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1. LEG 198 SUMMARY1

Shipboard Scientific Party2

ABSTRACT

The mid-Cretaceous (~125–85 Ma) and early Paleogene (~65–34 Ma)
were characterized by some of the most equable climates of the Phaner-
ozoic and are among the best known ancient “greenhouse” climate in-
tervals. In addition, these intervals contain some of the most abrupt
and transient climatic changes in the geologic record, including the Pa-
leocene–Eocene Thermal Maximum (PETM), the mid-Maastrichtian
deepwater event (MME), and the early Aptian Oceanic Anoxic Event
(OAE1a). These critical transitions involved dramatically modified oce-
anic circulation patterns, profound changes in geochemical cycling,
and abrupt turnover in marine biotas. Recent ocean drilling efforts have
led to profound advances in our understanding of the ocean and cli-
mate dynamics of a warm Earth; however, we have yet to gain a firm
knowledge of how atmospheric or deep-ocean circulation operates in
the apparent absence of substantial thermal gradients, how rapid re-
moval of important elements such as nutrients in some of these events
is maintained for a long period of time, and exactly how environmental
changes cause extinction and speciation of marine biotas.

Ocean Drilling Program (ODP) Leg 198 on Shatsky Rise was designed
to address the causes and consequences of Cretaceous and Paleogene
global warmth. The objectives were to address the origin of the long-
term climatic transition into and out of “greenhouse” climate as well as
abrupt climatic events. Shatsky Rise, a medium-sized large igneous
province in the west-central Pacific, contains sediments of Cretaceous
and Paleogene age at relatively shallow burial depths on three promi-
nent highs. As a result, sediments of both ages can be reached readily
through drilling, and fossil materials are sufficiently well preserved for
stable isotope and trace element analyses and for faunal and floral as-
semblage studies.

1Examples of how to reference the 
whole or part of this volume.
2Shipboard Scientific Party 
addresses.
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Eight sites were cored during Leg 198 on a broad depth transect (Ta-
ble T1) designed to characterize changes in the nature of surface and
deep waters through time, including vertical gradients of temperature,
oxygenation, and corrosiveness. Six sites were cored on the Southern
High, and one each on the Central and Northern Highs. The Southern
High had been cored during previous Deep Sea Drilling Project (DSDP)
and ODP legs; thus, the general stratigraphy of this area was known
prior to drilling. The Central and Northern Highs, however, had not
been cored previously.

A virtually complete section from the Holocene to the lowermost
Berriasian (lowermost Cretaceous) was cored on Shatsky Rise. Leg 198
also cored the first igneous rocks from Shatsky Rise, predominantly dia-
base sills that may represent a regional intrusive event. Multiple coring
produced a composite section for all but a small portion of the Ceno-
zoic. Prominent orbital cycles throughout the Cenozoic hold significant
potential for both the precise correlation between holes and sites and
for improving the resolution of the Cenozoic timescale.

A number of critical transitions were cored during Leg 198, most in
multiple holes from several sites. Dark-colored claystones rich in or-
ganic carbon (Corg) and porcellanites of early Aptian OAE1a were recov-
ered at three different sites. Samples from two of these sites have ex-
tremely high organic carbon contents, up to 34.7 wt%. This organic
matter is marine in origin and of exceptional preservation, containing
evidence for cyanobacteria and the oldest known alkenones, com-
pounds produced by haptophyte algae. The preservation of organic
matter and common lamination suggests deposition and diagenesis in
highly dysoxic or anoxic environments. Nannofossil and radiolarian
biostratigraphy indicate that the three sections correlate with sediments
representing OAE1a at other sites in the Pacific and southern Europe,
including the well-known Selli level of Italy. The recovered organic-rich
sequences are possibly the best pelagic records of OAE1a.

A significant representation of the MME was recovered at two sites.
Clusters of large Inoceramus prisms are seen in the cores for several
meters but disappear abruptly. This disappearance is in the same strati-
graphic position in two sites at ~69 Ma and correlates to the Inoceramus
extinction and the isotopic shifts that mark the MME at other deep-sea
locations. Prisms have been noticed in three additional sites as well.
The significance of the short range of visible specimens in this open-
ocean setting is not currently understood. Benthic foraminiferal data
from the Shatsky Rise depth transect will help to accurately characterize
the changes in deepwater properties across this event.

A remarkable set of cores was taken across the Cretaceous/Tertiary
(K/T) boundary at four sites on the Southern High and in nine separate
holes. The lithostratigraphy of the boundary succession is similar in all
of the holes, allowing precise correlation between records. The upper-
most Maastrichtian whitish nannofossil foraminiferal ooze contrasts
strongly with the pale orange, clay-rich lowermost Danian foraminif-
eral ooze. The contact is affected by bioturbation, but otherwise the
boundary interval is undisturbed.

Preliminary biostratigraphy shows the well-established, abrupt
change in nannofossil and planktonic foraminiferal assemblages across
the boundary at all sites. Careful sampling of burrows of Danian ooze
within the top of the Maastrichtian yields spherules that are probably
altered tektites. The same reaches of the burrows contain highly abun-
dant, minute planktonic foraminiferal assemblages that possibly repre-
sent basal Paleocene Zone P0. This is the first time the basal Paleocene

T1. Operations summary, p. 145.
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zone has been identified in the deep sea. Even though the K/T bound-
aries on Shatsky Rise have been affected by bioturbation, the substan-
tial thickness of the uppermost Maastrichtian Micula prinsii (CC26)
Zone and the lowermost Danian Parvularugoglobigerina eugubina (P�)
Zones indicates that the boundary is paleontologically complete. The
Shatsky Rise sections represent one of the best preserved and least dis-
rupted deep-sea records of this major extinction event, as well as the
subsequent radiation.

The PETM, one of the primary targets of Shatsky Rise coring, was re-
covered in 10 separate holes at four sites on the Southern High. These
sites provide a depth range of ~500 m, designed to test the response of
the ocean to the hypothesized massive input of methane hydrate. In all
but one of the holes, the PETM corresponds to an 8- to 23-cm-thick
layer of yellowish brown, clayey nannofossil ooze with a sharp base and
a gradational top. At several sites, an extremely thin (1 mm) dark brown
clay seam lies at the base of the PETM, corresponding to a sharp de-
crease in carbonate content as indicated by color reflectance data. One
hole at the deepest site, Site 1211, has an unconformity right above the
clay seam. In all of the other holes, preliminary biostratigraphy suggests
that the PETM interval is complete. The Paleocene/Eocene boundary in-
terval was also recovered at Site 1208 on the Central High, although it
is currently uncertain whether this record contains the PETM. This deep
site will extend the depth transect another 450 m.

The PETM interval in all of the Southern High sites contains a clear
record of nannofossil and planktonic foraminiferal assemblage transfor-
mation at this time of major environmental upheaval. Planktonic fora-
miniferal assemblages within the clay-rich interval contain an ephem-
eral group of ecophenotypes or short-lived species of the genera
Acarinina and Morozovella observed at other tropical and subtropical lo-
cations. All sites show a general deterioration in nannofossil preserva-
tion at the onset of the event and contain abundant 10- to 20-µm-sized,
bladey calcite crystals that are thought to have been derived from pre-
cipitation of dissolved carbonate.

The general changes in lithology suggest a transition from paleo-
depths at the shallower sites that were less sensitive to changes in car-
bonate solubility in the deep ocean (Sites 1209, 1210, and 1212), to
those that were at depth ranges highly sensitive to changes across the
PETM interval (Sites 1208 and 1211). The decrease in carbonate content
and deterioration in nannofossil preservation are evidence for an
abrupt rise in the level of the calcite compensation depth (CCD) and
lysocline during the PETM, the predicted response for a massive release
of methane into the ocean-atmosphere system.

A major deepwater cooling event that coincides with intensification
of glaciation on Antarctica occurred during the Eocene–Oligocene tran-
sition. Leg 198 recovered records in a total of nine holes at four sites
across a large depth range to test the response of the tropical Pacific
Ocean to this cooling event. Cooling is thought to have indirectly led
to a gradual deepening in the CCD as a result of increased physical
weathering on continents or intensification of deep-sea circulation. In
all of the holes, the transition is associated with a lightening in the
color of the sediment associated with an increase in carbonate content.
This transition takes place over 4 to 7.5 m at the Southern High sites,
but over 1 to 2 cm at Site 1208 on the Central High. The distinctive
color change in the all of the records reflects a pronounced deepening
in the CCD during the Eocene–Oligocene transition. The sharp bound-
ary at Site 1208 indicates a considerable deepening in the CCD in this
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region. Preliminary data show that the prominent change in lithology
occurs just before or within the time of cooling. However, further anal-
ysis is required to determine the exact timing of this event and the na-
ture of the deepwater changes on Shatsky Rise.

Coring on Shatsky Rise also provided a number of surprises. At sev-
eral sites on the Southern High, a prominent clay-rich horizon in the
mid-Paleocene (~58 Ma) corresponds to increased carbonate dissolu-
tion. The layer occurs very close to the evolutionary appearance of Dis-
coaster, a genus that dominated assemblages for a considerable duration
in the Cenozoic. Planktonic foraminifers are characterized by a nearly
monogeneric assemblage of Igorina. The level represents an abrupt envi-
ronmental change on Shatsky Rise, the nature of which will be investi-
gated during postcruise research. On the Central and Northern Highs,
expanded, mixed siliceous-calcareous Neogene sequences were recov-
ered that are potentially significant for advances in biochronology and
magnetochronology of this time interval. These sections are strongly
cyclic and have potentially significant high-quality paleoceanographic
records. Site 1208 on the Central High is an excellent candidate for the
development of a paleomagnetic intensity record for the Neogene of
the Pacific Ocean. At the opposite end of the stratigraphic column, an
organic-rich horizon in the Valanginian at Site 1213 may represent the
first deep ocean record of an anoxic event that was previously thought
to be confined to the Tethys.

INTRODUCTION

Leg 198 was designed to obtain a depth transect of the Cretaceous
through Paleogene Pacific Ocean to advance our understanding of the
behavior of Earth’s climate during “greenhouse” intervals. The Creta-
ceous and Paleogene are an extended interval of global warmth, on
which are superimposed some of the most abrupt and transient climatic
changes in the Phanerozoic, including the Paleocene–Eocene Thermal
Maximum (PETM) (e.g., Kennett and Stott, 1991; Zachos et al., 1993),
the mid-Maastrichtian event (MME) (e.g., MacLeod and Huber, 1996),
and the early Aptian Oceanic Anoxic Event (OAE1a) (e.g., Bralower et
al., 1994; Erba et al., 1999). These transient events, less than a million
years in duration, are associated with abrupt changes in sea-surface
temperatures (SSTs) (e.g., Zachos et al., 1994), switches in the mode of
deep sea circulation (e.g., Frank and Arthur, 1999), drastic changes in
primary production in surface waters and in marine environments, pro-
found turnover in marine communities (e.g., Erba, 1994; Kelly et al.,
1996; Thomas, 1998), and sharp changes in geochemical cycling and
burial of organic and inorganic materials (e.g., Arthur et al., 1985; Dick-
ens et al., 1995). A surge in interest in transient climate events has ac-
companied the recognition that they may have involved rates of input
of greenhouse gases similar to modern emissions (e.g., Dickens et al.,
1997; Norris and Röhl, 1999).

The last couple of decades of ocean drilling have provided a number
of high-quality records of the mid-Cretaceous and Paleogene interval of
global warmth. Stable isotopic and micropaleontological investigations
of these sections allowed us to compile detailed long-term records of
sea-surface and deepwater temperatures and to identify times of peak
warmth, as well as transitional intervals into and out of this “green-
house” interval (e.g., Huber et al., 1995; Jenkyns et al., 1995; Clarke and
Jenkyns, 1999; Norris and Wilson, 1998; Erbacher et al., 2001; Wilson
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and Norris, 2001). Combination of data from low- and high-latitude
sites can help us determine thermal gradients; however, we can still
only speculate about the nature of deep sea circulation. Moreover, we
still do not have a complete understanding of how global warmth was
maintained for long periods of time with apparently low thermal gradi-
ents (e.g., Sloan and Thomas, 1998; Huber and Sloan, 2000), nor do we
completely understand how these thermal gradients affected deep-sea
circulation patterns. We have also yet to determine how the ocean
maintains apparently high or low fertility states for extended intervals
and how this affected the balance of key nutrients. Finally, we do not
fully understand the detailed mechanisms that transform marine com-
munities during times of abrupt environmental change.

One of the largest obstacles facing our understanding of Cretaceous
and Paleogene climate and ocean circulation is that many good strati-
graphic sections have been buried at depths where diagenetic alteration
has obscured stable isotope and other climate proxies. In other se-
quences, spot-coring, coring gaps, and drilling disturbance hinder de-
tailed paleoceanographic studies. The result is that site coverage is un-
even and almost nonexistent in some areas. This is especially the case
for the Pacific Ocean. The areal extent and importance of the Pacific in
global circulation, however, makes it a critical target for drilling of
warm climatic intervals.

One of the most promising locations in the Pacific for recovering
Cretaceous and Paleogene sediments at relatively shallow burial depths
is Shatsky Rise, a medium-sized large igneous province (LIP), in the
west-central Pacific (Fig. F1). Shatsky Rise has been the target of three
Deep Sea Drilling Project (DSDP) expeditions—Legs 6, 32, and 86—and
Ocean Drilling Program (ODP) Leg 132. The highest quality paleocean-
ographic record was obtained during Leg 86 at Site 577, which was lim-
ited to the Paleogene and uppermost Maastrichtian. Some sites in the
older legs were spot-cored, and chert lowered recovery in Cretaceous
sections. Rotary coring of the unconsolidated Cenozoic section has led
to considerable disturbance. Yet even with an extremely patchy record,
SST estimates obtained from isotopic analyses of Shatsky Rise sediments
have provided scarce but important data for our understanding of Cre-
taceous and Paleogene climates. The Leg 198 depth transect was de-
signed to provide additional data from the tropical Pacific as well as a
representative open-ocean signal.

The majority of sites used in current paleoceanographic investiga-
tions were situated at relatively shallow paleodepths, mostly <2000 m.
The selected Shatsky Rise sites provide a depth transect spanning 1500
m of the water column, providing us the opportunity to sample true in-
termediate and deep waters. Even though the paleodepth estimates for
the Leg 198 sites are somewhat uncertain, their broad depth range en-
sures that the deepest sites will lie below previously drilled sites. Exist-
ing recovery from Shatsky Rise demonstrates that pristine isotope-grade
material will be recovered for most of the interval of interest due to its
relatively shallow burial depth. This will allow the following objectives
to be addressed:

1. Filling the Pacific gap in paleoenvironmental data sets to com-
plete global reconstructions and modeling of the physical and
chemical parameters of warm oceans.

2. Reconciling the nature of climatic forcing during the Cretaceous
and Paleogene by monitoring changes in the properties of sur-
face and deep waters. This will help to constrain the character
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and stability of intermediate and deepwater circulation, vertical
thermal gradients, and basin fractionation during ancient inter-
vals of extreme warmth.

3. Understanding how apparently cooler tropical SSTs and low me-
ridional thermal gradients were maintained during “green-
house” climate intervals.

4. Shedding light on the origin of transient climatic events such as
the Eocene/Oligocene (E/O) boundary, the PETM, late Paleocene
and early Eocene hyperthermals, and the MME. The depth tran-
sect will also help address questions concerning the nature of
chemical (i.e., calcite compensation depth [CCD], nutrients, and
oxygenation) and physical oceanographic changes (temperature
gradients) during these events.

5. Understanding water column stratification during mid-Creta-
ceous OAE as well as obtaining complete records of organic-rich
sediments suitable for detailed paleontological and geochemical
investigations. These data will allow us to more fully determine
the response of marine biotas to abrupt environmental changes
and to constrain changes in carbon and nutrient cycling during
the OAEs.

6. Examining Lower Cretaceous sedimentary rocks from Shatsky
Rise would allow us to address (a) how evolutionary records of
microplankton from the Pacific compare with those derived else-
where, (b) if there is any record for Corg-rich levels in the Valang-
inian that might correlate with carbonaceous levels in Europe,
and (c) fluctuations in the CCD through time and the major
forces driving these changes.

7. Determining the age, composition, and nature of basement
rocks would add valuable information to models of the origin of
Shatsky Rise and LIPs in general.

The Shatsky Rise sedimentary section should also allow a number of
additional questions to be addressed. These questions include (1) deter-
mining the origin of orbital cycles expressed in the sedimentary record,
(2) reconstructing the history of the CCD in the northern Pacific, (3) de-
termining the subsidence track of Shatsky Rise through time and com-
paring it with tracks for other features in the Pacific, (4) recreating Paleo-
gene and Neogene atmospheric circulation patterns from the distribu-
tion and composition of eolian materials, and (5) refining the geologic
timescale based on orbital chronology and the correlation between bio-
stratigraphy and magnetostratigraphy.

Tectonic Evolution of Shatsky Rise

Shatsky Rise, a broad elevation in the west-central Pacific, is the old-
est existing oceanic plateau. The rise is 1650 km long, and 450 km wide
and consists of three prominent highs (Southern, Central, and North-
ern) arranged in a southwest-northeast trend (Fig. F2). The Southern
High, also known as Shatsky Plateau, is the largest high with a length of
~700 km and a width of ~300 km. Central and Northern Highs are less
than half the size of the Southern High. The highs have tops at 2.5–3.5
km and gentle flanks that rise from the surrounding seafloor at 5.5–6
km. This topography is consistent with production by effusive flood ba-
salt–style volcanism. The highs are volcanic edifices that are sur-
rounded by normal oceanic lithosphere and a group of ~80 seamounts
(Sager et al., 1999). Although there has been no basement drilling of
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Shatsky Rise, altered basalts have been dredged, implying the volcanic
nature of the edifice (Sager et al., 1999).

Southern High is elongated southwest to northeast with a subcircular
summit that rises to a water depth of ~2400 m (Fig. F2). The sediment
pile on the high is up to ~1200 m thick (Sliter and Brown, 1993). Juras-
sic–Cretaceous rudists and corals have been dredged from the south
edge of the Southern High summit, suggesting that the Southern High
was emergent early in its history (Sager et al., 1999).

Central High is subcircular with a broad summit rising to water
depths of ~3000 m capped by a sedimentary section up to 1 km in
thickness (Sager et al., 1999). Underneath the sediments are a series of
basement ridges and faults. The Central High flanks appear to follow
lineation and fracture patterns, and thus were likely shaped by ridge
tectonics (Sager et al., 1999). The smallest of the highs, Northern High,
has a domed summit rising to 3100 m. The sediment package on this
high reaches ~1 km in thickness (Sager et al., 1999). The shape and ori-
entation of the flanks also suggest that they were formed by ridge tec-
tonics (Nakanishi et al., 1999; Sager et al., 1999).

Shatsky Rise intersects the southwest-northeast–trending Japanese
magnetic lineations and the northwest-southeast–trending Hawaiian
lineations (Nakanishi et al., 1989). Thus the regional magnetic anoma-
lies of the abyssal Pacific seafloor surrounding Shatsky Rise exhibit a
nearly orthogonal pattern (Sager et al., 1988; Nakanishi et al., 1989,
1992) with the presumed intersection of the anomalies near the crest of
the rise. The observation of lineations continuing through Shatsky Rise
indicates that it formed on oceanic lithosphere (Nakanishi et al., 1999).

The rise is bracketed by magnetic polarity Zones M21 and M10N (Fig.
F3), with a progression of ages and decreasing volume of highs from
southwest to northeast (Southern to Northern High) (Sager and Han,
1993). Because the rise lies at the confluence of the Hawaiian and Japa-
nese magnetic lineation sequences, its formation is thought to be re-
lated to the evolution of the triple junction that formed the lineations
(e.g., Larson and Chase, 1972; Hilde et al., 1976). Magnetic lineations
cross only the lower part of the three highs, suggesting that they are
volcanic edifices separated by normal lithosphere (Nakanishi et al.,
1999). Nakanishi et al. (1989) proposed that Shatsky Rise formed by a
magmatic pulse at a hotspot triple-junction intersection beginning in
polarity Chron CM21 in the Tithonian (Late Jurassic) and ending at ap-
proximately polarity Chron CM12 in the Valanginian (Early Creta-
ceous). Age gaps between the highs suggest that plateau volcanism was
episodic. Sager and Han (1993) noted uniform reversed magnetization
on the Southern High and proposed that it formed rapidly during one
reversed polarity chron, although the calculated rate of formation was
somewhat slower than Ontong Java Plateau (Tarduno et al., 1991). The
rise may have formed by the eruption of a large igneous pile during ini-
tial plume head activity (Sager and Han, 1993; Sager et al., 1999).

A number of lineations form magnetic bights in the middle of the
rise. These bights indicate past locations of triple junctions (Nakanishi
et al., 1999; Sager et al., 1999). Bights older than M22 occur south of
Shatsky Rise. Bights between M19 and M14 are found between the
Southern and Northern Highs. Gaps between magnetic lineation bights
indicate large triple-junction jumps (Nakanishi et al., 1999). It is possi-
ble that the triple-junction movement was caused by ridge jumps as the
triple junction moved to stay over the plume, which drifted northeast
relative to the Pacific plates as the plates moved over the mantle. The
formation of Shatsky Rise occurred about the same time as an 800 km
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eastward jump of the Pacific-Izanagi-Farallon Triple Junction and reor-
ganization of Pacific-Izanagi Ridge between Chrons CM21 and CM19.
The ridge jump was possibly caused by the eruption of Shatsky Rise.
Other ridge jumps occurred around the time of the formation of the
Central and Northern Highs (Nakanishi et al., 1999; Sager et al., 1999).

Although paleoreconstructions have a great deal of uncertainty,
Shatsky Rise appears to have formed in equatorial latitudes in the
Southern Hemisphere and gradually drifted northward during the last
90 m.y. (Larson et al., 1992) (Fig. F4).

Stratigraphy of Shatsky Rise

All previous DSDP and ODP drill sites are located on the Southern
High (Fig. F3). The sedimentation history of the Central and Northern
Highs was not known prior to Leg 198. Pelagic sedimentation on the
Southern High began in the latest Jurassic or earliest Cretaceous and
shows a moderately stratified section overlying acoustic basement. The
section is up to 1.2 km thick in places (Ewing et al., 1966; Sliter and
Brown, 1993). Sedimentation appears to have been interrupted by epi-
sodic, regional, or local erosional events identified by previous drilling
(Sliter and Brown, 1993). Some of the unconformities show up as major
reflectors observed in seismic records. Quaternary channeling of the
sediment pile is evident on seismic records, and in some places Lower
Cretaceous sediments crop out at the seafloor (Sliter et al., 1990), for ex-
ample near Site 306 (Site 1214). Seismic profiles show abrupt changes in
stratigraphy over short distances.

