, a more precise dating of this
interval, based on the calcareous nannofossil
occurrence pattern, was impossible. The lack of
the warmer water taxa Discoaster spp. and C.

macintyrei is interpreted to be related to the
presence of a cold-water environment in this
region. Gersonde et al. (1997) placed the impact

Fig. 6. Correlation of biostratigraphic and paleomagnetic events and sedimentary units of cores PS2709-1, PS2708-1 and PS2704-1.
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age in the late Pliocene Thalassiosira kolbei-

Fragilariopsis matuyamae diatom zone and identi-
fied the geomagnetic polarity event, which occurs
in the lowermost portion of SU I immediately
above the impact-related deposits to represent
C2r.1n. This event has an age between 2.15 and
2.14Ma, according to Cande and Kent (1995). The
FO of Gephyrocapsa >5.5 mm, dated at 1.44 to
1.453Ma (Raffi et al., 1993; Wei, 1993), was
observed at 1300 cm in core PS2709-1, allowing the
identification of the paleomagnetic reversal re-
corded at 1400 cm as Chron C2n (Olduvai) (Figs. 4
and 6). In core PS2708-1, the FO of Gephyrocapsa

>5.5 mm occurs at 825 cm, marked by a discon-
formity as derived from diatom biostratigraphic
results (Gersonde et al., 1997). Due to the presence
of this disconformity the period including Chron
C2n is absent in this core (Fig. 2). The LO of
Gephyrocapsa >5.5 mm, dated at 1.240–1.227Ma
(Raffi et al., 1993; Wei, 1993) in cores PS2709-1
and PS2708-1 predates a brief geomagnetic epi-
sode of normal magnetic polarity, which was
interpreted to represent C1r.2r-1n (Cobb Moun-
tain event) (Figs. 2 and 5). According to Wei
(1993), the species Reticulofenestra asanoi ranges
between 1.07 and 0.95 and 0.88Ma its presence in
the above-mentioned cores allows the identifica-
tion of subchron C1r.1n (Jaramillo).

4. Discussion

4.1. Mixture evaluation and sedimentary

reconstruction

Displaced sediments ranging in age from Eocene
to Pliocene characterized the impact-related sedi-
ment interval, consisting of sedimentary units IV
to II. The age and lithologies of clasts deposited in
SU IV are similar to those of the sediments
identified in SU V (Middle Eocene in PS2708-1)
plus others including typical Oligocene and Neo-
gene calcareous planktic microfossils. Samples
from SU III in core PS2704-1 contain abundant,
well-preserved Paleogene and Pliocene foramini-
fers (Fig. 3), although this unit was located well
below the CCD at the time of the impact. The
presence of these foraminifers indicates down-

slope transport from the seamount. The preserva-
tion of foraminifers in sediments well below the
CCD is anomalous and can only be explained by
rapid burial during deposition. The finding of a
single meteoritic fragment, 1.5 cm in length, in the
top portion of SU III in PS2904-1 indicates, that
the deposition of SU III at this site did not
conclude until 4 h after the impact, considering a
settling rate of 37 cm s�1 of the fragment and the
water depth of around 5000m (Gersonde et al.,
1997). Besides the calcareous components docu-
menting gravitational down-slope transport into
the abyssal basins, the presence of clasts devoid of
calcareous plankton, probably originating from
abyssal areas (sub CCD), at intermediate water
depths (PS2708-1) indicates impact-related up-
slope transport (Gersonde et al., 1997).
Even more complicate is the interpretation of