The subsidence history of Shatsky Rise is not well known. Thierstein
(1979) backtracked Sites 305 and 306 (currently at 2903 and 3416 m, re-
spectively) to close to 1000 m paleodepth in the Early Cretaceous. Re-
cently, rudists, corals, and echinoid spines were dredged from a ridge on
the Southern High at ~3000 m (Sager et al., 1999), suggesting paleo-
depths close to sea level. Detailed studies of benthic foraminiferal as-
semblages are required to more accurately constrain the subsidence his-
tory of Shatsky Rise and compare it to other features in the Pacific with
a clearer subsidence history.

A total of eight previous DSDP and ODP drill sites lie on the South-
ern High (Fig. F3). At Site 47 atop the southwest flank of the Southern
High, the highly discontinuous, ~130-m Cenozoic and Maastrichtian
section consists of ooze and chalk (Fig. F5). Nearby, at Site 48, the ~85-
m section contains Miocene ooze resting directly on Maastrichtian
chalk (Fischer, Heezen, et al., 1971). At Site 49, on the lower southwest-
ern flank, a thin (~5 m) Pleistocene zeolitic clay unit sits directly on ~15
m of Tithonian–Berriasian cherty chalk. The nearby section at Site 50
includes ~35 m of Pleistocene zeolitic clay and siliceous ooze overlying
~9 m of Tithonian–Berriasian chalk. At Site 305, on the southern flank
of Southern High, 640 m of section was cored. The section includes
Campanian to Holocene ooze and chalk with minor, disseminated
chert overlying Santonian to Coniacian and Cenomanian to Barremian
chalk with regularly interspersed chert nodules (Larson, Moberly, et al.,
1975; Sliter, 1992). Nearby, drilling at Site 306 recovered Holocene ooze
directly overlying chalk of Albian age. Alternating chalk and chert ex-
tend down to the Berriasian, where the hole was terminated at 475
meters below seafloor (mbsf) (Fig. F5). Scraps of Corg-rich sediments of
early Aptian age were recovered at Sites 305 and 306 (Larson, Moberly,
et al., 1975). Sliter (1989) refined the biostratigraphy of the mid-Creta-
ceous of Site 305 and placed the organic-rich units in the Globigerinel-
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loides blowi planktonic foraminiferal zone, correlating them with
OAE1a, the lowermost mid-Cretaceous OAE (Bralower et al., 1993). Ad-
ditional fragments of carbonaceous shale from Core 37 at Site 305 are
early Cenomanian to early Turonian in age and apparently underlie a
major unconformity that extends to the Coniacian.

Drilling at Site 577, which is located near Site 47, recovered ~120 m
of nannofossil ooze (Heath et al., 1985). The section includes a thin up-
per Miocene to Holocene interval overlying a relatively expanded upper
Maastrichtian–Paleocene interval. The Cretaceous/Tertiary (K/T) bound-
ary at Site 577 is nearly complete biostratigraphically and contains an Ir
anomaly (Wright et al., 1985). The boundary interval has been the sub-
ject of a host of paleoceanographic investigations (e.g., Gerstel et al.,
1986; Zachos and Arthur, 1986; Zachos et al., 1989). The PETM lies be-
tween cores at Site 577 (Pak and Miller, 1992). Site 810, the most re-
cently cored Shatsky site that was drilled during Leg 132, primarily as
an engineering test, recovered a highly discontinuous Cenozoic and up-
per Maastrichtian section composed of ooze, chalk, and chert (Storms,
Natland, et al., 1991; Premoli Silva et al., 1993).

Two regional reflectors or sets of reflectors divide the sedimentary
column of the Southern High. Sliter and Brown (1993) defined R1 as a
prominent unconformity near the Cenomanian/Turonian boundary
and R2 as a prominent chert horizon that lies close to the Barremian/
Aptian boundary. Less prominent reflectors occur near the Paleogene/
Neogene and K/T boundaries. Sliter and Brown (1993) also divided the
Southern High stratigraphic section into five main stratigraphic units, a
scheme that is also applied here: Units 1 and 2 are Neogene and Paleo-
gene in age, respectively; Unit 3 is Turonian–Maastrichtian (between R0
and R1); Unit 4 is Aptian–Cenomanian (between R1 and R2); and Unit
5 is Berriasian–Barremian (below R2). The sedimentary sections on the
Central and Northern Highs can be tentatively correlated with the
Southern High section based on the major reflectors. However, the ab-
sence of thick sedimentary sections between the highs lessens the cer-
tainty of these correlations (A. Klaus, W. Sager, and L. Khankishieva,
pers. comm., 1997). Thus, the detailed sedimentary history of the Cen-
tral and Northern Highs remained largely unknown prior to Leg 198.

The sedimentary history of Shatsky Rise appears to have been greatly
affected by crossing the equatorial high-productivity zone in the mid-
to Late Cretaceous (Fig. F4). This crossing led to the accumulation of
substantial amounts of siliceous material that was concentrated in chert
horizons during burial.

Oceanography

Shatsky Rise lies in the path of surface water currents transporting
two very different water masses. The first, the Kuroshio Extension, is
the arm of the Kuroshio Current extending eastward into the Pacific
Ocean off the coast of Japan. This current is the Pacific equivalent of
the Gulf Stream after it leaves the coastline of North America (Kawai,
1972). The second current, the Oyashio, transports water from the sub-
arctic water mass. These currents converge near the Northern High.
However, depending on the exact locations of the currents, which
change significantly over time, temperature and current velocity vary
substantially over the rise. Average salinity for these surface waters
ranges between 34 and 35 g/kg.

The Kuroshio and Oyashio Currents impose structure on underlying
intermediate waters, marking a strong vertical gradient in temperature
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and salinity. At 1000 m depth, temperatures average 3°C. These waters
also have salinities near 34 g/kg. The intermediate waters flow toward
the east as part of a clockwise gyre in the North Pacific.

DETAILED SCIENTIFIC OBJECTIVES

Long- and Short-Term Warming in the Paleogene

The exact causes of the long- and short-term Paleogene warm epi-
sodes remain enigmatic. Several pieces of geochemical evidence, includ-
ing changes in the mean ocean δ13C and alkalinity, point toward green-
house forcing (Shackleton, 1986; Kennett and Stott, 1991; Zachos et al.,
1993; Thomas and Shackleton, 1996). Samples recovered during Leg
198 will help constrain the nature and causes of these warm episodes.

Paleocene–Eocene Thermal Maximum

In terms of the rate and degree of warming, the PETM is unprece-
dented in Earth history (Fig. F6). The deep-sea and high-latitude oceans
warmed by 4°C and 8°C, respectively. The carbon isotopic composition
of the ocean decreased by 3‰–4‰ coeval with the warming event,
suggesting a massive perturbation to the global carbon cycle (Fig. F7)
(Kennett and Stott, 1991; Bains et al., 1999). The large magnitude and
rate (~–3‰–4‰/5 k.y.) of the carbon isotope excursion (CIE) is consis-
tent with the sudden injection of a large volume of methane from
clathrates stored in continental slope sediments (Dickens et al., 1995,
1997). Much of this methane would have quickly converted to CO2,
stripping O2 from deep waters, contributing to the major extinction
event of benthic foraminifers (Thomas, 1990), and lowering alkalinity.
The result should be a sharp rise in the lysocline and CCD (Dickens,
2000). Both CO2 and CH4 would also have immediately contributed to
greenhouse warming.

The Leg 198 depth transect will help us determine (1) the magnitude
of the tropical Pacific sea-surface and deepwater temperature increase
during the PETM; (2) whether or not the Pacific lysocline and CCD
shoaled during the CIE, whether or not bottom-water oxygenation de-
creased, and how these changes fit with geochemical models of clath-
rate release; (3) the response of planktonic and benthic populations to
the PETM in the subtropical Pacific; and (4) whether or not there is a
change in the distribution of bottom-water carbon isotopes prior to
and/or during the PETM signaling possible circulation changes.

Paleogene Deepwater Circulation

Several investigators have suggested that early Cenozoic global
warming would have altered deep-ocean circulation patterns by reduc-
ing the density of surface waters at high latitudes (Kennett and Shackle-
ton, 1976; Wright and Miller, 1993; Zachos et al., 1993). This, in turn,
would permit increased downwelling of highly saline but warmer wa-
ters in subtropical oceans. Such reversals or switches in circulation
probably occurred suddenly rather than gradually. In fact, it has been
suggested that a sudden change in intermediate-water circulation pat-
terns may have occurred just prior to the PETM, possibly triggering the
dissociation of clathrates (Bralower et al., 1997a). There may have been
additional, abrupt warming intervals in the late Paleocene and early
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Eocene (Thomas and Zachos, 1999; Thomas et al., 2000). These “hyper-
thermals” were characterized by changes in the assemblage composi-
tion of benthic foraminifers corresponding to negative shifts in plank-
tonic and benthic foraminiferal �18O and �13C values. The ultimate
cause of the hyperthermals may be similar to the PETM, driven by the
release of greenhouse gas.

Leg 198 samples will be used to assess regional and global circulation
changes during the Paleogene. Major changes in the sources of waters
bathing Shatsky Rise might be reflected in the spatial and vertical distri-
bution of carbon isotope ratios in bottom waters as well as in benthic
foraminiferal assemblage patterns. Several studies have shown that
throughout the late Paleocene and early Eocene, the most negative
deep-ocean carbon isotope values were consistently recorded by
benthic foraminifers from Shatsky Rise (Miller et al., 1987b; Pak and
Miller, 1992; Corfield et al., 1991). Such a pattern is similar to that in
the modern ocean, implying older, nutrient-enriched waters in the Pa-
cific, and younger, nutrient-depleted waters in the high latitudes. Al-
though Site 577 is discontinuous across the Paleocene/Eocene (P/E)
boundary, isotope data from Site 865 on Allison Guyot in the equatorial
Pacific suggest a possible reduction, if not reversal, in the �13C gradient
between the shallow Pacific and the rest of the ocean (Bralower et al.,
1995). If this was true, it would be consistent with increased production
of intermediate waters in low latitudes. In summary, Leg 198 samples
will help address whether there is evidence of warmer, more saline deep
waters at times during the Paleogene and how export production in the
Pacific changed from the Paleocene to the Eocene.

Eocene–Oligocene Paleoceanography

The Eocene–Oligocene represents the final transition from a “green-
house” to an “icehouse” world. Although this transition occurred over a
period of 18 m.y., stable isotopic records reveal that much of the cool-
ing occurred over relatively brief intervals in the late early Eocene (~50–
51 Ma) and earliest Oligocene (~33 Ma) (Fig. F6) (e.g., Kennett, 1977;
Miller et al., 1987a; Stott et al., 1990; Miller et al., 1991; Zachos et al.,
1996). Furthermore, small, ephemeral ice sheets were probably present
on Antarctica sometime after the first event (Browning et al., 1996). The
first large permanent ice sheets became established much later, most
likely during the early Oligocene event (Zachos et al., 1992a). Current
reconstructions of ocean temperature and chemistry for the Eocene and
Oligocene, however, are based primarily on pelagic sediments collected
in the Atlantic and Indian Oceans (Miller et al., 1987a; Zachos et al.,
1992b, 1996). Very few sections suitable for such work have been recov-
ered from the Pacific (Miller and Thomas, 1985; Miller and Fairbanks,
1985). As a consequence, we still lack a robust understanding of how
global ocean chemistry and circulation evolved in response to high-
latitude cooling and glaciation.

Leg 198 sections across the Eocene–Oligocene transition will provide
a vertical depth transect of ocean chemistry and temperature changes
during this important climatic transition. These sections will allow us
to determine whether the basin-to-basin deep carbon isotope gradient
changed during the Eocene–Oligocene transition in response to high-
latitude cooling and glaciation, and how the lysocline/CCD in the Pa-
cific responded to the rapid high-latitude cooling/glaciation.
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Mid- and Late Cretaceous Climate

The mid-Cretaceous (Barremian–Turonian [125–90 Ma]) Earth experi-
enced some of the warmest temperatures and lowest thermal gradients
of the entire Phanerozoic Eon. This time interval, therefore, represents
one of the best ancient approximations of “greenhouse” climate. The
Late Cretaceous was characterized by significant global cooling, but
available oxygen isotopic records differ on the exact timing of the end
of the “greenhouse” conditions. Records from DSDP Site 511 on the
Falkland Plateau, South Atlantic (Huber et al., 1995), and the chalk
from England (Jenkyns et al., 1994) suggest that peak warmth occurred
in the early Turonian, at ~90 Ma (Fig. F8). Data from Shatsky Rise DSDP
sites (e.g., Douglas and Savin, 1975; Savin 1977), however, indicate that
peak “greenhouse” conditions existed in the Albian, at ~105 Ma. In ad-
dition, these stratigraphies differ on whether peak warming was imme-
diately followed by long-term cooling (English chalk) or sustained
warmth then cooling beginning in the mid-Campanian (Site 511 data).
Differences between the various records may reflect real latitudinal cli-
matic variations or diagenetic alteration of stable isotopic proxies.

There is also significant disparity as to exactly how much cooling oc-
curred in the Late Cretaceous, especially in the tropics. Savin (1977)
and D’Hondt and Arthur (1996) concluded that the Maastrichtian was
characterized by surprisingly cool tropical SSTs (20°–21°C) based on
�18O analyses of planktonic foraminifers, the “cool tropics paradox”
(D’Hondt and Arthur, 1996). Wilson and Opdyke (1996), on the other
hand, measured �18O values on rudists recovered from Pacific guyots
and concluded that tropical SSTs in the same interval were extremely
warm (between 27° and 32°C). More recently, Pearson et al. (2001) have
also found evidence for high Maastrichtian temperatures in planktonic
foraminifers from clay units in Tanzania. The climate history of the
Cretaceous is based on a limited number of oxygen isotope data points
from few sites with little information from the tropics. In fact, Shatsky
Rise Site 305 (Douglas and Savin, 1975) is among a handful of low-lati-
tude sites that form the basis of most Cretaceous thermal gradient esti-
mates that are used as inputs in climate models (e.g., Barron and Peter-
son, 1991).

There is a limited understanding of the evolution of bottom-water
circulation in the mid- and Late Cretaceous, in particular, of how and
when the transition from low-latitude (e.g., Brass et al., 1982) to high-
latitude (e.g., Zachos et al., 1993) deepwater sources took place. Benthic
foraminiferal �18O records are even sparser than those based on plank-
tonic foraminifers, and there are very few benthic data from the entire
Pacific. Thus, the role of this giant basin in the evolution of deep waters
during the mid- and Late Cretaceous is poorly understood.

The long-term cooling of the Late Cretaceous was interrupted by a
significant event in the mid-Maastrichtian, when the source of deep
waters appears to have changed abruptly from low- to high-latitude
sources (e.g., MacLeod and Huber, 1996; Barrera et al., 1997; Frank and
Arthur, 1999). This event appears to have coincided with the extinction
of the inoceramid bivalves (MacLeod et al., 1996) and possibly also the
rudistid bivalves (Johnson et al., 1996). Growing evidence, however,
suggests that this benthic event is distinctly diachronous (MacLeod et
al., 1996). The change to high-latitude deepwater sources appears to
have been long-lived, lasting until the PETM. However, more benthic
data are required to accurately characterize Late Cretaceous and Paleo-
cene deepwater properties.
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The Upper Cretaceous sediments recovered during Leg 198 will help
us determine (1) whether peak “greenhouse” conditions occurred in the
Albian (Savin, 1977) or the early Turonian (Jenkyns et al., 1994; Huber
et al., 1995); (2) if peak warming was immediately followed by long-
term cooling (Jenkyns et al., 1994) or by sustained warmth and then by
cooling beginning in the mid-Campanian (Huber et al., 1995), or
whether cooling history varied between latitudes; (3) whether apparent
cool tropical temperatures in the Maastrichtian (the “cool tropics para-
dox” of D’Hondt and Arthur [1996]) were real or the result of diagenetic
alteration of planktonic foraminiferal tests; (4) the properties and age of
mid- and Late Cretaceous deep water and from what oceanic region it
was derived; (5) the timing and rate of changes in the sources of deep
waters from low to high latitudes; (6) the changes in deepwater mass
properties that accompanied the MME and their effect on benthic fau-
nas; (7) whether the MME led to a permanent change in deepwater
source; and (8) the changes in vertical thermal gradients through time
and whether climate and deepwater circulational changes were cou-
pled.

Mid-Cretaceous Oceanic Anoxic Events

The beginning of “greenhouse” climate conditions in the mid-Creta-
ceous (Barremian–Turonian) was associated with widespread deposition
of Corg-rich sediments, informally known as “black shales,” in the
oceans. These Corg-rich deposits are known to occur primarily at specific
stratigraphic horizons, namely, the lower Aptian, the uppermost Aptian
to lowermost Albian, the upper Albian and in the upper Cenomanian,
close to the Cenomanian/Turonian boundary (e.g., Jenkyns, 1980;
Schlanger et al., 1987; Sliter, 1989; Arthur et al., 1990; Bralower et al.,
1993) (Fig. F9). Schlanger and Jenkyns (1976) hypothesized that these
OAEs resulted from the vertical expansion of oxygen minimum zones
linked to transgressive sea-level pulses and the reduced oxygenation of
bottom waters. Others have theorized that oxygen depletion and the
deposition of Corg-rich sediments instead was the consequence of pale-
oceanographic changes such as salinity stratification (Ryan and Cita,
1977; Thierstein and Berger, 1978) and increased flux of Corg from sur-
face productivity or terrestrial sources (e.g., Dean and Gardner, 1982;
Parrish and Curtis, 1982; Pedersen and Calvert, 1991).

The deposition of mid-Cretaceous Corg-rich sediments coincided with
a worldwide pulse in ocean crustal production (Fig. F10) (Larson,
1991a; Tarduno et al., 1991; Arthur et al., 1991; Erba and Larson, 1991).
The release of mantle CO2 from this enormous volcanic episode may
have directly caused mid-Cretaceous “greenhouse” warming. The in-
creased preservation and production of organic carbon may have re-
sulted from this warming (e.g., Arthur et al., 1985) combined with in-
creases in nutrients, while sea level rose as the result of the creation of
an anomalously young, and therefore shallow ocean floor (Hays and
Pitman, 1973; Schlanger et al., 1981).

Regardless of their origin, the burial of Corg-rich sediments enriched
in 12C led to significant positive �13C excursions. These have been docu-
mented for the Cenomanian/Turonian boundary (Scholle and Arthur,
1980), the early Aptian, and the late Aptian–early Albian (e.g., Weissert,
1989; Bralower et al., 1999). Short-lived negative �13C excursions at the
onset of the events may be related to input of mantle CO2 during vol-
canic events (e.g., Bralower et al., 1994) or to the dissociation of meth-
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ane hydrates (Jahren and Arens, 1998; Opdyke et al., 1999; Jahren et al.,
2001). OAEs are known to be times of rapid turnover among marine
biotas as a result of complex changes in habitats (Coccioni et al., 1992;
Erba, 1994; Premoli Silva and Sliter, 1999; Premoli Silva et al., 1999;
Leckie et al., in press).

Complicating the development of paleoceanographic models are ap-
parent differences in the stratigraphic extent and paleobathymetry of
Corg-rich deposits from the Pacific compared to the Atlantic and Tethys
Oceans. In the Atlantic and Tethys, Corg-rich deposits occur mostly in
basinal settings characterized by major inputs of terrestrial Corg by tur-
bidity currents that led to vertically expanded, long-lived episodes of
deepwater anoxia (e.g., Arthur and Premoli Silva, 1982; Arthur et al.,
1984; Stein et al., 1986). Terrestrial Corg-rich deposits in the Atlantic and
Tethys occur in intervals besides the OAEs (e.g., Bralower et al., 1993).
The record of carbonaceous strata in the Pacific is concentrated in the
OAEs, dominated by marine Corg, and almost exclusively restricted to
paleobathymetric highs (e.g., Dean et al., 1981; Thiede et al., 1982).
However, our understanding of the Pacific record is based on scattered
occurrences of carbonaceous strata from Shatsky, Hess, and Magellan
Rises, the Mid-Pacific Mountains, the Manihiki Plateau, the Mariana Ba-
sin, and the accreted oceanic limestone from the Franciscan Complex
along the western margin of North America (Sliter, 1984).

Recovery of mid-Cretaceous Corg-rich deposits at relatively shallow
burial depth from Shatsky Rise will help determine (1) how sedimenta-
tion (i.e., lithology, amount and type of Corg) differs between OAE inter-
vals and non-OAE intervals; (2) the biotic, sedimentologic, and
geochemical similarities and differences between the different OAE epi-
sodes; (3) whether an oxygen minimum zone model is applicable for
OAEs on Shatsky Rise; (4) whether there are any differences between
the recovery of Corg-rich sediments on the Northern and Southern
Highs that might indicate that the intensity of upwelling differed as a
function of latitude; (5) the effect of the worldwide, mid-Cretaceous
volcanic pulse on the deposition of Corg and the timing of OAEs; (6) if
volcanism was a direct cause of “greenhouse” climate conditions and
whether volcanism or methane dissociation is a more likely trigger; and
(7) how microplankton and microbenthos responded to the physical,
chemical, and biological oceanographic changes associated with OAEs.

General Early Cretaceous Paleoceanography

Microplankton Evolution

The Early and mid-Cretaceous were critical times in the evolution of
planktonic foraminifers and calcareous nannoplankton (e.g., Roth,
1987; Leckie, 1989; Premoli Silva and Sliter, 1999; Leckie et al., in press).
Nannoplankton underwent dramatic radiations close to the Jurassic/
Cretaceous and Barremian/Aptian boundaries (e.g., Bralower et al.,
1989, 1994). Both of these events have been documented in the Atlan-
tic and Tethys, but not yet from the Pacific. Pacific sites recording these
diversification events would help provide an understanding of their
causes.

Planktonic foraminifers appear to have evolved in the Bajocian (Mid-
dle Jurassic), but their occurrence is sporadic below the Lower Creta-
ceous. The diversification of this group was, until recently, thought to
have occurred in the early Aptian. Coccioni and Premoli Silva (1994),
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however, found the evolutionary appearance of a number of taxa far be-
low their previous ranges in the lower Valanginian of the Rio Argos sec-
tion of Spain. Documentation of this diversification event in other loca-
tions and oceanographic settings will help our understanding of its
causes.

Shatsky Rise drilling will help us answer the following questions: (1)
How did the evolution of nannoplankton correlate to changes in ocean
thermal structure and circulation? and (2) Is there evidence for diversifi-
cation of planktonic foraminifers in the early Valanginian as in Spain,
and if so, did this event correlate with any obvious changes in circula-
tion or climate?

Valanginian Greenhouse Event 

A major change in stable carbon isotope ratios of marine carbonates
and organic matter has been observed in the Valanginian (e.g., Lini et
al., 1992). The event appears to correlate with a major burial event of
Corg, an increase in atmospheric CO2, and global warming, perhaps the
earliest indications of the Cretaceous “greenhouse” climate (Lini et al.,
1992). Increased crustal production rates at this time (e.g., Larson,
1991b) suggest that the event may have a volcanic origin. Warming in
the Valanginian is at odds with the evidence of Stoll and Schrag (1996)
and others for glaciation in this part of the Cretaceous. Shatsky drilling
will help us address how the Valanginian carbon isotope record corre-
lates to indicators of climate change and volcanism and whether there
is evidence for warming or cooling in this time interval.

Early Cretaceous CCD Fluctuations

The Early and mid-Cretaceous were characterized by major changes
in the level of the CCD (e.g., Thierstein, 1979; Arthur and Dean, 1986).
These changes likely resulted from changes in fertility, sea level, ocean
floor hypsometry, and ocean circulational patterns. One of the most
dramatic events occurred in the early Aptian, at around the same time
as the massive Pacific volcanic event, suggesting that volcanism played
a direct role, perhaps through increased pCO2. The few data that exist
for the Pacific suggest a different CCD history from the Atlantic (Thier-
stein, 1979), and more data will help resolve the history of the Pacific
CCD. Shatsky Rise drilling will help us address the following questions:
(1) What was the gradient of carbonate dissolution in the mid-Creta-
ceous Pacific Ocean? (2) What was the history of variation in the lyso-
cline and CCD in the Early and mid-Cretaceous? and (3) Was a major
early Aptian CCD shoaling episode observed for the Atlantic Ocean ba-
sins characteristic of the global ocean, or were the oceans out of phase
as the result of the pattern of deepwater aging?

Nature and Age of Shatsky Rise Basement

LIPs such as the Ontong Java Plateau and Shatsky Rise were con-
structed during voluminous magmatic events that took place over geo-
logically brief (<1 m.y.) time intervals (e.g., Duncan and Richards, 1991;
Tarduno et al., 1991; Coffin and Eldholm, 1994). These events are
thought to be associated with massive thermal anomalies in the mantle
known as “superplumes” (Larson, 1991b). A likely possibility is that the
voluminous phase of superplume activity was associated with the as-
cent of a plume “head” and that activity declined as the head was de-
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pleted of magma and the less voluminous “tail” became the source.
One of the major questions concerning the origin of LIPs such as
Shatsky Rise is whether they formed in a midplate setting or at a diver-
gent boundary, possibly a triple junction, at times of changing plate ge-
ometry (e.g., Sager et al., 1988).

Trace element geochemistry of most samples from Shatsky Rise are
close to mid-ocean-ridge basalt (Tatsumi et al., 1998), indicating that
they were generated at a divergent boundary, but a few samples have an
affinity closer to Polynesian alkalic basalts, suggesting a midplate ori-
gin. The latter result is not unexpected, since Shatsky Rise is thought to
have formed in the South Pacific (McNutt and Fischer, 1987) near crust
with the distinctive Polynesian chemistry. Additional basement drilling
at Shatsky Rise will help us address whether it had some kind of a hy-
brid origin or whether there are other explanations for the few anoma-
lous samples.

Although volcanic basement crops out at several localities on Shatsky
Rise (Sliter et al., 1990), basement samples obtained are from dredges,
and one pebble in a core catcher sample from DSDP Site 50, and all of
these are heavily altered. Ozima et al. (1970) dated volcanic rocks
dredged from Shatsky Rise as Tertiary in age. Either these rocks were de-
rived from late stage volcanism identified in seismic data from the rise,
or more likely, their pervasive alteration precluded reliable age determi-
nation using the K-Ar technique. Maximum estimates for the age of
basement on Shatsky Rise can be obtained by adjacent magnetic anom-
alies (Nakanishi et al., 1989). These ages range from 148 Ma (Tithonian
polarity Zone CM21) at the Southern High to 136 Ma (Berriasian–
Valanginian polarity Zone CM14) at the Northern High based on the
timescale of Gradstein et al. (1994). Fresh basement samples will pro-
vide valuable age information.

PRINCIPAL RESULTS

Site 1207

Background

Site 1207 is the northernmost site in the Shatsky transect, lying some
5° north of the sites on the Southern High. The site is located in lower
bathyal (3103 m) water depth close to the most elevated, central part of
the Northern High of Shatsky Rise. The paleodepth history of this site is
not well known, but subsidence was likely rapid in the interval immedi-
ately after its formation in the Valanginian (135 Ma) then slowed con-
siderably. Paleoreconstructions suggest that the site was formed and re-
mained in equatorial latitudes for the first 50 m.y. of its history (Fig.
F4).

The Northern High has not been drilled before; thus, the stratigraphy
was unknown prior to drilling Site 1207. The sedimentary section at
Site 1207 is ~1200 m thick. Seismic profiles show a generally horizontal
stratigraphy, with several prominent reflectors. Drilling objectives were
to recover a Paleogene and Cretaceous section to investigate climate
change during an interval of long-term global warmth. Correlation
with reflectors on the Southern High defined by Sliter and Brown
(1993) was tentative. The most prominent reflectors on the Southern
High, Reflectors R1 of Cenomanian–Coniacian age and R2 of Barre-
mian–Aptian age, are apparent on seismic profiles. The drilling strategy
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was to core through R2 in a first hole using the advanced piston corer/
extended core barrel (APC/XCB), to core a second APC hole to refusal,
and then to core a hole using the rotary core barrel (RCB) through R2.
Finally, a full suite of logs were to be collected through the whole se-
quence.

A 622.5-m upper Barremian to Holocene section was penetrated at
Site 1207 (Table T1). Recovery was excellent in the upper Campanian to
Holocene section, but poor in the upper Barremian to lower Campa-
nian where chert horizons were extremely common. Results show a sur-
prisingly different sedimentary sequence than the one previously docu-
mented at DSDP and ODP sites on the Southern High of Shatsky Rise.
The Paleogene and uppermost Cretaceous sequence likely is missing as
a result of major early Neogene slumping and erosion (Fig. F11; see also
lines 5A and 5B in oversized Figures F7, p. 13, and F10 , p. 16, in Klaus
and Sager, this volume). Thus, we were unable to achieve our Paleogene
objectives at this site. The middle Miocene to Pliocene section, on the
other hand, is expanded (161 m thick), apparently complete, and com-
posed of nannofossil ooze with diatoms that also contain planktonic
foraminifers and radiolarians (Fig. F12). The section contains promi-
nent carbonate cycles that appear to record orbital climate fluctuations.
The section should provide a valuable biochronology as well as impor-
tant information on the nature of ocean circulation changes.

At the opposite end of the stratigraphic column, a horizon of highly
carbonaceous (up to 34.7 wt% Corg) lower Aptian claystone that corre-
lates to the global OAE1a, including the Selli level of the southern Alps
and Apennines of Italy, was recovered. Organic matter in these horizons
is exceptionally well preserved. Organic geochemical, stable isotopic,
and paleontological analyses of this Corg-rich interval will help con-
strain the environmental changes during OAE1a in the Pacific Ocean.
Drilling at Site 1207 was impeded by the presence of chert throughout
the lower Campanian to Barremian section. Drilling and logging at Site
1207 revealed important information about the nature and stratigraphy
of this chert that will help develop strategies to improve recovery in
such chalk/chert sequences.

Unique Neogene Section

Upper Miocene to Holocene sediments (lithologic Subunit IA) recov-
ered at Site 1207 contain common to abundant diatoms (between 10%
and 40%), a far higher proportion than in contemporaneous units from
sites on the Southern High of Shatsky Rise. At Southern High Site 305,
the relative proportion of diatoms is 5%–15% in the Miocene to Ho-
locene section, but it decreases rapidly at the unconformity between
the upper Miocene and the upper Oligocene (Larson, Moberly, et al.,
1975). Diatoms were described as rare in samples from Sites 47 and 577
(Koizumi, 1975; Koizumi and Tanimura, 1985). Approximately 5° of lat-
itude separates Site 1207 from the previously drilled sites on the South-
ern High, and it is feasible that this distance is associated with a signifi-
cant change in oceanographic regime.

The abundance of diatoms in lithologic Subunit IA (0–131.3 mbsf)
sediments suggests that surface waters over Site 1207 were moderately
to highly productive from the late Miocene to the Holocene. Alterna-
tively, high biosiliceous production at Site 1207 may be an effect of lo-
cal topographic upwelling. This option is not appealing given the ab-
sence of significant diatom concentration in sediments on the Southern
High. More likely, the abundance of diatoms at Site 1207 reflects a com-

5 km

R1

R2

4

5

Tw
o-

w
ay

 tr
av

el
tim

e 
(s

)

23402350000000100020003000400050
10 Aug 9 AugS N

Site 1207
(3101 m) 

Unit

D
ep

th
 (

m
bs

f)

I

II

163.8

335.3

622.8

III

F11. Interpretation of seismic re-
flection profile, Site 1207, p. 100.

0.0 2.0 4.0

0 40 80

Accumulation rate
(g/cm2/k.y.)

Age (Ma)

0 40
Magnetic susceptibility

(10–5 SI)

1.4 1.8 2.2
Wet bulk density

(g/cm3)

1500 1600
P-wave velocity

(m/s)

30 40 50 60

50 60 70 80
Porosity

(%)

IA

IB

II

0

20

40

60

80

100

120

140

160

180

200

220

240

260

1H

2H

3H

4H

5H

6H

7H

8H

9H

10H

11H

12H

13H

14H

15H

16H

17H

18H

19H

20H

21X

23X

24X

25X

26X

27X

28N
29X

22X

D
ep

th
 (

m
bs

f)

Hole
1207A U

ni
t/S

ub
un

it

Li
th

ol
og

y

20 60 100

0 40 80

Total reflectance
(L*)

Recovered
Not recovered

Drilled interval
Expansion (>100% recovery)

Neog. Cret.Paleog.

P
lio

.
M

io
.

O
lig

o.

E
oc

.

P
al

eo
c.P
lie

st
.

M
aa

st
.

C
am

p.
Tu

r.–
S

an
t.

C
en

om
.

Water content
(%)

CaCO3
(wt%)

F12. Coring results, Hole 1207A, 
p. 101.



SHIPBOARD SCIENTIFIC PARTY
CHAPTER 1, LEG 198 SUMMARY 18
ponent of productive subarctic surface waters over the site in the late
Neogene. The relative proportion of diatoms is considerably lower in
Subunit IB (131.5–162.5 mbsf) sediments, likely as a result of lower sur-
face water productivity in the early middle to early late Miocene. The
abundance of Discoaster, a nannoplankton genus thought to thrive in
oligotrophic waters (e.g., Chepstow-Lusty et al., 1989) appears to be an-
tithetical to the proportion of diatoms in the Neogene section.

One of the most prominent features of the Neogene section at Site
1207 is the decimeter-scale lithologic cycles in Cores 198-1207A-1H to
18H between dominantly darker green-gray horizons and lighter tan-
gray-white horizons. These cycles show significant changes in the rela-
tive percentage of diatoms (see “Lithostratigraphy,” p. 53, in “Spe-
cialty Syntheses”) and marked differences in the nature of carbonate
preservation. Reconstructions suggest that the site was above the CCD
after at least the early Pliocene but close to this level in the Miocene
(Rea et al., 1995); thus, the cycles could represent variations in dissolu-
tion as a result of changes in the depth of the lysocline. Variation in
biosiliceous production may also be responsible for the cycles.

Today, Site 1207 lies in a subtropical water mass toward the north of
the range of the warm water Kuroshio Extension current. To the north
of the site lies a significant front, a transition region between subtropi-
cal and subarctic water masses. Transition zone waters are derived from
off the coast of northern Japan, where the cold, nutrient-rich Oyashio
Current mixes with the warm, nutrient-poor Kuroshio Current. These
waters move eastward across the Pacific in the West Wind Drift at a lati-
tude of 40°–42°N. The location of Site 1207 is highly sensitive to past
climatic variations because of its proximity to the transition zone.

Significant oceanographic changes occurred during the Neogene that
had profound effects on circulation and distribution of water masses in
the Pacific Ocean; these changes appear to be reflected in the sedimen-
tary record at Site 1207. An event at 14.5 Ma has been associated with
the formation of the East Antarctica Ice Sheet (Kennett et al., 1985); an-
other event at 11 Ma is related to the closure of the Indo-Pacific seaway
(Romine and Lombari, 1985). These events led to a steepening of tem-
perature gradients and intensification of North Pacific gyral circulation
including the ancestral Kuroshio Current. The modified circulation re-
sulted in the development of a distinct North Pacific transitional water
mass, separated from the northern subpolar region, and the northward
displacement of temperate organisms. The development of distinct wa-
ter masses in the North Pacific combined with long-term cooling may
also be responsible for the marked facies change between lithologic
Subunits IB and IA that corresponds to a sharp increase in biosiliceous
material in sediments at ~9 Ma.

Koizumi (1985) correlated fluctuations in Pliocene–Pleistocene dia-
tom communities at DSDP Sites 579 and 580 in the abyssal plain north-
west of Shatsky Rise to climatic fluctuations that caused variation in the
amount of subarctic waters at these sites. In colder intervals of the late
Miocene to Pleistocene, Site 1207 may have been within the transition
zone between the subtropical water mass and the subarctic water mass
(Fig. F13), even though the site was well to the south of its current loca-
tion (32°N at 10 Ma) (R. Larson, pers. comm., 2001). Thus, fluctuations
in the proportion of diatoms, which are more abundant in subarctic
than subtropical waters, may reflect latitudinal shifts in the position of
the transition zone.

Shipboard biostratigraphic data suggest that nannofossils have suf-
fered a greater amount of dissolution in greenish layers that are en-
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riched in diatoms; preservation is considerably better in the white-gray
ooze layers that have fewer diatoms. If the greenish layers correspond to
cool intervals as argued above, then the pattern of preservation is oppo-
site to that of most sites in the Pacific (e.g., Farrell and Prell, 1991; Zahn
et al., 1991). A body of evidence suggests that during glacial stages in-
termediate deep waters were produced in the Pacific and that these
young, nutrient-poor waters caused little dissolution close to their
source. An opposite pattern was noted at Site 882 on Emperor Sea-
mount by Haug et al. (1995), who argued that the upwelling of nutri-
ent- and CO2-rich waters during glacial stages increased carbonate dis-
solution. Microfossils suggest a similar mechanism for dissolution
patterns in the upper Miocene to Pleistocene at Site 1207.

A significant peak in opal accumulation rates occurs between 3.2 and
2.75 Ma at other sites from the northern Pacific (Haug et al., 1995; Mas-
lin et al., 1995). The origin of this peak and subsequent decline is uncer-
tain, but the base of this peak corresponds to the beginning of long-
term global cooling that culminated in Northern Hemisphere glacia-
tion, and the top of the peak corresponds to the rapid advance of
Northern Hemisphere glaciers. Although qualitative in nature, a sharp
rise in the abundance of diatoms occurs in the middle of Core 198-
1207A-6H and continues up to the lower part of Core 198-1207A-3H.
The age model indicates that this interval corresponds approximately
to the 3.2- to 2.75-Ma period.

Origin of the 60-m.y. Hiatus

One of the surprises of drilling at Site 1207 was a major unconfor-
mity between the middle Miocene and upper Campanian. This hiatus
represents ~60 m.y. of stratigraphic record. The unconformity lies at the
base of a 3.3-m interval of zeolitic nannofossil clay (lithologic Subunit
IC; 162.5–163.8 mbsf), at the center of which are a 5-cm Mn nodule
and a few chert nodules. The interval has common micronodules of
phosphate, volcanic glass, and grains of quartz, feldspar, and heavy
minerals, as well as authigenic phillipsite crystals. Microfossils of Cam-
panian and Miocene ages are mixed throughout the clay interval, possi-
bly because of drilling disturbance. Very rare Paleogene nannofossils
and foraminifers were observed in a few samples from this interval.

The age of the event(s) that caused the unconformity is difficult to
interpret from the fossil record. The most likely age is an interval prior
to the middle Miocene (16 Ma), the age of immediately overlying sedi-
ments. The presence of an Mn crust and micronodules, chert nodules,
and zeolite minerals suggests an extended interval of seafloor exposure.
A mixture of nannofossils of Campanian and Miocene ages suggests
winnowing of underlying units after the hiatus. Paleogene microfossils
hint at the presence of some intermediate section before removal dur-
ing the hiatus interval.

Major unconformities are also found at Sites 49 and 50 near the base
of the southwestern flank of the Southern High (4282 and 4487 m, re-
spectively) (Table T2). At these sites, Pleistocene ooze directly overlies
uppermost Jurassic or lowermost Cretaceous chalk. At Site 306 on the
southern flank of the Southern High, Pleistocene sediments directly
overlie those of Albian age. All of these sites are located on significant
slopes; thus, it is likely that unconformities were produced by the re-
moval of sediments by mass wasting. The unconformities at Sites 49
and 50 are characterized by zeolitic clay, common phillipsite, and Mn-
coated rock fragments, chert, and ash pebbles. The core with mixed Al-

T2. Locations, depths, maximum 
ages, and ages of major unconfor-
mities, p. 146.
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bian and Quaternary at Site 306 contains Mn nodules and chert frag-
ments.

Several possibilities exist for the origin of the major unconformity at
Site 1207. A number of prominent hiatuses in the deep sea are caused
by changes in the CCD resulting from shifts of carbonate deposition to
shallow-water environments coincident with sea-level rise (e.g., Loutit
et al., 1988) or changes in deepwater circulation that increases the age
of a water mass at a particular location. Although the subsidence his-
tory of Site 1207 is undetermined at the current time, and the history of
the CCD in the Pacific is still somewhat uncertain, available informa-
tion (Thierstein, 1979; Rea et al., 1995) suggests that the CCD was sub-
stantially deeper than the current depth of Site 1207 in early Miocene
to late Eocene times (Rea et al., 1995). The curve of Rea et al. (1995) for
the northwest Pacific indicates that Site 1207 was likely near or slightly
below the CCD at some point in the Maastrichtian–middle Eocene.
However, the sediment record on the Southern High suggests that the
CCD history for Shatsky Rise is different from the history for the north-
west Pacific developed by Rea et al. (1995). Indeed, a separate study
(Thierstein, 1979) shows that the current depth of Site 1207 was sub-
stantially above the Pacific CCD in the Campanian–Maastrichtian.
Given that the site must have been shallower than its current depth
throughout the Campanian to Miocene interval, it is unlikely that dis-
solution is responsible for the unconformity.

A second possible mechanism for the unconformity is that sediments
were removed from the top of the Northern High during one or a series
of erosion, slumping, or mass wasting events. Seismic line TN037-5A
shows an interval of disturbed, diagonal reflectors with thicknesses
ranging to 100 m up to 10 km to the north and south of Site 1207.
These disturbed horizons may represent beds truncated by erosion or
slumping (Fig. F14).

The depth and age distribution of Neogene deep-sea hiatuses have
been studied in detail by Keller and Barron (1987). These authors found
a prominent hiatus between 15 and 16 Ma in CN4, which corresponds
to the minimum age of the major unconformity at Site 1207. Keller and
Barron (1987) also observed that hiatuses in the depth range of Site
1207 are concentrated on plateaus, rises, and seamounts and suggested
that they were most likely due to slumping events.

Site 1207 lies between basement highs to the east and west. The un-
conformity lies substantially below the level of the highs. Thus it is pos-
sible that this paleotrough served as a north-south conduit for bottom-
water flow from the Cretaceous to the early Neogene. This flow may
have steepened and undercut the sediments leading to slumping on the
north and south of the present summit. In fact, a prominent canyon,
which may have been produced by mass wasting, lies just to the north
of Site 1207. Erosion would have been efficient while sedimentation
rates were lower in the middle Miocene, but once productivity and,
hence, sedimentation rates increased in the late Miocene, a sediment
drape was established over the paleotrough.

In summary, results from Site 1207 show a drastically different se-
quence than anywhere on the Southern High of Shatsky Rise. Available
seismic profiles suggest that sediments of Paleogene and latest Creta-
ceous age are not present on the Northern High as opposed to the
Southern High, where these units are widespread. Conversely, the
Miocene–Holocene section on Northern High is relatively expanded,
whereas this sequence is thin or absent on the Southern High.
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Early Aptian Oceanic Anoxic Event

A major highlight of Site 1207 is the recovery of a 45-cm-thick, dark
brown, finely laminated Corg-rich claystone of early Aptian age in litho-
logic Unit III (335.3–622.8 mbsf). The presence of lamination indicates
dysoxic or anoxic conditions at the seafloor for the duration of the
event. Organic carbon contents are extremely high (up to 34.7 wt%);
characterization of this organic matter indicates it is algal and bacterial
in origin. Gamma ray logging data suggest that an additional 50 cm of
claystone was not recovered. Biostratigraphy indicates that this distinct
horizon was deposited during OAE1a (Schlanger and Jenkyns, 1976;
Bralower et al., 1993).

Corg-rich horizons of OAE1a age are also found at Site 305 on South-
ern High, Shatsky Rise, Site 463 on the Mid-Pacific Mountains, and Site
866 on Resolution Guyot (Sliter, 1989; Jenkyns, 1995). Only Sites 463
and 866 have decent recovery. The Site 1207 record extends the latitu-
dinal and depth transect of this event in the Pacific Ocean. At Site 463
(2525-m water depth), carbonaceous limestones with up to 7.6 wt% Corg

are associated with volcanic ash. At Site 866 (1373-m water depth), thin
organic carbon-rich (14.2 wt%) claystones are found in a sequence of
shallow-water carbonates. Organic matter characterization, including
stable carbon isotope analysis indicate that the Corg in both sites is of al-
gal marine origin (Dean et al., 1981; Baudin et al., 1995), similar to that
at Site 1207.

Detailed microfossil biostratigraphic studies (Sliter, 1989; Bralower et
al., 1994; Erba, 1994) have demonstrated that Site 463 Corg-rich hori-
zons correlate exactly with carbonaceous units of early Aptian age
known as the Niveau Goguel in southeastern France (Bréhéret, 1988),
the Livello Selli type-level in central Italy (Coccioni et al., 1987), and
the Livello Selli equivalents from the Italian and Swiss Alps, Sicily,
DSDP Site 641 in the eastern North Atlantic, and northern Mexico (i.e.,
Weissert and Lini, 1991; Bralower et al., 1994; Erba, 1994; Menegatti et
al., 1998; Erba et al., 1999; Bralower et al., 1999).

OAE1a is associated with abrupt changes in calcareous nannofossil
assemblages, especially among a rock-forming group known as the nan-
noconids, which decline sharply in abundance just prior of the onset of
the event (Erba, 1994). Other robust nannofossil taxa radiate and in-
crease in size (Tremolada and Erba, 2002). Diversity and abundance of
planktonic foraminifers decline rapidly prior to OAE1a. Planktonic fora-
minifers are absent at the base of the event as a result of dissolution
then fluctuate from rare to few and from low to moderate diversity
through the rest of the event. When present, taxa are mainly adapted to
the poor oxygen contents in the upper water column (Magniez-Jannin,
1998; Premoli Silva et al., 1999). Radiolarians are abundant throughout
but exhibit a marked compositional change at the beginning of the
event (Premoli Silva et al., 1999).

The early Aptian event is marked by a distinctive carbon isotopic pro-
file consisting of a ~2‰–3‰ negative shift at the base of the event fol-
lowed by a ~4‰–5‰ increase. The pronounced negative excursion has
been recognized at Site 866 on Resolution Guyot (Jenkyns, 1995), the
southern Alps of Italy (Menegatti et al., 1998; Erba et al., 1999), the Isle
of Wight (Gröcke et al., 1999), and northern Mexico (Bralower et al.,
1999).