the laminated foraminiferal ooze of SU III
recovered on the seamount crest (PS2709-1). These
sediments are upward graded as documented by
the upward decrease in the fraction >62 mm
(below referred as coarse-grained fraction). How-
ever, the fragmentation index shows an upward
reduction of fragmented foraminiferal shells, a
pattern that cannot be explained yet (Fig. 3).
Because the re-deposited foraminifers mainly
consist of Pliocene taxa, it can be speculated that
the foraminifers have been rapidly re-deposited
from a stirred up sediment mainly originating in
those portions of the seamount system that were
located above the CCD. The rather small admix-
ture of Paleogene taxa may be interpreted to
indicate that Paleogene deposits from the sea-
mount crest have not been strongly affected by the
impact. However, the apparent differences in the
grain size distribution of Paleogene and Pliocene
sediments recovered in the area of the San Martin
Seamounts also may affect the abundance and age
distribution of the calcareous microfossils from the
impact-related sedimentary units IV-II. The cal-
careous Paleogene sediments contain a relatively
low proportion of coarse-grained particles, which
is dominated by well preserved planktic foramini-
fers, as documented in SU V of core PS2708-1
(Fig. 3). This can be related to the low ratio
between foraminifers and calcareous nannofossils
in the Paleogene deposits and to the generally
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small size-range of foraminifers from Paleogene
sediments, resulting in a higher proportion of these
forms in the finer-grained fractions. Calcareous
Pliocene sediments from SU I in cores PS2709-1
and PS2708-1 contain relatively larger amounts of
coarse-grained biogenic particles. The effect of
different size fractions of the Pliocene and
Paleogene foraminifers on the age and abundance
pattern of calcareous microfossils is nicely docu-
mented by the occurrence of significant amounts
of Paleogene foraminifers in the predominantly
fine-grained sediments of SU II recovered in
PS2708-1, while their occurrence in the more
coarser-grained SU III of the same core is less
important (Fig. 3). The described pattern indicates
that on the seamount Paleogene deposits also were
affected and disturbed significantly by the impact
event. This is also supported by the overwhelming
occurrence of Paleogene calcareous nannofossils in
the SU II sediments deposited above the CCD
(Figs. 2 and 5). Reasons for the dominant occur-
rence of Paleogene foraminifers in the SU III
sequence of the abyssal core PS2704-1 may be two-
fold: The relatively small-sized Paleogene forami-
nifers in this turbidite may be abundant because of
sorting effects within the down-slope gravitational
flow that did not allow the transport of the
generally coarser-grained Pliocene taxa into the
depositional area of PS2704-1. Additionally, Pa-
leogene foraminifers in the abyssal core PS 2704-1
also could originate in sediments now at abyssal
depths. Considering that basement age in the
impact area is Paleocene, according to Cande and
Kent (1995), Paleocene foraminifers could have
been originally deposited in this area within
shallower water depth (above the CCD). Yet no
foraminifers-bearing Paleogene sediments are
known from the impact area, but recent compre-
hensive coring around the San Martin Seamounts
also may have recovered such sediments (Ger-
sonde, 2002).

4.2. Paleoenvironmental Reconstruction after

impact

The sedimentary unit I includes late Pliocene
and Pleistocene calcareous nannofossil assem-
blages (Tables 3 and 4) characteristic of Sub-

antarctic-Antarctic regions (Gard and Crux, 1991;
Wei and Wise, 1992; Flores et al., 2000). The
abundance and species distribution pattern of
these assemblages do not indicate significant
changes between the period immediately after the
impact (2.15Ma) and about 1Ma. However, the
relatively low sedimentation rates and extensive
bioturbation of the post-impact sediments pre-
clude the documentation of the paleoenvironmen-
tal development following immediately after the
impact. Only studies based on high-resolution
sampling from material deposited at high sedi-
mentation rates may reveal short-term changes
related to the impact. Such studies may indicate if
there is a close relationship between the impact
and distinct climatic changes such as the Marine
Isotope Stage 82, a distinctly cold glacial period
(Shackleton et al., 1995) that occurs at or close to
the time of the impact event.
To date there is no indication for a global

environmental response to the Eltanin impact that
is recorded by the distribution pattern or the
evolution of calcareous nannofossils. In the
Atlantic and in the Equatorial Pacific, a distinct
reduction of Discoaster has been observed at the
end of the Pliocene, parallel to a reduction in the
total abundance of reticulofenestrid assemblages
(Backman and Pestiaux, 1987; Chepstow-Lusty
et al., 1992; Flores et al., 1995). This process,
however, was progressive during the late Pliocene,
and is related to other paleogeographic and
climatic changes such as the closure of the Panama
Strait and the Northern Hemisphere glaciation
(Keigwin, 1978, 1982; Raymo et al., 1989; Shack-
leton et al, 1984), rather than the impact. A
comparable pattern has been observed in analo-
gous situations, such as the Eocene impacts were
abrupt changes after the ‘‘bombardment’’ are still
unknown (Saunders et al., 1984; Aubry et al.,
1990).
Similar to the calcareous nannofossil record, the

assemblages of planktic foraminifers do not show
any significant changes in the sediment record
immediately after the impact. In SU I of core
PS2709-1, the late Pliocene assemblage is domi-
nated by N. pachyderma (sinistral) together with
Globigerina bulloides and G. puncticulata (ancestor
of Globorotalia inflata). High co-occurrences of N.
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pachyderma (sinistral) and G. bulloides are indica-
tive for surface water temperatures ranging be-
tween about 61C and 121C, typical for the area
between the Subantarctic Front and the Subtropi-
cal Front (Niebler and Gersonde, 1998).
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