Early Aptian Corg-rich units that correlate to OAE1a have been found
in a limited number of locations compared to the Cenomanian/Turo-
nian boundary OAE (OAE2). This has led to some uncertainty as to
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whether the event was global in scale. Recovery of the early Aptian Corg-
rich horizon at Site 1207 provides additional evidence that OAE1a was a
global event. The record of OAE1a at Site 1207 is more complete than
any other deep-sea record except possibly Site 463. The Corg contents
are exceedingly high, and the burial depth is relatively shallow (565.5
mbsf). Hence, the organic geochemical records should be nearly pris-
tine. These and biotic records should provide key information on the
environmental changes that occurred during the anoxic event.

Chert

Chert is a fundamental part of the Cretaceous stratigraphic section
on Shatsky Rise. Unfortunately, little was known about the distribution
and nature of chert. For example, it was unclear whether these units are
nodular or layered, or whether they are distributed randomly through
the section or in individual zones.

The occurrence of chert in the Shatsky Rise section is thought to re-
flect its path across the equatorial divergence, where high productivity
led to accumulation of opaline siliceous microfossils in the sediment.
As the sediment was subsequently buried, this opal was progressively
transformed to quartz. The stratigraphic distribution of chert in the sed-
iment may yield important information about the width and strength
of the equatorial divergence and whether this productivity varied in a
predictable fashion (i.e., on orbital timescales); chert morphology may
provide indications of the nature of the diagenetic process.

The uppermost chert horizon at Site 1207 lies in upper Campanian
sediments at 76 Ma. Common chert is found from the lower Campa-
nian (79–80 Ma) to the base of the hole (lithologic Units II and III;
163.8–335.3 and 335.3–622.8 mbsf, respectively). Assuming the recon-
struction of R. Larson (pers. comm., 2001), these data suggest that the
equatorial divergence was significantly wider than of today, ranging to
~15° north of the equator (Fig. F4). The presence of chert throughout
the section indicates that the site remained within the equatorial diver-
gence from the Aptian up to the early Campanian. In fact, the recon-
structed path predicts that the site remained within the divergence for
at least the first 60 m.y. of its history.

Anecdotal drilling information and logging data show that chert lev-
els are extremely close together for the entire lower Campanian to up-
per Barremian section. Formation MicroScanner (FMS) data indicate
that the cherts are generally finely layered as opposed to nodular and
that most layers are <10 cm thick. However, interbedded soft sediment
layers are <1 m thick and most often under 30 cm. These interbeds are
mainly composed of ooze or soft chalk down to the Aptian, suggesting
that the burial depths were never much greater than those at present.
The softness of these interbeds exacerbated recovery efforts in the mid-
and Upper Cretaceous interval.

Site 1208

Background

Site 1208 is located at lower bathyal (3346 m) water depth, close to
center of the Central High of Shatsky Rise. The site lies on seismic line
TN037-8 (Fig. F15). Sediments of the Central High have not been cored
before; thus, the stratigraphy was unknown prior to drilling at Site
1208. Moreover, correlation of reflectors and the major seismic units
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with the Southern and Northern Highs, where units and reflectors are
calibrated with drill holes, is speculative. Site 1208 coring was designed
to provide knowledge of the stratigraphy of the Central High, as well as
correlation of units and reflectors with the Southern and Northern
Highs. The site was located at the point where the stratigraphic se-
quence appears to be most complete.

The objective at Site 1208 was to recover a Paleogene through Upper
Cretaceous section for paleoceanographic investigation. Highly tenta-
tive predrilling correlation with the Southern High seismic units of
Sliter and Brown (1993) suggested relatively thick seismic Units 1 (Neo-
gene) and 2 (Paleogene) characterized by predominantly weak, largely
horizontal reflectors and a relatively thin Unit 3 (Upper Cretaceous).
The Upper Cretaceous to Holocene sequence was expected to contain a
number of minor disconformities as indicated by prominent, but hori-
zontal reflectors. At depth, a major angular unconformity suggests ero-
sion of a significant part of the mid-Cretaceous sequence (Fig. F15). The
total thickness of the sedimentary section at Site 1208 was estimated at
~785 m. Basement underlying the site was formed during Chron CM15
in the Berriasian (Nakanishi et al., 1989). The drilling strategy was to
double core down to the uppermost chert horizon in the Upper Creta-
ceous using the APC/XCB.

Coring at Site 1208 revealed a dramatically different sequence than
predicted. The upper ~260 m is an expanded upper Miocene to Ho-
locene section below which lies almost 60 m of less expanded lower
and middle Miocene section. Reflectors that were thought to represent
transitions between different units are probably individual horizons
with substantially different bulk density values, probably diatom-rich
levels. The Paleogene is almost entirely missing at this site and only a
short segment of the Upper Cretaceous was encountered beneath a
prominent, deep reflector at 328.2 mbsf (Fig. F15; see line 8 in oversized
Figure F7, p. 13, in Klaus and Sager, this volume). We drilled a total of
392.3 m through a major angular unconformity where Campanian
ooze and chalk rest unconformably on middle Albian chalk and chert
(Table T1). This chert prevented further drilling with the XCB. Because
only a small portion of the section will contribute to the major goals of
the leg, we decided not to core a second hole.

Summary of Results

A thick, apparently complete upper Miocene to Holocene section was
recovered between 0 and 251.6 mbsf (Fig. F16; lithologic Subunit IA).
This section is composed of nannofossil ooze and nannofossil clay.
Most intervals have significant (5%–20%) amounts of diatoms and mi-
nor amounts of foraminifers, radiolarians, and silicoflagellates, and nu-
merous discrete ash horizons. The entire Neogene section is composed
of prominent lithologic cycles on a decimeter to meter scale. These cy-
cles were also detected in multisensor track (MST) and color reflectance
data throughout the section; preliminary biochronology suggests that
they have dominant frequencies of ~40 and 100 k.y. and thus represent
obliquity and eccentricity rhythms. The section shows highly promis-
ing magnetostratigraphy as well as properties suitable for paleointensity
records. The average sedimentation rate of the upper Miocene to Ho-
locene section is ~42 m/m.y; thus, it will be an excellent candidate for
high-resolution biochronologic and paleoceanographic investigations.

The recovered section contains an interval (lithologic Subunit IC;
311.65 to 328.15 mbsf) with at least four unconformities separated by
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sediments (claystone to nannofossil ooze and chalk) deposited at ex-
tremely slow rates (0.08 to 4.2 m/m.y.). These highly condensed clay-
stones contain some zeolite minerals (phillipsite), manganese micro-
nodules, and rare foraminifers. Nannofossil biostratigraphy allows us to
piece together the history of this highly disjointed section. The section
shows some striking similarities to the major unconformity at Site
1207, as well as some minor differences. Combining results from both
sites, will enable us to reconstruct the regional depositional history for
the Central and Northern Highs of Shatsky Rise.

The zeolitic claystone at the base of lithologic Subunit IC at Site 1208
suggests that the site was close to or below the CCD for much of the
late Paleocene, Eocene, and Oligocene. Directly above the unconfor-
mity between the Campanian and Paleogene, distinct nannofossils al-
low us to identify a narrow time slice across the P/E boundary in Sec-
tion 198-1208A-36X-CC. This section may contain a highly condensed
interval of the PETM and thus may provide important information on
the response of the deep ocean to this abrupt global warming event. An
overlying interval of nannofossil ooze indicated an abrupt drop in the
CCD in the earliest Oligocene coincident with the earliest Oligocene
(Oi-1) cooling step (Zachos et al., 1993, 1996).

Highlights

Expanded Neogene Section for Paleoceanography and Chronology

Sedimentation rates at Site 1208 average 42.4 m/m.y. from the Ho-
locene to upper lower Pliocene (0 to 3.82 Ma), 22.3 m/m.y. from the up-
per lower Pliocene to the lower upper Miocene (3.82 to 8.28 Ma), then
decrease to 5.9 m/m.y. in the lower upper Miocene to upper lower Mio-
cene (8.28 to 18.2 Ma). The rates in the upper Miocene to Holocene are
far higher than typical pelagic sedimentation. The detrital clay and silt
component of the sediment may have been derived by eolian transport.
However, we suspect that a large component of the sediment must have
been delivered by bottom currents. A number of recent ODP legs have
targeted sediment drifts for high-resolution paleoceanographic investi-
gation. These include Leg 162 in the Iceland Basin and Norwegian-
Greenland Sea and Leg 172 on the Blake-Bahama Outer Ridge and Ber-
muda Rise. The Site 1208 sedimentation rates, although significant, are
not as high as the rates in the majority of these sites.

Sedimentation rates in the lower Pliocene to Holocene interval are
more or less constant. Sedimentation rates in contemporaneous inter-
vals at sites drilled during Leg 145 in the North Pacific peaked in the
Pliocene and decreased above this interval (Barron et al., 1995). The
Pliocene peak, which is considerably higher than rates at Site 1208, is
associated with a massive flux of diatoms, the so-called “diatom dump.”

The Neogene section at Site 1208 has a number of additional advan-
tages for high-resolution biochronology. These include a combination
of siliceous and calcareous microfossils, a high-resolution magneto-
stratigraphy, a marked orbital cyclicity, numerous ash layers with po-
tential for radiometric dating and intrasite correlation, and a potential
magnetic paleointensity record.

Foraminiferal preservation is generally poor, but sufficient for stable
isotope stratigraphy in selected intervals. Nannofossil and planktonic
foraminiferal assemblages show considerable variation that appears to
record climatic change. Diatoms, radiolarians, and silicoflagellates also
show sharp changes in abundance that are likely related to changing
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water-mass properties. Thus, the section has significant potential for
high-resolution paleoceanographic investigations.

Orbital Rhythms: A Strong Climate Signal

Marked cyclic variations are observed in MST data throughout the
upper Miocene to Holocene section at Site 1208. These variations are
expressed as strong lithologic cycles that have frequencies at the deci-
meter to meter scale. Preliminary shipboard biochronology suggests
that the dominant periodicities correspond to eccentricity (~100 k.y.)
cycles for the last 0.6 m.y. and to a combination of eccentricity and
obliquity (~40 k.y.) cycles in the interval from 0.6 to 2.7 Ma. These cy-
cles are marked by relatively subtle to sharp changes in color that are as-
sociated with variations in the amount of clay, pyrite, and different bio-
genic particles. For most of the upper Miocene to Holocene section, the
cycles are predominantly between nannofossil clay with diatoms and
nannofossil ooze with clay and diatoms. The darker gray to green inter-
beds tend to have more abundant diatoms and clay, more dissolved
nannofossil assemblages, and more abundant reduced iron minerals
(i.e., pyrite). The lighter, gray, tan, and white interbeds contain fewer
diatoms, less clay, and a better-preserved nannofossil assemblage.

Upper Miocene to Holocene sediments (lithologic Subunit IA) recov-
ered at Site 1208 contain few to common diatoms (up to 20%)—lower
percentages than in sediments recovered at Site 1207, but higher per-
centages than contemporaneous units from sites on the Southern High
of Shatsky Rise, where diatoms are usually <5%. Site 1208 is ~1° south
of Site 1207 and ~4° north of the Southern High sites. As at Site 1207
(see “Site 1207,” p. 16), diatom-rich layers are thought to represent in-
tervals during which colder, more productive, transitional, and subarc-
tic water masses shifted southward over the site (Fig. F13). Lighter-
colored layers that are poorer in diatoms represent warmer intervals
during which Site 1208 was located in a subtropical water mass, similar
to its location today and similar to sites on the Southern High through
most of the Neogene. As the site is considerably higher than the sur-
rounding deep-ocean floor, there may also be a topographic effect to
the productivity and productivity variation.

Diatoms increase markedly in abundance across the transition from
lithologic Subunit IB to IA at 251.6 mbsf (~8 Ma). This interval lies just
after a change in Pacific Ocean circulation associated with the closure
of the Indonesian seaway that caused intensification of North Pacific
gyral circulation (Fig. F17) (Kennett et al., 1985); a strengthened west
wind drift likely increased upwelling along this boundary and created a
more well-established North Pacific transitional water mass separated
from the northern subpolar region.

Changes in the geographic distribution of water masses through time
also affected other fossil groups at Site 1208. In particular, Neogene
planktonic foraminifers show distinct stratigraphic changes between as-
semblages dominated by subtropical and tropical taxa and those domi-
nated by taxa with cool, temperate affinities. Moreover, faunas at Site
1208 are considerably richer in warmer, tropical taxa than at Site 1207,
which is located only ~1° to the north. This suggests that for much of
the Neogene, Sites 1207 and 1208 were located in a region with sharp
temperature gradients.

Origin of Regional Unconformities

The interval between the lower Miocene and the upper Campanian
(lithologic Subunit IC; Cores 198-1208A-35X and 36X; 311.65–328.15
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mbsf) is marked by at least three distinct unconformities (see “Bio-
stratigraphy,” p. 16, in the “Site 1208” chapter). These unconformities
separate the upper Oligocene and lower Oligocene, the upper Eocene
and lower Eocene, and the P/E boundary interval and the upper Cam-
panian. Additionally, most of these intervals are characterized by ex-
tremely slow sedimentation that locally resulted in the postdeposi-
tional precipitation of zeolites and manganese micronodules.
Carbonate layers occur sporadically and are generally composed of dis-
solved nannofossils and sparse benthic and planktonic foraminifers.
The only coring gap that affects interpretation lies between Sections
198-1208A-36X-2 and 36X-CC in the lower Eocene between nannofos-
sil Subzone CP9b and combined Zones CP10 and CP11. The estimated
sedimentation rates for the key intervals containing unconformities are
0.09 m/m.y. for the late Paleocene to early Eocene transition and 4.2 m/
m.y. for the earliest Oligocene.

The lower Miocene to Campanian interval at Site 1208 shows strati-
graphic and lithologic similarities to the contemporaneous interval at
Site 1207 on the Northern High. This suggests that events that caused
the unconformity were regional in scale. However, the unconformity
record at Site 1208 is more complex than that at Site 1207. The near
continuous record at Site 1208 allows us to distinguish highly con-
densed intervals from major breaks in sedimentation. The presence of
carbonate provides a record of CCD variations through time.

Several of the unconformities at Site 1208 appear to result from
shoaling of the CCD. The history of the CCD in the North Pacific shows
a slow rise from 70 to 50 Ma (early Maastrichtian to early Eocene), a
rapid rise from 50 to 30 Ma (early Eocene to early Oligocene), and a
long-term deepening from 30 to 14 Ma (early Oligocene to middle
Miocene) (Rea et al., 1995). The CCD remained above the current depth
of Site 1208 from 39 to 15 Ma (middle Eocene to middle Miocene). One
of the clearest lithologic changes lies close to the E/O boundary in in-
terval 198-1208A-36X-2, 0–20 cm, where a distinct color change reflects
a sharp upsection increase in carbonate content that likely corresponds
to an abrupt drop in the CCD. This interval, within nannofossil Sub-
zone CP16a and the lower part of Subzone CP16b, corresponds to a glo-
bal deepening of the CCD (Zachos et al., 1996) that is thought to corre-
spond to the Oi-1 cooling event.

The uppermost Paleocene to lowermost Eocene interval appears
highly condensed. Preliminary biostratigraphy suggests that this inter-
val is complete to the limits of resolution. The presence of highly dis-
solved nannofossil assemblages and depauperate foraminifers in some
samples and other samples that are devoid of carbonate suggests that
the site rested close to the CCD through this interval.

The absence of zonal markers in the lower Miocene to lower Oli-
gocene transition complicates age interpretation (see “Biostratigra-
phy,” p. 16, in the “Site 1208” chapter). This transition lies in an inter-
val of nannofossil ooze, chalk, and claystone that is dark orange to
brown in color, indicative of slow sedimentation. However, given poor
biostratigraphic resolution, it is also possible that one or more uncon-
formities lie within this transition. The similarity in the age of the sedi-
ment overlying this interval (early Miocene foraminiferal Zone N9;
14.7–15.1 Ma) at Sites 1207 and 1208 also suggests that the unconfor-
mity represents a regional event. Seismic reflection profiles at Site 1207
indicate that a major Oligocene–early Miocene interval of erosion and
slumping removed much of the section underlying this unconformity.
The stratigraphy at Site 1208 suggests that this erosive event may have
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been regional, perhaps driven by the intensification of deepwater circu-
lation during long-term early Neogene cooling (e.g., Kennett et al.,
1985).

The record of hiatuses at Site 1208 and other sites in the North Pa-
cific also shows a number of similarities. The section at Site 883 on Em-
peror Seamount has unconformities in the upper to middle Miocene,
the lower Miocene to lower Oligocene and the lower Eocene (Barron et
al., 1995). Keller and Barron (1987) show four widespread hiatuses in
the uppermost Oligocene to lowest middle Miocene interval. Thus, the
early Miocene to early Oligocene erosive event is not limited to Shatsky
Rise but is a regional phenomenon.

A major angular unconformity occurs between the Campanian and
the middle Albian (Fig. F15). This unconformity contact was not recov-
ered at Site 1208, but its nature can be inferred from regional seismic in-
terpretations. Seismic stratigraphy indicates that the age of the units
overlying the Campanian becomes younger to the east of Site 1208. In
this direction, the truncation of the inferred mid-Cretaceous section be-
neath the unconformity suggests a lengthy phase of nondeposition and
erosion at some stage during the Late Cretaceous or Paleogene (Fig.
F18). Campanian horizons appear to depositionally onlap the uncon-
formity surface at Site 1208. The mid-Cretaceous horizons appear to
have draped the rough basement topography across the Central High
and the Campanian horizons appear to have smoothed out this topog-
raphy. The horizons on either side of the unconformity between the
upper Campanian and the upper Paleocene are parallel. This suggests
most likely that the unconformity resulted from an interval when the
site was below the CCD, an interval that was not recovered in Core 198-
1208A-36X. We cannot rule out the possibility that a minor amount of
erosion complimented this dissolutional episode. The similarity in age
of the Campanian horizons underlying the unconformity at Sites 1207
and 1208 (nannofossil Zone CC22; 75–76 Ma) suggests that the Late
Cretaceous and early Paleogene interval of dissolution was regional in
scope.

Deepwater Record of the Paleocene–Eocene Boundary 
Transition

The interval of time surrounding the P/E boundary was characterized
by rapid changes in climate and ocean circulation that led to profound
changes in marine and terrestrial biotas (i.e., papers in Aubry et al.,
1998). Superimposed on this interval of long-term transition was an
abrupt global warming event at the P/E boundary known as the PETM.
The deep-sea and high-latitude oceans warmed by 4° and 8°C, respec-
tively, during the PETM. The warming, in turn, led to profound changes
in precipitation and continental weathering patterns (Gibson et al.,
1993; Robert and Kennett, 1994). The climatic changes also affected
biota on a global scale triggering rapid turnover of benthic and plank-
tonic organisms in the ocean (i.e., Thomas, 1990; Kelly et al., 1996).

The carbon isotopic composition of the ocean decreased by 3‰–4‰
coeval with the warming event, suggesting a massive perturbation to
the global carbon cycle (Kennett and Stott, 1991; Bains et al., 1999).
The large magnitude and rate (~–3‰–4‰ per 5 k.y.) of the carbon iso-
tope excursion is consistent with a sudden injection of a large volume
of isotopically depleted carbon into the ocean/atmosphere system.
Dickens et al. (1995, 1997) suggested that the largest source of depleted
carbon was the vast reservoir of methane clathrates stored in continen-

Deposition of Lower and mid-Cretaceous sediments above 
basement of Central High.

Erosion of Lower and mid-Cretaceous sediments and infilling of 
low by Upper Cretaceous sediments.

Erosion of Upper and mid-Cretaceous sediments and very slow 
deposition of Paleogene condensed sequence.

After short hiatus, deposition of Oligocene to mid-Miocene pelagic 
sediments followed by upper Miocene to Holocene drift.

F18. Interpretation of the evolu-
tion of a stratigraphic section, Site 
1208, p. 108.
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tal slope sediments. Much of this methane would have quickly con-
verted to CO2, stripping O2 from deep waters and lowering alkalinity.
The expected response of this massive input of CO2 into the ocean-
atmosphere system is a sharp rise in the level of the CCD. The response
of the CCD in the Pacific can be determined by comparison of carbon-
ate preservation in Shatsky Rise sediments at various water depths.

At Site 1208, the upper Paleocene–lower Eocene transition rests un-
conformably above the Campanian in Section 198-1208A-36X-CC. Pre-
liminary nannofossil biostratigraphy suggests that this section lies close
to the P/E boundary and the PETM. Three events that lie close to the
boundary—the last occurrence (LO) of the genus Fasciculithus and the
first occurrences of Tribrachiatus bramlettei and Discoaster diastypus—
occur within 6 cm of each other (see “Biostratigraphy,” p. 16, in the
“Site 1208” chapter). These events lie just within or just above the PETM
and are separated by ~330 k.y. (Aubry et al., 1996; Bralower et al., 1995).

Poorly preserved nannofossil assemblages and intervals barren of car-
bonate suggest that the CCD was close to the depth of the site during
the P/E boundary transition interval. Combined with results from other
Leg 198 drill sites, the recovered section may hold important clues
about the Paleocene–Eocene transition in the North Pacific. High-reso-
lution bulk carbon isotope analyses and carbonate variations will be
used to identify the event. In addition, the clay-rich lithology will pro-
vide an excellent opportunity to derive detailed clay mineralogical
records that could be used to monitor changes in atmospheric circula-
tion.

Site 1209

Background

Site 1209 is located in middle bathyal (2387 m) water depth close to
the most elevated, central part of the Southern High of Shatsky Rise.
The site is located on seismic line TN037-14A (Fig. F19). This profile is
hard to correlate with other profiles on the southern and western flanks
of the Southern High that are tied to drill holes. A tentative predrilling
correlation with the Southern High seismic units of Sliter and Brown
(1993) suggests a moderately thick Unit 1 (Neogene), an expanded Unit
2 (Paleogene), and a moderately thick Unit 3 (Upper Cretaceous). The
site is close to the point where the stratigraphic sequence appears to be
most complete; however, the section was expected to contain a number
of minor disconformities as indicated by prominent horizontal reflec-
tors. The total thickness of the sedimentary section at Site 1209 is esti-
mated at ~1147 m. Basement underlying the site was formed during
Magnetochron CM20 in the Tithonian (Nakanishi et al., 1989).

The major goals of Site 1209 drilling were to core a shallow, relatively
expanded Paleogene and uppermost Cretaceous section. Holes 1209A
and 1209B were cored largely with the APC (Table T1). Only two cores
were taken with the XCB. Hole 1209C was drilled down to the lower
Miocene, and then the Oligocene to Maastrichtian section was cored.
The three holes terminated at different levels in the Maastrichtian be-
cause of difficulty penetrating chert horizons with the XCB center bit.
The deepest recovered sediment was early Maastrichtian in age from
297.6 mbsf in Hole 1209B.

Coring recovered a relatively thin (111.2 m) lower Miocene to Ho-
locene (0–16.4 Ma) section of nannofossil ooze, clayey nannofossil
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ooze, and nannofossil ooze with clay (lithologic Unit I) (Fig. F20). This
unit has an unconformity (11.19 to 15.1 Ma) separating the uppermost
middle Miocene and the uppermost lower Miocene. Lithologic Unit I
rests unconformably on lithologic Unit II (111.2 and 235 mbsf), which
consists of nannofossil ooze and nannofossil ooze with clay of early
Oligocene to early Paleocene age (28.6–65 Ma). Preliminary nannofossil
and planktonic foraminiferal biostratigraphy suggests that the succes-
sion is largely complete. However, minor unconformities may be
present, especially in the upper to middle Eocene interval (between 38
and 42 Ma) that is characterized by low sedimentation rates. Underly-
ing lithologic Unit III of Maastrichtian age (65 to 70 Ma) is composed of
nannofossil ooze and chert. Three prominent chert layers were encoun-
tered in the ~50-m Maastrichtian section in Hole 1209C. However, no
horizons were found in the same interval in Hole 1209B, suggesting
that chert layers are laterally discontinuous. The ooze surrounding the
chert at the bottom of each hole was often still fluid and almost com-
pletely unlithified.

Summary of Results

The upper middle Miocene to Holocene section at Site 1209 is appar-
ently continuous and similar to contemporaneous sequences at Sites
1207 and 1208. Unconformities from the lower to middle Miocene and
the lower Miocene to the lower Oligocene are partially equivalent to
those observed at Sites 1207 and 1208 (Fig. F21), suggesting that re-
gional oceanographic processes controlling erosion and dissolution had
a major effect on sedimentation. The Neogene section at Site 1209 was
deposited at much lower sedimentation rates than at the other sites, at
least partially as a result of the lower production of biosiliceous and car-
bonate materials. Moreover, sedimentation at Site 1209 was exclusively
pelagic, whereas the other two sites appear to have received a large sup-
ply of fine sediment from bottom water currents and eolian transport.
A progression of decimeter- to meter-scale orbital cycles is observed in
the sedimentary record at Site 1209. Preliminary ages suggest that dom-
inant frequencies are eccentricity (100 k.y.) subsequent to 0.6 Ma,
obliquity (40 k.y.) from 0.6 to 2.5 Ma, and then a gradual transition
from long obliquity (1.25 m.y.) to long eccentricity (400 k.y.) to eccen-
tricity (100 k.y.) through the lower Neogene and Paleogene section.

The lower Maastrichtian to lower Oligocene section at Site 1209 is
also apparently complete. The highlights of Site 1209 coring were
clearly associated with the recovery of the sedimentary record of several
critical events in this interval, most of them in multiple holes. These in-
clude the Eocene–Oligocene transition, the PETM, a prominent biologi-
cal event in the early late Paleocene, the K/T boundary, and the MME.
Sediments are almost completely unlithified, and the site appears to
have remained above the CCD for most of this time interval; hence,
foraminiferal preservation is good to excellent. The stable isotope and
paleontological records from Site 1209 will provide important informa-
tion on the nature of environmental changes during the critical events
and their effect on marine biotas. Site 1209 will provide a firm shallow
end-member in the Shatsky Rise depth transect.
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Highlights

Eocene–Oligocene Transition

The Eocene to Oligocene transition represents the true end of the
“greenhouse” world of the Mesozoic and early Cenozoic. Although this
transition occurred over a period of several million years, stable isotopic
records reveal that much of the cooling occurred over a relatively brief
(350 k.y.) interval in the earliest Oligocene known as Oi-1 (33.15–33.5
Ma) (e.g., Miller et al., 1991; Zachos et al., 1996). The deep oceans
cooled by ~3°C during Oi-1, and large permanent ice sheets became es-
tablished in Antarctica (Zachos et al., 1992a, 1992b). Current recon-
structions of ocean temperature and chemistry for the Eocene–
Oligocene transition, however, are based primarily on pelagic sedi-
ments collected in the Atlantic and Indian Oceans (Miller et al., 1987a;
Zachos et al., 1996). Very few sections suitable for such work have been
recovered from the Pacific (e.g., Miller and Thomas, 1985). As a conse-
quence, we still lack a robust understanding of how global ocean chem-
istry or circulation evolved in response to high-latitude cooling and gla-
ciation.

The E/O boundary was recovered in Cores 198-1209A-14H, 198-
1209B-14H and 15H, and 198-1209C-4H. Preliminary nannofossil and
planktonic foraminiferal biostratigraphy suggests that the boundary in-
terval is complete. The most marked feature in the transition record at
Site 1209 is a gradual change, over ~7.5 m in the lowermost Oligocene
and uppermost Eocene, from light brown to tan nannofossil ooze with
clay to a light gray to white nannofossil ooze. A similar lithologic tran-
sition was observed in an identical stratigraphic position at Site 1208.
However, the Site 1208 record is far more condensed than the Site 1209
record.

The distinctive color change in the Site 1209 record reflects a pro-
nounced deepening in the CCD. This oceanwide event is thought to be
related to the intensification of ocean circulation and/or to increased
continental weathering (Zachos et al., 1996). Cycles from within the
transition show that the transition was nonlinear and likely affected by
orbital climatic variations. This observation will help constrain the
cause of deepening of the CCD. Planktonic and benthic foraminiferal
preservation in this interval is moderate. Thus, stable isotope stratigra-
phies from Site 1209 have the potential to provide a firm understand-
ing of the evolution of Pacific surface and deep waters through this im-
portant climatic transition.

Paleocene–Eocene Thermal Maximum

At the other end of the climatic spectrum from the Eocene–
Oligocene transition, the PETM was an abrupt and short-term (~210
k.y.) warming event at ~55.5 Ma that led to major transformation of
marine plankton and benthos. This climatic event involved an increase
of some 8°C of high-latitude surface water temperature and some 5°C of
deep ocean water temperature. Warming is thought to have been driven
by the input of a massive quantity of greenhouse gas, most likely meth-
ane, into the ocean-atmosphere system (e.g., Dickens et al., 1995). The
response of the tropics and the Pacific Ocean to this climatic event is
currently poorly known (Bralower et al., 1995).

The PETM at Site 1209 corresponds to a 12.5-cm-thick medium
brown layer of clayey nannofossil ooze with a sharp basal contact and a
gradational upper contact. This horizon was recovered in Sections 198-
1209A-21H-7, 198-1209B-22H-1, and 198-1209C-11H-3. The detailed
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lithostratigraphy of the three PETM records recovered varies signifi-
cantly on a millimeter scale as a result of deformation of the soft hori-
zons during coring and splitting. Core 198-1209C-11H shows the most
complete upper Paleocene to lower Eocene transition as indicated by
MST data. The event corresponds to a sharp change from a white nan-
nofossil ooze to a brown nannofossil ooze with clay (Fig. F22). In Hole
1209B, these two lithologies are separated by an extremely thin (1 mm)
dark brown clay seam. In the other two holes, this seam has been dis-
turbed during coring and splitting.

The micropaleontologcal record of the PETM interval is summarized
in Figure F22. Preliminary biostratigraphy shows that the event lies to-
ward the top of nannofossil Zone CP8 and planktonic foraminiferal
Zone P5. In addition, a single specimen of Gavelinella beccariiformis, a
benthic foraminiferal species that goes extinct at the onset of the PETM
(e.g., Thomas, 1990) was found in Section 198-1209A-21H-CC several
decimeters below the event (see “Biostratigraphy,” p. 16, in the “Site
1209” chapter). The abrupt decrease in the nannofossil Fasciculithus
that occurs just above the PETM in other sections (Bralower et al., 1995,
1997b; Aubry et al., 1996; Monechi et al., 2000) lies at the top of the
clayey nannofossil ooze layer at Site 1209 (Fig. F22). The PETM layer
corresponds to a prominent magnetic susceptibility peak followed by a
6- to 7-m interval of relatively high susceptibility that shows cyclic vari-
ation. The top of the event is currently undefined. However, prelimi-
nary biostratigraphy—in particular the first occurrence (FO) of the nan-
nofossil Discoaster diastypus that lies 1.73 m above the base of the PETM
(between Samples 198-1209A-21H-5, 130 cm, and 21H-6, 30 cm), and
the LO of the plantkonic foraminifer Morozovella velascoensis that lies
2.38 m above the base of the event (between 198-1209A-21H-5, 129–
130 cm, and 49–50 cm)—indicates that the section is condensed com-
pared to continental margin records from the Atlantic and Tethys (i.e.,
Kennett and Stott, 1991; Norris and Röhl, 1999; Röhl et al., 2000).

The PETM interval is associated with dramatic turnover in nannofos-
sil assemblages. One of the dominant nannolith genera, Fasciculithus, is
replaced by Zygrhablithus bijugatus, a nannolith that is often a highly
abundant or dominant component of Eocene assemblages (Fig. F22).
The genus Discoaster is often highly abundant within the event itself,
likely as a result of warming or increased oligotrophy (Bralower, in
press). Common to abundant calcispheres are found in sediments from
the PETM interval at Site 1209. These fossils are likely produced by cal-
careous dinoflagellates during intervals of adverse surface water condi-
tions.

Low-latitude planktonic foraminiferal assemblages in the PETM also
experienced a significant transformation with the sudden appearance
of an ephemeral group of ecophenotpyes or new species of the genera
Acarinina and Morozovella (Kelly et al., 1996). The range of these tran-
sient taxa is limited to the interval of the carbon isotope excursion;
hence, they are known as the “excursion” taxa. Although preliminary
observations did not yield any of the end-member excursion taxa, sev-
eral forms that are intermediate between the true excursion taxa and
their ancestors were observed. No detailed observations were made on
benthic foraminifers at Site 1209 due to sampling limitations.

The response of the CCD is a sensitive indicator of change in carbon
cycling during the PETM, likely as a result of the input of large quanti-
ties of methane into the ocean-atmosphere system (e.g., Dickens et al.,
1997). This response can be monitored by changes in carbonate content
and preservation. Nannofossil preservation below the event at Site 1209
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is moderate, indicating that the site was located in the broad range of
the lysocline. Preservation declines markedly in the 1-mm clay seam at
the base of the event as shown by pervasive etching of coccolith shields
and nannolith rims. Preservation remains poor for several centimeters
above this level, but nannofossils never completely disappear from the
record. This interval of poor preservation is accompanied by a high
abundance of bladey rhombs that may be reprecipitated calcite. The de-
terioration in nannofossil preservation is evidence for an abrupt rise in
the level of the CCD and lysocline during the PETM. The effects of this
rise are not nearly as dramatic at Site 1209 as at Site 1208, which was
situated almost 1 km deeper (see “Site 1208,” p. 22).

Mid-Paleocene Biological Event

A prominent, 23-cm-thick, dark brown nannofossil ooze with clay
was found in Sections 198-1209A-23H-3, 198-1209B-23H-5, and 198-
1209C-12H-CC. This layer shows a sharp magnetic susceptibility in-
crease and a slight density decrease. Preliminary micropaleontological
investigations suggest that this interval may represent a previously un-
recognized event of considerable evolutionary significance. This inter-
val lies within planktonic foraminiferal Zone P4 and coincides exactly
with the evolutionary FO of the nannolith Heliolithus kleinpellii, an im-
portant component of late Paleocene assemblages and a marker for the
base of Zone CP5. The interval immediately below the brown ooze layer
contains significant numbers of the species Bomolithus elegans, which
may be the ancestor of H. kleinpellii. The abundance of H. kleinpellii in-
creases sharply in a transitional interval at the base of the brown ooze
layer. Planktonic foraminifers in the ooze layer are characterized by a
low-diversity, largely dissolved assemblage dominated by representa-
tives of the genus Igorina (mainly I. pusilla and I. tadjikistanensis). This
low-diversity assemblage suggests some kind of oceanic perturbation.

A contemporaneous and prominent magnetic susceptibility peak was
found on the Blake Nose at Site 1051 (U. Röhl et al., unpubl. data); this
peak is associated with a dark brown chalk and correlates almost exactly
with the FO of H. kleinpellii. Isotopic and further paleontological inves-
tigations are required to understand the oceanographic conditions that
gave rise to this mid-Paleocene event as well as the detailed evolution-
ary relationships of the key taxa.

Cretaceous/Tertiary Boundary

At Site 1209 the base of lithologic Unit II coincides with the K/T
boundary, marked by a significant lithologic change from uppermost
Maastrichtian, white to very pale orange nannofossil ooze to basal
Paleocene, darker grayish orange foraminiferal nannofossil ooze. This
boundary is located in Sections 198-1209A-25H-6 and 198-1209C-15H-
3 but occurs within an unrecovered interval in Hole 1209B. The most
complete boundary sequence is found in Hole 1209C. Here the top of
the Maastrichtian is slightly indurated, possibly indicating an incipient
hardground, and overlain by lowermost Paleocene mottled, light or-
ange, slightly indurated foraminiferal nannofossil ooze that grades into
softer and paler tan-gray nannofossil ooze. The lowermost Paleocene
layer is strongly bioturbated as shown by the pale orange roots within
the irregular surface of the top of the white Maastrichtian ooze (Fig.
F23). The basal Paleocene unit is ~14 cm thick and overlain by a 23-cm-
thick pure white ooze. In Hole 1209A, the uppermost Maastrichtian
white nannofossil ooze is separated from the lowermost Paleocene light
orange foraminiferal nannofossil ooze by a watery, disturbed, orange-
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brown clay horizon. This horizon was formed by disturbance during
coring and splitting and does not correspond to the “clay horizon” that
defines the K/T boundary in classic sections such as El Kef, Tunisia; Car-
avaca, southern Spain; and Gubbio (Bottaccione), Italy.

The micropaleontological record of the K/T interval is summarized in
Figure F23. Preliminary biostratigraphy shows the well-known abrupt
change in nannofossil and planktonic foraminiferal assemblages. The
white nannofossil ooze (Hole 1209A: sample F2) yields a diverse, but
dissolved, highly fragmented fauna of the latest Maastrichtian Abath-
omphalus mayaroensis planktonic foraminiferal Zone; the washed resi-
due also contains rare, minute, well-preserved heterohelicids, predomi-
nantly Guembelitria, that suggest a possible preservation of Zone P0
fauna in the deepest burrows. Nannofossil assemblages below this inter-
val (Hole 1209A: sample N1) are diverse, well preserved, and include
relatively common Micula prinsii, indicating correlation to the upper-
most Maastrichtian nannofossil Zone CC26. The light orange foramin-
iferal nannofossil ooze burrows (Hole 1209C: sample F1) yield highly
abundant, minute (<100 µm), and well-preserved planktonic foraminif-
eral assemblages that are dominated by heterohelicids and belong to
the basal Paleocene Parvularugoglobigerina eugubina (P�) Zone. Nanno-
fossils in the gray-orange ooze (Hole 1209C: sample N2) are limited to
“disaster” taxa (calcispheres) and reworked Cretaceous taxa. In the
overlying pale nannofossil ooze horizon, the average size of the fora-
miniferal assemblage increases associated with increasing abundance of
trochospiral forms with respect to heterohelicids (Hole 1209A: sample
F3; Hole 1209C: sample F2). The lower part of the white ooze unit (Hole
1209C: sample N3, Hole 1209A: Sample N4) is dominated by ultrafine
micrite, calcispheres, and the survivor coccolith taxon Cyclagelosphaera
reinhardtii. Finally, the upper part of the white ooze unit (Hole 1209C:
sample N4) contains fine micrite, C. reinhardtii, another survivor,
Markalius inversus, and small species of the Danian coccolith genus Neo-
biscutum. This whole interval thus belongs to nannofossil Subzone
CP1a. In Hole 1209A, the orange-brown soupy clay, containing a late
Danian planktonic fauna, coats indurated ooze above the burrows frag-
mented by drilling.

The lowermost 2–3 cm of basal Paleocene darker grayish orange fora-
miniferal nannofossil ooze contains common spherules, probably al-
tered tektites. The thin (1–2 cm) boundary clay unit that corresponds to
planktonic foraminiferal Zone P0 in a few deep-sea and shelf sites (e.g.,
El Kef, Tunisia; and Caravaca, southern Spain) is not found at this site.
However, Zone P0 fauna seems to be present in the deepest burrows.

We postulate that this interval has been affected by bioturbation
soon after the boundary (Fig. F23). Nevertheless, the substantial thick-
ness of the uppermost Maastrichtian M. prinsii (CC26) Zone and the
lowermost Danian P� Zone at Site 1209 indicates that the K/T boundary
is paleontologically complete. In most deep sea-sites, the P� Zone is ei-
ther unrecovered or poorly preserved. Thus, the section represents one
of the best-preserved and least-disrupted deep-sea records of this major
extinction event, as well as of the subsequent radiation.

Mid-Maastrichtian Event

The long-term cooling of the Late Cretaceous was interrupted by a
dramatic event in the mid-Maastrichtian (~69–70 Ma; nannofossil Zone
CC24), when oceanic deep waters appear to have switched abruptly
from low- to high-latitude sources (e.g., MacLeod and Huber, 1996;
Frank and Arthur, 1999). This event appears to have coincided with the
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extinction of the inoceramid bivalves. Growing evidence, however, sug-
gests that this biotic event is distinctly diachronous in the Atlantic,
Tethys, and Pacific Oceans (MacLeod et al., 1996). Moreover, the mag-
nitude and direction of stable isotope changes are quite variable from
site to site (Frank and Arthur, 1999), possibly as a result of uncertainties
in stratigraphic correlation or of true differences in deepwater proper-
ties.

The MME appears to have been recovered in Section 198-1209C-21H-
1, which lies in nannofossil Zone CC24. In this section (Fig. F24) and
several below it, large inoceramid prisms can be seen with the naked
eye. Although the LO of inoceramids has not yet been determined in
Hole 1209C, the abrupt disappearance is a likely sign of the event.
Shore-based stable isotopic and benthic assemblage studies will help us
refine our understanding of the origin and implications of this deep-
water change.

Site 1210

Background

Site 1210 is located on the southern flank of the Southern High of
Shatsky Rise on seismic line TN037-17A. Because of the proximity of
this site to the seismic lines that are calibrated with drill holes and char-
acteristic sets of reflectors on these profiles, the seismic units of Sliter
and Brown (1993) can be identified with confidence. Seismic Unit 1
(Neogene) is relatively condensed, and Units 2 (Paleogene) and 3 (Up-
per Cretaceous) are moderately expanded (Fig. F25). Although the site
was selected at a location where the sedimentary section looks rela-
tively expanded, the section was expected to contain a number of mi-
nor disconformities as indicated by prominent horizontal reflectors.

At 2574 m, Site 1210 is the second shallowest site in the Shatsky Rise
Paleogene–Late Cretaceous depth transect that ranges from 2387 to
3346 m. As part of this depth transect, cores from Site 1210 will be used
to address a number of leg-related objectives focused on abrupt and
long-term climate change during the Cretaceous and Paleogene.

Holes 1210A and 1210B were cored largely with the APC. XCB center
bit drilling was used to punch through chert layers in the Upper Creta-
ceous section (Table T1). Hole 1210A terminated at 249.3 mbsf in the
core below a major chert horizon in the upper Maastrichtian. In Hole
1210B, a greater effort was made to penetrate the chert layers and to
core the surprisingly soft sediment in between them with the APC. In
this hole, 11 chert layers were penetrated with XCB center bit drilling,
and a total depth of 376.5 mbsf was achieved.

Summary of Results

Coring at Site 1210 recovered three lithologic units that have been
separated based on composition (Fig. F26). Lithologic Unit I ranges
from Holocene to lower Oligocene (0 to ~32 Ma; 0–115.8 mbsf) and
consists of clayey nannofossil ooze, nannofossil ooze with clay, and
nannofossil ooze. This unit is split into three subunits. Subunit IA (Ho-
locene to upper Miocene; 0 to 5.5 Ma; 0–83.4 mbsf) is olive-gray to gray
and was deposited at higher rates than Subunit IB (upper Miocene to
upper middle Miocene; 5.5 to 11.5 Ma; 83.4–112.0 mbsf), whose color
ranges from shades of yellowish brown to pale orange to grayish or-
ange. Subunit IC (upper middle Miocene to lower Oligocene; 11.5 to
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The mid-Maastrichtian event on Shatsky Rise
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F24. Cores that contain the ap-
pearance and sudden disappear-
ance of prisms of Inoceramus, 
p. 114.

27 Aug NESW

Tw
o-

w
ay

 tr
av

el
tim

e 
(s

)

4.5

4.0

Site 1210
(2573 m)

2130 2120 2110 2100 2050 20402140

3.5
D

ep
th

 (
m

bs
f)

Unit

I

II

III

115.8

219.9

377.0 R1

F25. Interpretation of a seismic re-
flection profile, Site 1210, p. 115.

2H

3H

4H

5H

6H

7H

8H

9H

10H

11H

12H

13H

14H

15H

16H

17H

18H

19H

20H

21H

23H

24H

25H

27H

22H

1H 1H

2H

3H

4H

5H

6H

7H

8H

9H

10H

11H

12H

13H

14H

15H

16H

17H

18H

19H

20H

21H

23H

24H

25H

26H

27H

28H
29H

22H

36H
37H
38H

39H

40H

42H

41H

30H

31H
32H
33H

34H

35H

Hole
1210A

Hole
1210B

IA

IB

IC

II

III

0

20

40

60

80

100

120

140

160

180

200

220

240

260

280

300

320

340

360

380

400

0.0 2.0 4.0 20 60 100 0 40 1.4 1.8 2.2 1500 1600 50 60 70
Accumulation rate

(g/cm2/k.y.)
Magnetic susceptibility

(10–5 SI)
Wet bulk density

(g/cm3)
P-wave velocity

(m/s)
Porosity

(%)
Total reflectance

(L*)

Recovered
Not recovered

Drilled interval
Expansion (>100% recovery)

0 40 80 0 40 80 30 40 50

P
lio

.

M
io

.

O
lig

o.

E
oc

.

P
al

eo
c.

P
le

is
t.

M
aa

st
.

C
am

p.

Age (Ma)

U
ni

t/S
ub

un
it

Li
th

ol
og

y

Water content
(%)

CaCO3
(wt%)

D
ep

th
 (

m
cd

)

Neog. KPaleog.

F26. Coring results, Site 1210, 
p. 116.



SHIPBOARD SCIENTIFIC PARTY
CHAPTER 1, LEG 198 SUMMARY 35
~32 Ma; 112.0 to 115.8 mbsf) encompasses several dark yellowish
brown clay-rich intervals that represent condensed sections or uncon-
formities, interbedded with pale orange nannofossil ooze. A significant
unconformity from lower Miocene to lower Oligocene occurs within
this interval (see “Biostratigraphy,” p. 56, in “Specialty Syntheses”).
Lithologic Unit II ranges from lower Oligocene to lowermost Paleocene
(~32 to 65 Ma; 115.8–219.9 mbsf) and consists of shades of orange and
yellowish brown nannofossil ooze, nannofossil ooze with clay, and mi-
nor amounts of clay with nannofossil ooze. The unit has a generally
higher carbonate content than Unit I. Lithologic Unit III ranges from
uppermost Maastrichtian to lower Campanian (65 to ~77 Ma; 219.9–
377.0 mbsf) and consists of white nannofossil ooze, nannofossil ooze
with foraminifers, and chert. Eleven chert layers were penetrated in
lithologic Unit III.

The recovered section at Site 1210 is remarkably similar to that cored
at Site 1209 located 29 km to the northeast on the summit of the South-
ern High. On a large scale, the ages of unconformities at the two sites
are similar. On a small scale, critical boundaries—for example, the P/E
and K/T boundaries—show a similar, detailed sequence of lithologies.
Thus, the two sites have highly comparable sedimentation histories.
There are a number of subtle differences between the Site 1209 and
1210 sedimentary sections that yield important interpretations in the
depth transect framework of Leg 198. Site 1210 is 200 m deeper than
Site 1209. Preliminary biostratigraphy suggests that the middle Mio-
cene to upper Miocene interval at Site 1209 is highly condensed with a
number of diastems, whereas the same interval at Site 1210 more likely
corresponds to an unconformity (see “Biostratigraphy,” p. 13, and
“Sedimentation and Accumulation Rates,” p. 21, in the “Site 1210”
chapter). Increased dissolution at Site 1210 in the middle to late Mio-
cene is the most likely mechanism to explain this difference.

The highlights of coring at Site 1210 are also similar to those at Site
1209, namely the recovery of all of the critical intervals, most in both
holes. These include the E/O boundary, the PETM, the K/T boundary,
and the MME.

Highlights

Recovery of Critical Events

As at Site 1209, a number of critical events were recovered at Site
1210 in multiple holes. The lithologic record of each of these intervals
at Site 1210 appears to be remarkably similar to that at Site 1209. The
correlation is especially compelling based on magnetic susceptibility
data of the composite section (Fig. F27). These data show similar
shaped peaks for the events at the two sites, but perhaps more remark-
ably, a broadly similar number of peaks in between them. MST data will
provide precise correlations between the two sites as well as an internal
chronology. Site 1210 in general shows a slightly more expanded as
well as more complete section in certain intervals. However, in the ab-
sence of detailed data and analysis, discussion of the significance of
these events would be broadly similar for both Sites 1209 and 1210.
More detail on the critical events is presented in “Site 1209,” p. 28. 

The Eocene–Oligocene transition has been recovered in an interval
of continuous recovery from Holes 1210A and 1210B. The record for
both holes show a gradual increase in carbonate content (Fig. F28) that
is indication for a deepening in the CCD, similar to Site 1209 and sites
from the Atlantic and Indian Oceans (e.g., Zachos et al., 1996). The Site
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1210 record shows alternating dark and light lithologic cycles through-
out this interval that indicate an orbital control on dissolution. In inter-
vals of the uppermost Eocene at Site 1210, planktonic foraminifers are
extremely dissolved, suggesting that the site was toward the base of the
lysocline. Comparison of carbonate content and microfossil records be-
tween the Leg 198 sites will provide important information on changes
in the level of the lysocline and CCD through this major cooling event.

The interval recording the PETM was recovered in Holes 1210A and
1210B. The lithologic record of this event is very similar in the two
holes; this similarity is borne out by the magnetic susceptibility records
(Fig. F27). The sharp base of the event coincides with an abrupt change
from a very pale orange nannofossil ooze to a thin (1–2 mm), dark yel-
lowish brown clayey nannofossil ooze. This is overlain by ~18 cm of
moderate yellowish brown nannofossil ooze with clay that grades
slowly into a pale orange nannofossil ooze. There is a noticeable color
change from below the PETM clay-rich horizon to directly above it that
persists upsection for at least 10 m. The significance of this color
change has not been determined. The clay-rich units show signs of dis-
solution, although this does not appear to be more pervasive than at
Site 1209. Nannofossils appear highly dissolved in the lowest 1 cm of
the event, but preservation improves significantly in the middle and
upper part of the nannofossil ooze with clay. Blade-shaped, ~10–20 µm
calcite grains are observed throughout the clay-rich units. Transient
“excursion” planktonic foraminifers that correlate with the interval
represented by the negative carbon isotope shift (e.g., Kelly et al., 1996)
are observed within and just above the clay-rich units. The lack of sig-
nificant difference between the PETM records at Sites 1209 and 1210
suggests that these sections were located in a depth range that was rela-
tively insensitive to carbonate solubility changes across the PETM. The
Paleocene–Eocene transition at Site 1208, on the other hand, shows a
significant amount of dissolution and intervals lacking carbonate, sug-
gesting that it was at a depth (~800 m deeper than Site 1210) far more
sensitive to saturation changes.

A prominent, 18-cm-thick magnetic susceptibility increase was
found in the mid-Paleocene corresponding to a a dark brown nannofos-
sil ooze with clay layer. Preliminary micropaleontological investigations
suggest that this interval as already identified in cores from Site 1209
may represent a previously unrecognized event of considerable evolu-
tionary significance. Planktonic foraminifera are characterized by a low
diversity and largely dissolved assemblage dominated by representa-
tives of the genus Igorina. The composition of the assemblage suggests
some kind of oceanic perturbation.

The record of the K/T boundary at Site 1210 is similar to that at Site
1209. The boundary succession includes uppermost Maastrichtian
(nannofossil Zone CC26) pale orange nannofossil ooze overlain by low-
ermost Paleocene (planktonic foraminiferal Zone P�) grayish orange
foraminiferal ooze that grades into a white foraminiferal nannofossil
chalk then back into a grayish orange nannofossil ooze. The boundary
between the uppermost Maastrichtian and the lowermost Paleocene is
clearly bioturbated, and careful sampling of burrows yields planktonic
foraminifers dominated by Guembelitria with rare Hedbergella holmdelen-
sis that suggest a possible Zone P0 age. Light brown to amber, spherical
particles ~50 µm in diameter found in a sample from these burrows
may be altered tektites. As at Site 1209, perhaps the most exciting as-
pect of this boundary succession is the excellently preserved, and ap-
parently expanded, Danian section that will allow us to investigate the
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detailed record of the recovery and adaptive radiation of floras and fau-
nas after this major extinction event.

The MME also appears to have been recovered at Site 1210. Large In-
oceramus prisms can be seen over a 2-m interval of the mid-Maastrich-
tian in Core 198-1210B-28H but disappear above this level (Fig. F24).
The FO of the planktonic foraminifer Abathomphalus mayaroensis lies in
Section 198-1210B-26H-CC, which is consistent with the age of the
event at other sites (i.e., MacLeod and Huber, 1996).

Anomalous Lithification of Shatsky Rise Sediments

One of the most interesting results to emerge from Site 1210 and
other Southern Rise sites is that the sediment has undergone little lithi-
fication, even at comparable burial depths to sediment at other sites
that are indurated. For example, at the base of Hole 1210B at 377 mbsf,
the predominant lithology is a nannofossil foraminiferal ooze. This sed-
iment is soft, plastic in behavior, and almost uncemented. Nannofossils
and foraminifers at this level have suffered a greater amount of dissolu-
tion than overgrowth. Chalk is found at a comparable depth in a typi-
cal carbonate sequence on the Ontong Java Plateau; in fact, the chalk/
ooze boundary is located between 181 and 339 mbsf (Berger et al.,
1991). The soft nature of the upper part of the Shatsky Rise section has
been discussed by Matter et al. (1975).

At Site 1210 between 200 and 300 mbsf, there are not the expected
changes in physical properties that go hand-in-hand with compaction
(e.g., Schlanger and Douglas, 1974). In this interval, gamma ray attenu-
ation (GRA) density decreases, P-wave velocity is constant, and porosity
increases (see “Physical Properties,” p. 26, in the “Site 1210” chapter).
What are the major anomalies at Shatsky Rise that might be responsible
for the relative lack of induration of the Cretaceous and Paleogene sec-
tion? One possible factor that may have played a role in keeping the
sediment soft is that sedimentation rates for most of the burial history
of the deep section have been relatively slow, except for the last 5 m.y.
(see “Sedimentation and Accumulation Rates,” p. 21, in the “Site
1210” chapter). Thus, the time integrated overburden for the deep sec-
tion has been far less than most comparable sections.

A second factor is sediment composition. Cretaceous and Paleocene
sediments at Site 1210 and other Leg 198 sites on the Southern High of
Shatsky Rise are unusually enriched in foraminifers. Qualitative esti-
mates of the foraminiferal abundance range up to 30% by volume,
whereas typical deep sea sediments never exceed 15%–20% foramini-
fers. The bulk of the remaining volume is composed of nannofossils.
The Site 1210 foraminiferal nannofossil oozes do not have anomalous
porosities, densities, or P-wave velocities. However, the predominantly
subspherical shape of foraminifers (vs. the predominantly flat shape of
nannofossils) provides a smaller surface of exposed carbonate grains
and a lower amount of grain-to-grain contact than in typical nannofos-
sil ooze. Thus, typical nannofossil ooze will experience more pressure
solution, and this will lead to a greater amount of available carbonate
for overgrowth on particles and for cement. This general relationship is
borne out by results from the Ontong Java Plateau. Shipboard microfos-
sil abundance estimates show a substantial difference in the relative
abundance of nannofossils and planktonic foraminifers, especially
around the ooze–chalk transition. Although these data are semiquanti-
tative, an apparent relationship exists between the depth of the transi-
tion and the relative abundance of foraminifers. Sections with generally
higher abundances of foraminifers (Sites 805, 806, and 807) have
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deeper ooze–chalk transitions, between 264 and 339 mbsf, than those
with lower percentages of foraminifers (Sites 803 and 804), where this
transition is at 217 and 181 mbsf, respectively.

Site 1211

Background

Site 1211 is located in lower bathyal (2907 m) water depth on the
southern flank of the Southern High of Shatsky Rise. The site is on seis-
mic line TN037-17A (Fig. F29) at the location of DSDP Site 305, which
was RCB cored. The drilled section at Site 305 contains a relatively thick
sequence of Lower Cretaceous chalk and chert, Upper Cretaceous ooze
and chert, and Cenozoic ooze (Larson, Moberly, et al., 1975). The unin-
durated part of the sequence at Site 305 was highly disturbed by rotary
drilling and the record of the Eocene–Oligocene transition, the PETM,
and the K/T boundary has been lost. Thus, the triple APC coring strat-
egy for Site 1211 was designed to recover a complete and undisturbed
record of the Site 305 sequence.

Site 1211 is the second deepest site in the Upper Cretaceous–Paleo-
gene part of the Shatsky Rise depth transect. The site is more than 200
m deeper than Site 1212, the next shallowest site, and more than 500 m
deeper than Site 1209, the shallowest site. Thus, drilling results from
Site 1211 will contribute to broad, leg-based objectives that are aimed at
understanding changes in Late Cretaceous and Paleogene ocean circula-
tion at a time of global warmth.

Holes 1211A, 1211B, and 1211C were cored with the APC (Table T1).
Hole 1211A terminated at 158.9 mbsf at the highest chert layer in the
upper Maastrichtian. In Hole 1211B, this chert layer was penetrated
with XCB center bit drilling and a total of 169.9 m was cored, reaching
the lower Maastrichtian. Because there is some recovery of coherent
Maastrichtian and Campanian ooze from Site 305, we decided not to
spend the time to penetrate multiple chert layers to core the lowermost
Maastrichtian and Campanian sequence with APC. Hole 1211C was
cored to immediately below the K/T boundary at 138.3 mbsf to fill stra-
tigraphic gaps in the composite sequence constructed from Holes
1211A and 1211B. The lack of overlap between the first two holes re-
sulted from double coring an interval in the upper section of Hole
1211B (see “Composite Depths,” p. 20, in the “Site 1211” chapter).

Summary of Results

Coring at Site 1211 recovered three lithologic units that have been
separated based on sediment composition (Fig. F30). Lithologic Unit I
ranges from Holocene to lower Miocene (0 to ~17.3 Ma; 0–53.4 mbsf)
and consists of nannofossil ooze, clayey nannofossil ooze, and nanno-
fossil clay, shades of gray, green, yellow, orange, and brown in color.
This unit has a higher clay content than underlying units. Two subunits
are distinguished. Subunit IA (Holocene to lower Pliocene; 0 to ~4.8 Ma;
0–41.4 mbsf) is olive-gray and yellowish gray in color, contains siliceous
microfossils and rare ash layers, and often shows a marked decimeter-
scale cyclicity. Subunit IB (lower Pliocene to lower Miocene; ~4.8 to
~17.3 Ma; 41.4–53.4 mbsf) is yellowish orange and grayish orange in
color and contains centimeter to decimeter-scale cycles. An unconfor-
mity from lower Miocene to upper Oligocene separates lithologic Unit I
from Unit II (see “Biostratigraphy,” p. 56, in “Specialty Syntheses”).
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Lithologic Unit II ranges from upper Oligocene to lowermost Paleocene
(~27 to 65 Ma; 53.38–133.80 mbsf) and consists of yellowish brown and
dark yellowish brown nannofossil ooze with minor amounts of nanno-
fossil ooze with clay, clayey nannofossil ooze, and clay with nannofos-
sils. A number of minor diastems occur in this interval as indicated by
thin, darker horizons. More significant unconformities are found in the
middle Eocene (~40–45 Ma) and upper Paleocene (~56–59 Ma). The
unit has a generally higher carbonate content than Unit I. Color reflec-
tance data show decimeter-scale carbonate cyclicity. Lithologic Unit III
ranges from uppermost to lower Maastrichtian (65 to ~70 Ma; 133.8–
169.9 mbsf) and consists of pale orange nannofossil ooze and chert. The
unit has extremely high carbonate contents. One chert layer was pene-
trated in lithologic Unit III.

The Site 1211 stratigraphic section shows broad similarity to the sec-
tions recovered at Sites 1209 and 1210 suggesting, in general, common
sedimentation histories. In particular, the critical boundaries, for exam-
ple the P/E and K/T boundaries, show a similar sequence of lithologies.
However, sedimentation rates throughout the section are generally sig-
nificantly lower at Site 1211 than at the previous two sites (Fig. F31),
and there are additional unconformities and condensed intervals. All of
these differences appear to reflect changes in carbonate preservation co-
incident with the greater water depth.

Highlights

The major highlight of coring at Site 1211 is similar to the highlights
at Sites 1209 and 1210, namely the recovery of all of the critical inter-
vals, most of which were recovered in all three holes. These include the
E/O boundary, the PETM, a biotic event in the mid-Paleocene, the K/T
boundary, and probably the MME. In the first part of this section we de-
scribe the general stratigraphy of these intervals. In the absence of de-
tailed data and analysis, however, a discussion of the significance of
these events would be broadly similar to Sites 1209 and 1210. More de-
tail on the critical events is presented in “Principal Results,” p. 1, in
the “Site 1209” chapter.

The stratigraphic record at Site 1211 reveals differences from that at
Sites 1209 and 1210 that appear to be related to increased water depth.
In the second part of this section, we integrate results from the three
sites and explore the significance of these differences in the framework
of the Shatsky Rise depth transect.

Recovery of Critical Events

Sediment recovered at Site 1211 contains the record of the Eocene–
Oligocene transition, the PETM, an event in the mid-Paleocene, the K/T
boundary, and possibly the MME. The lithologic record of each of these
intervals at Site 1211 appears to be similar to Sites 1209 and 1210, but
also to show significant differences.

The Eocene–Oligocene transition was recovered in Holes 1211A,
1211B, and 1211C. Cores and reflectance data from the boundary tran-
sition show a subtle gradual upward lightening in color, likely as a re-
sult of an increase in carbonate content (Fig. F32). This change is evi-
dence for a deepening of the lysocline and CCD. Prominent color cycles
in the transition interval suggest an orbital control on dissolution. The
amplitude of the reflectance variations is higher than at previously
drilled Southern High sites, suggesting greater variation in dissolution
intensity at the deeper Site 1211.
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The PETM was recovered in Holes 1211A, 1211B, and 1211C; how-
ever, the lithologic record in the three holes is different (Fig. F33), and
magnetic susceptibility records are hard to correlate (see “Composite
Depths,” p. 20, in the “Site 1211” chapter). Part of this problem arises
from the fact that the event in Holes 1211A and 1211C was cut by sec-
tion breaks. In these two holes, the PETM was recovered in a yellowish
brown clayey nannofossil ooze. The contact of this layer with the un-
derlying grayish orange nannofossil ooze is affected by bioturbation
(Fig. F33). The lower part of the clayey nannofossil ooze in Hole 1211A
also appears to have been cut by a burrow that contains grayish orange
ooze. The clayey nannofossil ooze layer is ~11 cm thick in Hole 1211A
and 8 cm thick in Hole 1211C and is overlain abruptly by grayish or-
ange nannofossil ooze. In Hole 1211B, the base of the PETM corre-
sponds to a sharp change from a pale orange nannofossil ooze to a yel-
lowish brown clayey nannofossil ooze. This color is uniform for 16 cm
then grades to a grayish orange over the next ~30 cm. All sediment in
the section above the base of the PETM is darker than below.

Based on lithology and color, it is impossible to correlate between the
PETM in Holes 1211A and 1211C with the event in Hole 1211B. How-
ever, biostratigraphy suggests that there is a diastem right above the
base of the event in Hole 1211B. Samples from the lower 6–7 cm of the
clay-rich unit in Holes 1211A and 1211C contain the nannolith Fascicu-
lithus in similar abundance to the lower part of the PETM at Sites 1209
and 1210. Nannofossils in the lower part of the event are also poorly
preserved, and abundant calcite blades are seen in samples as at the pre-
vious sites. The planktonic foraminifer Morozovella velascoensis, the LO
of which defines the top of Zone P5, occurs 33 cm above the base of the
event in Hole 1211A and ~24 cm above the base of the event in Hole
1211C. In Hole 1211B, however, Fasciculithus disappears 1–2 cm above
the base of the event and M. velascoensis is absent in a sample 6 cm
above the base. The nannolith Discoaster diastypus, the FO of which de-
fines the base of nannofossil Zone CP9, is found 2–3 cm above the base
of the event in Hole 1211B, 34 cm above the base of the event in Hole
1211C, and 10 cm above the base in Hole 1211A, which may have a
slight gap at this level (this event is found 2 to 4 m above the base of
the event at Sites 1209 and 1210). These preliminary data show the
PETM interval in Holes 1211A and 1211C is correlative with the lower-
most 1 cm of the event in Hole 1211B. All three sections are highly con-
densed compared to records from Sites 1209, 1210, and 1212. The con-
densed nature of the PETM at Site 1211 suggests that it was in a depth
range that was sensitive to carbonate solubility changes across the
PETM.

The mid-Paleocene biological event was recognized in Holes 1211A,
1211B, and 1211C by a 5- to 10-cm-thick nannofossil ooze that has a
slightly darker color than surrounding sediment. The base of the unit is
gradational with the underlying sediment, except in Hole 1211C, where
a void lies directly under the event. The interval shows a sharp mag-
netic susceptibility peak and a density decrease. Preliminary nannofos-
sil biostratigraphy suggests significant differences with Sites 1209 and
1210. In the former sites, this event corresponds to the evolutionary FO
of the nannolith Heliolithus kleinpellii, an important component of late
Paleocene assemblages and a marker for the base of Zone CP5 (58.4 Ma
in the timescale of Berggren et al., 1995). Assemblages in the lower part
of this interval are highly dissolved. At Site 1211, a sharp increase in H.
kleinpellii occurs within the darker-sediment interval; however, this co-
incides with the FO of younger taxa Discoasteroides bramlettei and D.
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mohleri. In continuous sections, the FO of D. bramlettei lies in the upper
part of Zone CP5 (e.g., Perch-Nielsen, 1985), whereas the FO of D.
mohleri at 57.5 Ma defines the base of Zone CP6. The co-occurrence of
these FOs suggests that the dark claystone represents a condensed inter-
val of close to 1 m.y.

The K/T boundary stratigraphy at Site 1211 is very similar to that at
Sites 1209, 1210, and 1212. The boundary succession includes pale or-
ange nannofossil ooze of latest Maastrichtian age (nannofossil Zone
CC26) overlain by lowermost Paleocene (foraminiferal Zone Pα) yellow-
ish orange foraminiferal ooze. This lithology grades upward into a
white foraminiferal nannofossil ooze then back into a grayish orange
nannofossil ooze. The boundary between the uppermost Maastrichtian
and the lowermost Paleocene is clearly bioturbated, and careful sam-
pling of burrows yields planktonic foraminifers dominated by Guembel-
itria with rare Hedbergella holmdelensis that suggest a possible Zone P0
age. Light brown to amber, spherical particles ~100 µm in diameter
found in a sample from these burrows may be altered tektites.

The MME is likely to have been recovered at Site 1211. Although In-
oceramus prisms are not visible in the sediments, they are present in
washed residues from Sample 198-1211B-17H-CC.

Carbonate Record at Site 1211

The Shatsky Rise depth transect was designed to reconstruct the ef-
fect of short-term and long-term variations in the lysocline and CCD
on the Upper Cretaceous and Paleogene sedimentary record. The total
depth range of sites included in this transect is almost 1000 m, from
Site 1209 (2387 m) to Site 1208 (3346 m). Site 1208 was clearly below
the CCD for a significant part of the early Paleogene and the Maastrich-
tian, as much of this stratigraphic interval corresponds to an unconfor-
mity (see “Principal Results,” p. 1, in the “Site 1208” chapter). Site
1211 (2907 m) is the deepest site in the Shatsky Rise transect with a
nearly complete Maastrichtian to Eocene section.

The Site 1211 section shows broad similarities to its shallower neigh-
bors, Sites 1209 and 1210 (2573 m), but is considerably more con-
densed (Figs. F31, F34). Lower sedimentation rates in the major, contin-
uous parts of the Site 1211 section as well as the longer duration of
several hiatuses have reduced the thickness of the stratigraphic column.
The major Miocene–Oligocene hiatus is similar in duration at all of the
sites, however. This hiatus is thought to represent regionally increased
erosion coincident with intensified deepwater flow during the latest
Oligocene and early Miocene (see “Site 1207,” p. 16, and “Site 1208,”
p. 22). Preliminary biostratigraphy suggests unconformities in the Site
1211 section in the middle Eocene (~40–45 Ma) and upper Paleocene
(~56–59 Ma) that are unique among the Southern High sites or at least
much longer in duration than gaps in these intervals at the other sites.

Throughout the Paleogene section at Site 1211 are a number of 5- to
20-cm-thick yellow-brown clay-rich nannofossil ooze levels that have
abundant phillipsite, pyrite, and manganese-coated foraminifers. Car-
bonate content of these layers are as low as ~50 wt%. There are ~26
such intervals >5 cm in thickness. These levels are thought to result
from lengthy seafloor exposure during intervals of intense dissolution
when the site was located close to the lysocline/CCD. The late Paleo-
cene to middle Eocene is an interval with a steadily falling but generally
shallow CCD in the North Pacific (Rea et al., 1995). The paleodepth of
Site 1211 is thought to be comparable to the present day (see “Bio-
stratigraphy,” p. 56, in “Specialty Syntheses”); thus, the unconformi-
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ties at Site 1211 may be intervals when the CCD shoaled to depths
around 2900 m. A few clay-rich intervals in the upper Maastrichtian
may also represent short-term lysocline/CCD shoaling events.

Superimposed on this long-term record for CCD variation are short-
term (<1 m.y.) events that led to abrupt shoaling of the lysocline/CCD.
The two most prominent events are in the mid-Paleocene at the time of
a prominent biological event (see “Principal Results,” p. 1, in the “Site
1209” chapter). The second is at the PETM. Both of these events are
highly condensed at Site 1211 compared to Sites 1209, 1210, and 1212
as a result of dissolution. For the mid-Paleocene event, dissolution
lasted up to 1 m.y. beyond the end of the event.

Color reflectance data from Site 1211 show low-amplitude cyclic
variation throughout the Paleogene (see “Lithostratigraphy,” p. 8, in
the “Site 1211” chapter). The percent total reflectance is usually closely
correlated with carbonate content. For much of this interval, carbonate
likely reflects the amount of dissolution. This suggests that the inten-
sity of dissolution was controlled by a mechanism that varied in inten-
sity on orbital timescales. Two possible mechanisms are changing deep-
water circulation and surface water productivity. The cycle record at Site
1211 should allow development of an orbital chronology for the Paleo-
gene section.

Site 1212

Background

Site 1212 is located in middle bathyal (2681 m) water depth on the
southern flank of the Southern High of Shatsky Rise. The site is at the
location of DSDP Site 47 (Fischer, Heezen, et al., 1971). Hole 47.2 was
cored with RCB penetrating 129.2 m of predominantly soft sediments,
which frequently were so fluid that cores could not be easily opened.
The hole terminated at a hard layer interpreted as chert. The recovered
sediments, mainly nannofossil ooze and chalk are Pleistocene to late
early Maastrichtian in age. Site 1212 also lies ~1.3 km to the northwest
of DSDP Site 577.

According to the drilling record from Hole 47.2 (Fischer, Heezen, et
al., 1971), the uppermost seismic reflector correlates with a major un-
conformity between the upper Miocene and the lower Oligocene. The
next highest reflector corresponds to the uppermost chert horizon in
the Maastrichtian. The interval between the two reflectors contains a
Paleogene to uppermost Cretaceous section with minor unconformi-
ties. The lower Eocene to the K/T boundary section in Hole 47.2 was ap-
parently complete and included the P/E boundary. The K/T boundary
was described as heavily disturbed by coring but the described plank-
tonic foraminiferal faunal succession was complete (Douglas, 1971).
Abundant fragments of Inoceramus shells were recorded from the highly
disturbed nannofossil ooze in the lowermost core taken (Core 47.2-14;
128.0 to 129.2 mbsf). Stable isotope analyses on single planktonic spe-
cies have been performed on samples from this site and from other
Shatsky Rise sites including Sites 305 and 306, and the first paleotem-
perature curves for the Northern Pacific were constructed for the entire
Pleistocene to Cretaceous interval (Douglas and Savin, 1971, 1975).
PETM excursion isotope values were identified on single specimen and
multispecimen analyses of foraminifers from Hole 47.2 by Stott (1992).
This interval was described as highly disturbed by drilling.
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Site 1212 is the third shallowest site in the Shatsky Rise depth tran-
sect. The site is ~300 m deeper than Site 1209 (2387 m) and 230 m shal-
lower than Site 1211, the deepest site drilled on the Southern High;
Central High Site 1208 at 3346 m is ~770 m deeper than Site 1212. The
objective at Site 1212 was to recover a complete and undisturbed record
of the Hole 47.2 sequence with APC double coring. As part of the
Shatsky Rise depth transect, drilling at Site 1212 addresses a number of
leg-related objectives.

Holes 1212A and 1212B were cored with the APC (Table T1). Hole
1212A terminated at 101.6 mbsf at the uppermost chert layer in the up-
per Maastrichtian. In Hole 1212B, 11 chert layers were penetrated with
XCB center bit drilling and a total of 207.6 mbsf was cored, reaching
the upper Albian.

Summary of Results

Coring at Site 1212 recovered three lithologic units that have been
separated based on sediment composition and color variation (Fig.
F35). Lithologic Unit I ranges from Holocene to middle Miocene (0 to
~15.1 Ma; 0–63.0 mbsf) and consists of nannofossil ooze with clay,
clayey nannofossil ooze with foraminifers, and clayey nannofossil ooze,
light gray to light olive-gray in color. This unit has a higher clay con-
tent than underlying units. Two subunits are distinguished. Subunit IA
(Holocene to upper Pliocene; 0 to ~3 Ma; 0–35.9 mbsf) is characterized
by interbedded light gray nannofossil ooze with clay and light olive-
gray clayey nannofossil ooze with foraminifers expressed as decimeter-
scale light/dark alternations. The clay and foraminiferal content varies
from 5% to 35% and from 0% to 32%, respectively. Minor components
include siliceous microfossils (diatoms, radiolarians, silicoflagellates,
and sponge spicules) and rare ash layers. Subunit IB (upper Pliocene to
middle Miocene; ~3 to ~15.1 Ma; 35.9–63.0 mbsf) consists of light gray
nannofossil ooze with clay and light olive-gray clayey nannofossil ooze
and contains subtler decimeter-scale light/dark alternations. Siliceous
microfossils are present but considerably rarer than in Subunit IA. Ash
layers are absent.

An unconformity from middle Miocene to lower middle Eocene sep-
arates lithologic Unit I from Unit II (see “Biostratigraphy,” p. 56, in
“Specialty Syntheses”). Lithologic Unit II ranges from lower middle
Eocene to lowermost Paleocene (~43.6 to 65 Ma; 63.0–102.2 mbsf) and
consists of alternating pale yellowish brown nannofossil ooze with clay
and pale orange to grayish orange nannofossil ooze (Subunit IIA; lower
middle Eocene to P/E boundary; 43.6 to 55.5 Ma; 63.0–79.9 mbsf), and
very pale yellowish brown nannofossil ooze with clay interbedded with
very pale orange nannofossil ooze (Subunit IIB, P/E boundary to K/T
boundary; 55.5 to 65.0 Ma; 79.9–102.2 mbsf). A number of minor di-
astems occur in this interval as indicated by thin, darker horizons.

Lithologic Unit III ranges from uppermost Maastrichtian to upper Al-
bian (65 to ~100 Ma; 102.2.–207.6 mbsf) and consists of soft, white
nannofossil ooze and nannofossil ooze with foraminifers interbedded
with chert. The unit has extremely high carbonate content and is fre-
quently highly disturbed by drilling because of its fluid nature. Eleven
chert layers were penetrated. Two significant unconformities are found
toward the base of this unit, separating the upper Campanian from the
Coniacian and the Coniacian from the upper Albian.

The Site 1212 stratigraphic section shows broad similarity to the sec-
tions recovered at previously drilled Sites 1209–1211 suggesting, in gen-
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eral, common sedimentation histories. In particular, the critical bound-
aries, the P/E and K/T, show a similar sequence of lithologies. In
addition, sedimentation rates throughout the Site 1212 section are gen-
erally comparable with the rates estimated at Sites 1209 and 1210,
whereas they are higher than at Site 1211 in certain intervals (e.g.,
Paleocene–Campanian) (Figs. F31, F34). The major difference is the
~30- m.y. unconformity between lithologic Units I and II, a gap that is
longer in duration than the major Neogene–Paleogene unconformity at
other Southern High sites. Additional unconformities and condensed
intervals in the Site 1212 section may be located in shore-based bio-
stratigraphic investigations.

Highlights

The stratigraphic record at Site 1212 reveals differences from the
records at Sites 1209, 1210, and 1211 that are not related to water
depth. For example, the major Miocene–Eocene unconformity spans
the lower Oligocene through middle Eocene, an interval largely pre-
served at the other sites, including Site 1211, which is situated 230 m
deeper than Site 1212. This suggests that the missing section at Site
1212 is not a result of dissolution. The site lies near the top of a canyon
and in an area of the Southern High where the stratigraphy is complex
(Sliter and Brown, 1993). Thus, it is possible that mass wasting has re-
moved part of the section in the vicinity of Site 1212.

The major highlight of coring at Site 1212 is similar to the highlights
at Sites 1209, 1210, and 1211, namely the recovery of all of the critical
intervals, most in both holes. One exception is the E/O boundary,
which lies within the Miocene to Eocene unconformity. Although cor-
ing of Cretaceous sediments was limited, the results from Site 1212 are
meaningful with regard to the geologic history of Shatsky Rise.

Recovery of Critical Events

Coring at Site 1212 recovered the PETM, the biotic event in the mid-
Paleocene, the K/T boundary, and the MME. The PETM at Site 1212 is
lithologically similar to Sites 1209 and 1210, corresponding to a 9-cm
interval of yellowish brown clayey nannofossil ooze. This lithology has
a sharp contact with underlying pale orange nannofossil ooze, and a
gradational contact with overlying pale orange nannofossil ooze. Pre-
liminary biostratigraphic investigation suggests that the sequence is
similarly expanded to the Sites 1209 and 1210 PETM sections and that
similar changes in assemblages and microfossil preservation occur
within the event. For example, the abundance of Fasciculithus decreases
sharply near the onset of the event, and excursion foraminifers (e.g.,
Kelly et al., 1996) have been observed. The base of the PETM event,
however, appears to correspond to an unconformity. Foraminifers in
Sample 198-1212B-9H-5, 77–78 cm, include Globanomalina pseudomen-
ardii, the LO of which defines the top of Zone P4 at 55.9 Ma, ~0.4 m.y.
before the onset of the event. The significance of this unconformity in
terms of stratigraphy and paleoceanographic interpretation of the
PETM is currently not understood.

The mid-Paleocene event was recovered in Hole 1212B. The event ap-
pears to be slightly more expanded than at other sites although the sed-
iments in this interval are considerably lighter in color than the equiva-
lent interval elsewhere. As at the other sites, this interval is
characterized by dissolved nannofloras and planktonic foraminiferal as-
semblages as well as an abundance of phillipsite and fish teeth. The FO
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of the nannolith Heliolithus kleinpellii lies within the event that also cor-
responds to a nearly monogeneric planktonic foraminiferal assemblage
of Igorina.

The K/T boundary interval is also lighter in color than at the other
sites, and the sediments near the boundary appear to be somewhat less
indurated. Ooze immediately underlying the boundary correlates to up-
permost Maastrichtian nannofossil Zone CC26 based on the presence
of Micula prinsii. The paleontological boundary has been bioturbated,
and careful sampling of burrows of lowermost Danian sediment that
extend 10 cm into the uppermost Maastrichtian yields ~100-µm-sized,
amber to olive-green spherules as well as tiny planktonic foraminifers
possibly representing basal Paleocene Zone P0. Planktonic foraminifers
in the lowermost Danian correspond to Zone P�. The identical faunal
and floral changes are observed in the boundary interval as at the other
sites, and the early Danian interval, in particular, appears rather ex-
panded and remarkably undisturbed.

Site 1212 is located close to Site 577, where the K/T boundary was tri-
ple cored during Leg 86 (i.e., Wright et al., 1985). Lithologically, the K/T
boundaries are recovered in Holes 577, 577A, and 577B are similar al-
though not identical to the Site 1212 record. The main difference be-
tween the sections is the degree of bioturbation and thickness of the
bioturbated layer, and the thickness and color of the lowermost Paleo-
cene foraminiferal ooze layer. Lighter color is associated with an in-
crease in thickness of the basal layer from 10 cm in Hole 577A to more
than 15 cm in Hole 577. Smear slide analysis for Site 577 showed that
planktonic foraminifers are abundant (up to 35%) from basal Paleocene
to ~60–70 cm above the K/T boundary, whereas above and below this
interval they rarely exceed 1%. At Site 1212, abundant foraminifers are
found in smear slides only in the lowermost 10–20 cm of Paleocene.

A detailed study of planktonic foraminiferal biostratigraphy and as-
semblages across the K/T boundary at Site 577 was conducted by Gerstel
et al. (1986). These authors illustrated the same evolutionary trends and
succession of events as found at Site 1212 and other Leg 198 sites. Ger-
stel et al. (1986) argued that the presence of Parvularugoglobigerina
eugubina below the K/T boundary was evolutionary. However, we have
noticed that (1) the distribution of P. eugubina below the boundary is
confined to the burrows associated with tektite-like spherules and (2) it
is preceded in the deepest burrows by the tiny Guembelitria assemblage
reminiscent of the P0 zonal fauna. Moreover, the Site 1212 record
shows that the tektite-like spherules are concentrated in the first few
centimeters (2–3 cm) above the K/T boundary, and their record above is
related to the intense burrowing. Nannofossil assemblages across the
boundary at Site 577 were described in detail by Monechi (1985), who
documented a sequence of events similar to those found at Site 1212
and other Leg 198 sites.

Cretaceous History of the Southern High

The Maastrichtian–Campanian section at Site 1212 is underlain by a
thin layer of clay and glauconite-rich ooze of Coniacian age (planktonic
foraminiferal Zone KS23, top of Section 198-1212B-24H-6), which in
turn is underlain by ooze of late Albian age (Zones KS 16–17; base of
Section 198-1212B-24H-6 to Section 27H-CC). Albian sediment has
been recovered at a number of other sites on Shatsky Rise, including
Sites 1207 and 1213 (see “Principal Results,” p. 1, in the “Site 1213”
chapter), and DSDP Sites 305 and 306 (Luterbacher, 1975). Coniacian to
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upper Cenomanian sediment, however, is extremely rare on Shatsky
Rise as noted by Sliter (1992), who also reevaluated the planktonic fora-
miniferal biostratigraphy of Site 305 and found an unconformity in this
interval. Sliter (1992) proposed that the Coniacian to Cenomanian in-
terval was widely unconformable as a result of deep-sea erosion or dis-
solution. Coring results from Site 1212 and other Leg 198 sites confirm
this conclusion. The fact that the one site where the Cenomanian to
Coniacian interval is partially recovered, Site 1207 on the Northern
High, lies at greater depth (3101 m) than Sites 1212 and 305 (2903 m)
where it is unconformable, suggests that erosion is the likely cause of
the regional unconformity. In addition, seismic line TN037-17A, which
crosses Sites 1209, 1210, and 1211, shows a prominent unconformity
(Reflector R1) that likely correlates to the Cenomanian to Coniacian in-
terval, where mid-Cretaceous dipping horizons are cut by horizontal
uppermost Cretaceous horizons (Fig. F29; see lines 14A and 17A in
oversized Figure F8, p. 14, in Klaus and Sager, this volume). Thus, the
stratigraphy of Site 1212 has important implications for the Cretaceous
history of Shatsky Rise.

Site 1213

Background

Site 1213 is the southernmost and deepest site on the Shatsky Rise
depth transect, located in lower bathyal (3883 m) water depth on the
southern flank of the Southern High of Shatsky Rise. The site is close to
the oldest part of the rise with underlying basement formed in the Ti-
thonian (Late Jurassic). The major goals of Site 1213 drilling were to
core a relatively deepwater mid- (Barremian–Cenomanian) and Lower
Cretaceous sequence as well as to obtain fresh volcanic rocks from the
underlying basement. The correlation of seismic lines down the south-
ern flank of Shatsky Rise suggested that a relatively thick mid- and
Lower Cretaceous section exists at relatively shallow burial depth (Fig.
F36; see line 17B in oversized Figure F8, p. 14, in Klaus and Sager, this
volume). Basement was thought to lie between 400 and 600 mbsf, de-
pending on velocity estimates. Thus the lower part of the Cretaceous
section and basement can be recovered without time-consuming drill-
ing through extensive chalk/ooze-chert sequences.

Holes 1213A and 1213B were cored with the RCB (Table T1). Hole
1213A was terminated at 198.9 mbsf after the coring wireline parted. Li-
thology at the base of this hole consists of chert, porcellanite, and ra-
diolarite of middle Albian age. A total of 447.8 m of sedimentary rock
was penetrated in Hole 1213B with claystones near the base of the hole
containing nannofossils and radiolarians of earliest Berriasian age. Core
recovery in chert-bearing units was low. Underlying the sedimentary
package, plutonic rocks totaling 46.6 m in thickness were penetrated
and higher recovery was obtained than in the sedimentary sequence.
Hole 1213B was terminated when the rate of penetration decreased sig-
nificantly and the recovered material was considered sufficiently unal-
tered for detailed geochemical and radiometric analyses. Finally, a full
suite of logs was to be collected through the whole sequence. The triple
combination (triple combo) tool reached 431 mbsf but experienced sev-
eral tight passes in the hole. With the approach of severe tropical storm
Krosa combined with the poor hole conditions, it was considered too
risky to deploy the FMS-sonic logging tool.
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Summary of Results

Coring at Site 1213 recovered four lithologic units. Sedimentary
units are divided based on composition and color. Lithologic Unit I (0–
54.6 mbsf) consists of olive-gray to pale yellowish brown nannofossil
ooze, clayey nannofossil ooze, and nannofossil clay that ranges from
Holocene to lower Pliocene (0–5.0 Ma). This unit contains minor
amounts of diatoms, foraminifers, and ash. Subunit IIA (54.6–66.1
mbsf) comprises pale orange nannofossil ooze and brown chert of San-
tonian age (84.8–85.5 Ma). Moderate to pale yellow-brown chert and
light brown and pale orange porcellanite of middle to late Cenomanian
age (94.1–96.8 Ma) are grouped in Subunit IIB (66.1–85.4 mbsf).

Subunit IIIA (85.4–179.6 mbsf) of early Cenomanian to middle Al-
bian age (96.8–106 Ma) contains medium dark gray chert, gray, green-
ish gray, and pale orange porcellanite, and light greenish gray lime-
stone. A mixture of chert, shades of brown and red in color, and pale
orange to gray-orange and pale yellow-brown porcellanite and radiolar-
ite with an age range from early middle Albian to late Aptian (106–
119.5 Ma) are grouped in Subunit IIIB (179.6–256.8 mbsf). Subunit IIIC
(256.8–266.4 mbsf) corresponds to olive-black to greenish black Corg-
rich clayey porcellanite, dusky green radiolarian porcellanite, and mi-
nor altered tuff. This unit is early Aptian in age (119.5–120.5 Ma). Gray
chert, white to yellowish gray porcellanite, and light greenish gray and
olive-gray nannofossil chalk to clayey nannofossil chalk of Hauterivian
to late Berriasian age constitute Subunit IIID (266.4–410.3 mbsf). Sub-
unit IIIE (410.3–447.8 mbsf) of late Berriasian to earliest Berriasian or
latest Tithonian age contains brown, gray, grayish red, and pale to mod-
erate brown chert, yellowish gray and light pale orange porcellanite,
and brown claystone with nannofossils. A limonitic claystone breccia is
found at the base of this subunit. Throughout the sedimentary section,
porcellanite, limestone, and claystone have variable amounts of radio-
larians and nannofossils. In many intervals nannofossil biostratigraphy
was conducted on chalk adhered to the sides of chert nodules. This sed-
iment indicates the nature of the unrecovered intervals. Finally, Unit IV
(447.8–494.4 mbsf) contains at least three separate units of dark green-
ish gray, sparsely phyric or fine-grained diabase with chilled basaltic
margins and thin interbedded pieces of altered chert.

Preliminary investigations of the almost 500-m cored sequence at
Site 1213 yields a detailed 140-m.y. history of the deep south flank of
Shatsky Rise. The record from this site provides a new perspective to the
evolution of the plateau. True basaltic basement was not recovered at
this site; instead, we cored a sequence of diabase units with chilled mar-
gins and interbedded sediment that are interpreted as sills intruded in a
widespread posteruptive plutonic event. Limonitic breccias overlie
these intrusives, providing evidence for hydrothermal activity associ-
ated with sill intrusion. The earliest sediments of pelagic origin are ra-
diolarian-rich horizons that were deposited under high-productivity
surface water conditions in well-aerated deep waters that were swept by
currents. These sediments have been transformed during burial to por-
cellanite and chert. At times, lower-productivity conditions led to depo-
sition of nannofossil ooze, which is now chalk in the deep record.

The early history of Shatsky Rise was interrupted by separate inter-
vals of dysoxia/anoxia in the Valanginian and early Aptian that led to
deposition of Corg-rich sediments. Evidence for the Valanginian event is
found in southern Europe (Lini et al., 1992). To our knowledge, how-
ever, this is the first record of this event in the Pacific Ocean as well as
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in the pelagic realm. Corg-rich sediments deposited during the well-
known OAE1a were also found at Site 1207 on the Northern High.

The Barremian is only represented by one sample, at the top of Core
198-1213B-9R, and clearly most of the stage corresponds to an uncon-
formity (between Cores 8R and 9R). This interval was also unconform-
able at Site 1214 (see “Site 1214,” p. 51). The CCD in the Barremian is
thought to have been relatively deep (e.g., Thierstein, 1979), certainly
no shallower than the paleodepths of these sites at this time (2–2.5 km).
Thus, the hiatus was most likely a result of a deepwater erosional event
that scoured away the southern margin of Shatsky Rise.

The remainder of the mid-Cretaceous after the early Aptian was a re-
turn to better-oxygenated conditions with variation in productivity
leading to deposition of radiolarian oozes (porcellanites and chert in
the record) and nannofossil ooze (limestone). A hiatus occurred in the
late Cenomanian to Santonian interval, the result of a widespread ero-
sional episode that affected a wide area on the Southern High (Sliter,
1992) (see “Site 1212,” p. 42). After a short depositional episode in the
Santonian, a long hiatus lasted until the late Miocene. This episode was
likely a result of a combination of erosion of the exposed, deep flank of
the Southern High and carbonate dissolution at frequent times when
the CCD shoaled above the depth of the site.

Highlights

Anoxic Events in the Early Aptian and Valanginian

Lower Aptian Corg-rich horizons were recovered in Core 198-1213B-
8R. The horizons include olive-black to greenish black clayey porcellan-
ites and radiolarian porcellanites with minor tuff (see “Lithostratigra-
phy,” p. 53, in “Specialty Syntheses”). Three organic carbon analyses
yielded contents of 2.9, 10.2, and 25.2 wt%. The sample with the high-
est organic carbon content is a clayey porcellanite. Gamma ray and ura-
nium logs show that the lower Aptian Corg-rich units are ~3 m thick. To-
tal recovery of carbonaceous and noncarbonaceous in this interval
(Core 198-1213B-8R) is just over 1 m. Thus, the recovery of organic-rich
rocks is <30%.

Characterization of the organic matter from the most Corg-rich lower
Aptian samples indicates it is algal and bacterial in origin and that some
of this organic matter was produced by haptophytes and some by cy-
anobacteria. The haptophyte alkenones identified are some of the old-
est known records of these compounds. The character and preservation
of the bacterial material are also evidence for the existence of microbial
mats at the time of deposition. Finally, the excellent preservation of or-
ganic compounds indicates deposition in highly dysoxic or anoxic con-
ditions (see “Geochemistry,” p. 61, in “Specialty Syntheses”).

Section 198-1213B-8R-1 is mostly noncalcareous; however, a sample
at the top (198-1213B-8R-1, 3 cm) contains the nannofossil Eprolithus
floralis but lacks Rhagodiscus achlyostaurion and Prediscosphaera colum-
nata and thus correlates to late Aptian Zone NC7. Sample 198-1213B-
9R-1, 17 cm, lacks Hayesites irregularis, Calcicalathina oblongata, and Cru-
ciellipsis cuvillieri and thus correlates to upper Hauterivian–Barremian
Zone NC5 (see “Biostratigraphy,” p. 18, in the “Site 1213” chapter).
Discrete intervals in Section 198-1213B-8R-1 have abundant radiolar-
ians. Diagnostic radiolarian faunas in these samples are similar to as-
semblages observed in the Livello Selli in the Cismon core from the
southern Alps of Italy (Premoli Silva et al., 1999). Thus, nannofossils,
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and particularly radiolarians, bracket the age of the carbonaceous hori-
zons and provide a firm correlation with Corg-rich units of OAE1a from
central Italy (the “Selli” level), the Italian and Swiss Alps, Sicily, France
(the Goguel level), Site 641 in the eastern North Atlantic, and northern
Mexico (i.e., Bréhéret, 1988; Weissert and Lini, 1991; Bralower et al.,
1994; Erba, 1994; Menegatti et al., 1998; Erba et al., 1999; Bralower et
al., 1999). In the Pacific, Corg-rich horizons of OAE1a age are also found
at Sites 463 (Mid-Pacific Mountains) and 866 (Resolution Guyot) (Sliter,
1989; Jenkyns, 1995), and elsewhere on Shatsky Rise at Sites 305 and
1207 (see “Site 1207,” p. 16, for a more detailed discussion). Corg-rich
lower Aptian sedimentary rocks from Sites 1207 and 1213 provide evi-
dence for the nature of environmental changes in a truly pelagic regime
during OAE1a.

Two Corg-rich levels in the Valanginian have considerably lower or-
ganic carbon contents than the lower Aptian horizons. A level in the
lowermost Valanginian has 3.1 wt% Corg, one in the mid-Valanginian
contains 2.5 wt%. These horizons also contain clear evidence of biotur-
bation indicating that deep waters were sufficiently oxygenated to sup-
port a benthic community. The horizons do not show up on gamma ray
logs, suggesting that they are thin. The mid-Valanginian horizon is sig-
nificant as it appears to be broadly similar in age to Corg-rich units that
had not previously been observed outside the Tethys (e.g., Lini et al.,
1992). The presence of a positive carbon isotope excursion that corre-
lates to this event suggested that it was more widespread or global in ex-
tent (e.g., Weissert and Lini, 1991). Although recovery at Site 1213 does
not allow us to characterize the temporal distribution of Corg-rich units,
this record extends the known geographic distribution of organic-rich
sediments considerably.

Chert Record

Although poorly recovered, pieces of chert in the Site 1213 section
yield valuable information on variations in redox conditions through
the Cretaceous. Nodules with orange, red, and brown hues indicate de-
position and diagenesis in oxidizing environments, whereas those with
olive-green to black hues indicate more reducing conditions during de-
position and burial (see “Lithostratigraphy,” p. 53, in “Specialty Syn-
theses”). The color stratigraphy suggests that oxygenated conditions
prevailed in the early Berriasian, late Aptian through middle Albian,
and, when combined with data from other Leg 198 sites, from the late
Cenomanian through the Maastrichtian. Reducing conditions prevailed
in the Berriasian through the early Aptian and in the late Albian to
middle Cenomanian. Similar trends were observed at Sites 1207, 305,
306, and 1214 (see “Site 1214,” p. 51) for coeval portions of the se-
quence, suggesting that for much of the Cretaceous the entire Shatsky
Rise experienced similar redox conditions at bathyal depths. Minor
variations exist, however. At Site 1207, generally reducing conditions
seem to persist until the late Aptian, with oxidizing conditions charac-
terizing the early to middle Albian and from the late Albian through
the Turonian.

Important Neocomian Reference Section in the Pacific

Site 1213 contains one of a handful of Neocomian pelagic sections in
the Pacific Ocean. Although the section is generally poorly recovered,
nannofossils are well preserved, and radiolarians are diverse and moder-
ately well preserved. These groups should provide precise correlations
with Neocomian sections worldwide. Planktonic foraminiferal occur-
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rence is very rare. However, shore-based investigations have the poten-
tial to map out some of the earliest evolution of this group.

Shipboard nannofossil biostratigraphy has proven challenging be-
cause of the absence of important Neocomian marker taxa, especially
the nannoconids. This group, which has a poorly understood affinity,
are centerpieces of the biostratigraphy of the Jurassic/Cretaceous
boundary interval in particular (e.g., Bralower et al., 1989). Their ab-
sence at Site 1213 is intriguing as they are abundant in samples from
Site 463 in the Mid-Pacific Mountains (Erba, 1994). At another site, Site
167 on Magellan Rise, nannoconids are absent except in the lowermost
three cores (Roth, 1973). This group is also absent in assemblages that
we interpret as Berriasian in Holes 49 and 50 on the deep western flank
of Shatsky Rise (Fischer, Heezen, et al., 1971). What are the major con-
trols on the distribution of nannoconids in the Pacific? Nannoconids
are generally most common in continental-margin and epicontinental
locations (e.g., Roth and Bowdler, 1981; Roth and Krumbach, 1986). In
the Atlantic Ocean, this group is common in sites along the margins
but absent in the deep sea except where transported by turbidity cur-
rents. Nannoconids are thought to be oligotrophic (e.g., Erba, 1994),
and possibly to represent calcareous dinoflagellate cysts (Busson and
Noël, 1991).

The record of nannoconids in the Pacific is complex. Their abun-
dance at relatively shallow Site 463 and at Site 167 in its early (shallow)
history, and absence at deeper Site 1213, suggests that water depth may
be a factor controlling their distribution. Alternatively, at Site 1213 and
other sites, the abundance of radiolarians throughout the section might
indicate high-productivity conditions hostile to oligotrophic organ-
isms, including the nannoconids. However, at Site 463, radiolarians are
often abundant along with nannoconids (Schaaf, 1981; Erba, 1994).
Most likely, a variety of environmental parameters influenced the distri-
bution of this group.

Recovery of “Basement” of Shatsky Rise

Coring in Hole 1213B terminated in mafic igneous rocks on the
flanks of southern Shatsky Rise. In all, 46.4 m of igneous section was
cored, with 33.4 m recovered (72%). Six cores, 198-1213B-28R through
33R, recovered mostly massive diabase and basalt from Subunits IVA,
IVB, and IVC, with each subunit thought to be a separate sill. The igne-
ous rocks are predominantly hypocrystalline, fine-grained diabase
(97.6%) with a small amount of sparsely phyric, aphanitic basalt (2%)
at contacts. The diabase groundmass consists mainly of euhedral to sub-
hedral plagioclase and intervening subhedral pyroxene and olivine,
with minor glass. Alteration in the igneous section ranges from minor
to moderate. Plagioclase and pyroxene crystals are locally altered to
clay, and in thin section, glassy groundmass has been ubiquitously de-
vitrified and/or altered to clay minerals. Basaltic material in the section
is present at subunit contacts, symmetrically disposed around pieces of
metasediment that mark the subunit boundaries. From the chilled con-
tacts, the basalt grades toward more coarse-grained diabase in the unit
centers, where the groundmass approaches medium grained.

The sills must be of earliest Berriasian age or younger, since this is the
age of the host sediment. Paleomagnetic data show that two subunits
have positive magnetic inclinations, whereas the third, basal subunit
has a negative inclination, implying both normal and reversed mag-
netic polarities are recorded in the igneous section. This mixture indi-
cates that the sills must have formed either before or after the long Cre-
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taceous normal superchron (i.e., the Cretaceous Quiet Zone; 121–83
Ma). On the seismic profile along which Hole 1213B was drilled, the
seismic “basement” has an odd character that may be related to the
presence of intrusive, rather than extrusive, igneous rock at the sedi-
ment-igneous rock contact (see line 17B in Figure F8, p. 14, in Klaus
and Sager, this volume). The “basement” reflector, that being the deep-
est continuous seismic horizon, is weaker than elsewhere on Shatsky
Rise, and other stronger reflectors occur beneath it. These deeper reflec-
tors were not considered “basement” because they are not continuous
along the profile, as is the weaker, shallower horizon. The cored section
suggests that the weak “basement” horizon denotes the top of the sills,
whereas the deeper reflectors may be the top of the extrusive lava pile.

Site 1214

Background

Site 1214 is located at 3402 m water depth on the southern flank of
the Southern High of Shatsky Rise. The site is at the location of DSDP
Site 306 (Larson, Moberly, et al., 1975). At Site 306, 475 m of sedimen-
tary rocks was penetrated with RCB drilling but only continuously
cored from 207.5 m to total depth. Most of the upper section (28 to
207.5 mbsf) was alternately cored and washed at ~9-m intervals. The re-
covery was ~7%. The recovered sedimentary rocks, mainly calcareous
porcellanite and chert with minor nannofossil chalk and ooze, are late
Albian to early Berriasian in age, covered by ~9 m of Holocene siliceous
foraminifer-bearing nannofossil ooze.

According to the coring record from Site 306 (Larson, Moberly, et al.,
1975), the uppermost Cretaceous sediments lie between Reflectors R1
and R2 of Sliter and Brown (1993). Reflector R1 (Cenomanian/Turonian
boundary) crops out a few kilometers northeast of Site 306. Reflector R2
of Barremian/Aptian boundary age corresponds to the top of the porcel-
lanite, chert, and shale section at Site 306 that rests on basement. The
interval between R1 and R2 consists of chalk, chert, and porcellanite.

Site 1214 lies in the middle of the mid-Cretaceous portion of the
Shatsky Rise depth transect between Site 1207 (3101 m) and Site 1213
(3883 m). The objective at Site 1214 was to recover a more complete
and continuous record of the Site 306 sequence. As part of the Shatsky
Rise mid-Cretaceous depth transect, drilling at Site 1214 addresses a
number of leg-related objectives concerning ocean circulation and envi-
ronmental change in an interval of global warmth.

Summary of Results

Hole 1214A was cored with RCB drilling terminating at 235.9 mbsf in
the Hauterivian (Table T1). Average recovery of 7% was equivalent to
Site 306. The sedimentary section is divided into units based on compo-
sition and color. Lithologic Unit I (Holocene to Pleistocene; 0.0–6.9
mbsf) consists of very pale yellowish brown to moderate yellowish
brown clayey foraminiferal nannofossil ooze and very pale to moderate
yellowish brown clayey nannofossil ooze with foraminifers. Subunit IIA
(late Albian; 6.9–34.5 mbsf) is composed of moderate yellowish brown
to light olive-gray chert and very light gray to yellowish gray porcellan-
ite, with minor white nannofossil chalk. Medium dark gray, dark gray
to grayish black chert, and very light gray to light greenish gray porcel-
lanite are grouped in Subunit IIB (late Albian to early Albian; 34.5–
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110.7 mbsf). Very light to light greenish gray limestone with radiolar-
ians is a minor lithology in this subunit. Subunit IIC (early Albian to
late Aptian; 110.7–207.0 mbsf) contains medium dark gray, dark gray,
brownish gray, grayish brown and moderate brown chert, and yellow-
ish gray, very light to light greenish gray porcellanite. Olive-black,
greenish black and dark greenish gray claystone to clayey porcellanite is
placed in Subunit IID (early Aptian; 207.0–216.6 mbsf). Finally, Subunit
IIE comprises brownish gray, brownish black, and olive-black chert and
light greenish gray, greenish gray, and yellowish gray porcellanite (Hau-
terivian; 216.6–235.9 mbsf). Throughout the section, porcellanite and
limestone have variable amounts of radiolarians and nannofossils. Most
of the ages were obtained from chalk adhered to the sides of chert frag-
ments. This sediment indicates the soft and relatively unaltered nature
of the unrecovered intervals.

Highlights

The results of coring at Site 1214 provide important information on
the stratigraphy of the mid-Cretaceous section on Shatsky Rise. The in-
terpreted stratigraphy of Site 1214 is different from the stratigraphy of
Site 306 from Larson, Moberly, et al. (1975) and Sliter (1992). One possi-
bility for this difference is that Site 1214 is actually located at a distance
from Site 306 given the imprecision of the coordinates of the latter site.
A second possibility is that the biostratigraphy of Site 306 was carried
out almost exclusively using planktonic foraminifers, whereas that of
Site 1214 included nannofossils and radiolarians.

Site 1214 has an expanded Albian section, ~180 m in thickness, com-
pared to 120–130 m at Site 1213. One possible reason for this disparity
is that the latter site is located at greater water depth and thus subject to
greater dissolution. More significantly, the stratigraphy of Site 1214
confirms that much of the Barremian corresponds to a regional uncon-
formity on the southern part of Shatsky Rise. In both locations, lower
upper Hauterivian sedimentary rocks are found in the core below lower
Aptian horizons. At Site 1213, one sample at the top of Core 198-
1213B-9R contained neither Aptian nor Hauterivian markers. Even with
this uncertainty, combined data from Site 1213 and 1214 suggest that a
significant hiatus occurred during much of the Barremian and at least
part of the upper Hauterivian. The reason for this unconformity is cur-
rently unclear. This interval was present at Site 1207, which was some
800 m shallower than Site 1213 at that time; thus, a temporary change
in the CCD could have led to the hiatus. However, the Barremian in
most parts of the ocean, including the Pacific, is generally regarded as
an interval when the CCD was relatively deep (i.e., Thierstein, 1979).
Thus, it is possible that this interval corresponded to an erosional event
that removed sediment from the flanks of the Southern High and not
from the top of the Northern High.

The lower Aptian section in Hole 1214A (Section 198-1214A-23R-1)
contains olive-black, greenish black, and dark greenish gray claystone
to clayey porcellanite. Both of these lithologies are laminated in places
indicating low-oxygen conditions on the seafloor. Corg contents are low
(<0.5 wt%) in the greenish gray lithologies. Four thin, discrete benton-
ite or tuff layers are observed within pieces of porcellanite. A sample
from a piece of olive-black claystone toward the top of Section 198-
1214A-23R-1 contains 1.4% Corg. Characterization of the organic matter
from this sample indicates it is algal and bacterial in origin, similar to
highly carbonaceous lower Aptian lithologies from Sites 1207 and 1213
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(see “Geochemistry,” p. 61, in “Specialty Syntheses”). This interval lies
in nannofossil Zone NC6, between the FOs of Eprolithus floralis and
Hayesites irregularis. Most of the sedimentary rocks in Section 198-
1214A-23R-1 are noncalcareous but contain abundant radiolarians in
discrete layers. Diagnostic radiolarian faunas in these levels are similar
to assemblages observed in the Livello Selli in the Cismon core from the
southern Alps of Italy (Premoli Silva et al., 1999) and in horizons
bounding organic-rich intervals in the lower Aptian at Site 1213 (see
“Biostratigraphy,” p. 56, in “Specialty Syntheses”). Thus, combined
biostratigraphic and lithostratigraphic evidence suggests that the olive-
black claystone comes from within the general OAE1a interval, but cer-
tainly not from near the peak of the event as did samples with much
higher Corg contents from Sites 1207 and 1213.

SPECIALTY SYNTHESES

Lithostratigraphy

Cretaceous Chert and Goo

The Cretaceous sedimentary sequence on Shatsky Rise is character-
ized by undercompacted nannofossil ooze to semilithified chalk that is
locally partly to wholly silicified, forming porcellanite and chert, re-
spectively (Fig. F34). The presence of chert hampered both the drilling
and recovery of this section, particularly when rotary cored. The chert
effectively reduced pre-Campanian recovery rates to <10%. Given the
preferential recovery of chert and somewhat harder porcellanite over
softer chalk/ooze interbeds, electric, caliper, and FMS logs through
these intervals provide the best estimate of actual lithological propor-
tions (see “Downhole Measurements, Physical Properties, and Core
Logging,” p. 58).

The broadest temporal history of Cretaceous carbonate and biosili-
ceous sedimentation across the Shatsky Rise is provided by the combi-
nation of drilling results from Sites 1207 (Northern High) and 1213
(Southern High). Sediment (ooze/chalk/chert) from the Maastrichtian
through the Berriasian was recovered, albeit in piecemeal fashion, with
the exception of a few gaps interpreted as erosional unconformities, pri-
marily during the Turonian–Coniacian and Barremian. Campanian and
Maastrichtian ooze was best recovered at Sites 1208, 1209, 1210, 1211,
and 1212. The latter four sites record the mid-Maastrichtian Inoceramus
extinction event.

High carbonate contents (up to 99 wt%) of the Cretaceous ooze/
chalk suggest deposition above the CCD except during OAE1a (see
“Geochemistry,” p. 61). Where recoveries were higher at Site 1213,
there is some indication of decimeter-scale cyclicity likely tied to varia-
tions in carbonate dissolution or production. Bioturbation was ubiqui-
tous, with minor laminated intervals (radiolarites) associated with peri-
odic reworking and winnowing by currents.

Prior to silicification, the Cretaceous sediment consisted of nanno-
fossil ooze with variable amounts of radiolarians and foraminifers. The
higher proportion and preservation of radiolarians down through the
Cretaceous section is likely linked to the equatorial position of the
Shatsky Rise during the Early Cretaceous. At the equator, high produc-
tivity may have resulted in higher concentrations of biosiliceous mate-
rial. These radiolarians are considered to be the major source of diage-
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netic silica in the section. Thin sections of chalk, porcellanite, and chert
from Sites 1207 and 1213 verify the stages of silica diagenesis from
opal-A (unaltered radiolarian tests), to opal-CT (lepispheres), to chert
(microquartz and chalcedony).

Chert and porcellanite colors are generally either reddish brown or
grayish to black. These color groupings are interpreted to reflect the
prevailing redox conditions at the time of chert formation, with red-
dish brown indicative of more oxidizing conditions and grayish black
reflecting a more reducing environment. Comparison of Sites 1207,
1213, and 1214, as well as Leg 32 Sites 305 and 306 reveals a very gener-
alized secular trend of chert color (Fig. F37). It is likely that secular
changes in prevailing redox conditions were driven by a combination
of organic matter flux, sedimentation rate, and deepwater oxygen level.

Notions of Stinking Oceans: Early Aptian OAE1a

Coring at three sites recovered parts of sequences deposited during
early Aptian OAE1a (Fig. F38). Very Corg-rich radiolarian claystones were
recovered at Sites 1207 and 1213, whereas it appears that intervals with
significant enrichment of organic carbon were either not recovered or
were absent from this interval at Site 1214. The latter possibility seems
unlikely given the intermediate-water depth of Site 1214 with respect to
the other two sites. The lithology of the lower Aptian differs somewhat
from site to site, but characteristic is the general absence of carbonate
and the presence of abundant radiolarians. The Corg-rich, finely lami-
nated radiolarian claystone at Site 1207, which is the shallowest of the
three sites, was bracketed above and below by limestones. Cores at Sites
1213 and 1214 contained only radiolarites, radiolarian porcellanites,
and claystones. The absence of carbonate indicates that the CCD rose to
levels shallower than the paleodepth of Site 1207 but that the duration
of the episode of severe carbonate dissolution was shorter there than at
the two deeper sites.

An additional intriguing feature of the rocks at Site 1214 is the pres-
ence of at least four thin, gray layers of altered tuff interbedded with ra-
diolarian claystones. Altered tuffaceous material was present in associa-
tion with the Corg-rich layers recovered at Sites 1207 and 1213, but no
discrete layers were noted. The presence of altered volcanic ash on
Shatsky Rise reinforces the association of volcanism with OAE1a in the
Pacific Basin (e.g., Larson, 1991a; Larson and Erba, 1999).

Ups and Downs of Carbonate Dissolution

Sediment deposition for much of the Cenozoic occurred above the
CCD and the lysocline. During the Paleocene and Eocene, the CCD
maintained a position below Sites 1209, 1210, 1211, and 1212 resulting
in the deposition of carbonate-rich (>95%) oozes at those localities, and
clays at deeper localities (i.e., Site 1208). Periodic lysoclinal shoaling,
however, produced low-frequency and low-amplitude oscillations in
carbonate deposition with a dominant cycle frequency close to that of
the 100-k.y. eccentricity cycle. Carbonate deposition was further per-
turbed by episodic dissolution “events.” One of the most prominent lies
at the P/E boundary (~55.5 Ma) as represented by a sharp, thin basal
clay-rich layer at each site. These dissolution horizons probably resulted
from a rapid shoaling of the lysocline and CCD brought about by the
massive dissociation of methane hydrate and its subsequent oxidation
to CO2 in bottom waters (Dickens et al., 1997). From the basal clays,
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carbonate content gradually recovers to levels that may exceed pre-
event carbonate levels (Fig. F39). This suggests the lysocline overshot its
original depth, consistent with the predicted silicate weathering feed-
back as the primary sink for the CO2 (Dickens, 2000).

The middle Eocene is marked by a shoaling of the lysocline over the
entire rise as inferred by a systematic decrease in carbonate content at
Sites 1209, 1210, and 1211. Recovery occurs at the Eocene to Oligocene
transition, which shows a gradual rise in carbonate content that reflects
a deepening of the lysocline and CCD over the Shatsky Rise (Fig. F28).
This CCD transition, which was global in extent (van Andel, 1975), ini-
tiated in the latest Eocene and peaked just above the boundary in the
earliest Oligocene. At its peak, the CCD was sufficiently deep to allow
carbonate to accumulate at Site 1208 (today at a depth of 3.3 km). In
the mid-Oligocene, the lysocline and CCD began to shoal and, for ex-
tended intervals in the early and middle Miocene, were located above
the Shatsky Rise, resulting in regional deposition of several prominent
clay-rich condensed intervals. By the late middle Miocene, carbonate
deposition resumed across the entire Shatsky Rise as the CCD deepened
close to its present-day level. From that point to the present, orbitally
driven variations in the lysocline together with carbonate production
and clay fluxes have created distinct lithologic cycles across the entire
rise.

Neogene–Quaternary Sediment Drifts and Biosiliceous 
Sedimentation

Based on the seismic character of the upper Neogene–Quaternary
sections across the Shatsky Rise, thick sections at Sites 1207 (Northern
High) and 1208 (Central High) are drift deposits, whereas those at the
Southern High are thinner pelagic drape deposits. Although the drift
deposits at Sites 1207 and 1208 show no distinct sedimentological evi-
dence for current reworking, the higher than expected sediment accu-
mulation rates at these sites are in part attributable to drift deposition.
We believe that current reworking served to amplify regional variations
in input of wind-borne volcanic ash and eolian terrigenous material, as
well as production of biosiliceous material at these sites. The greater
abundance of diatoms, radiolarians, and silicoflagellates in the upper
Neogene–Quaternary sections at Sites 1207 and 1208, illustrated in Fig-
ure F40, can be attributed, in part, to a northerly increase in sea-surface
productivity.

Clay Mineral Authigenesis

Green diagenetic laminae are prevalent in Quaternary and Neogene
sediment at Sites 1207–1211. Similar features have been described in
sections from the Ontong Java Plateau and Lord Howe Rise and were in-
terpreted as altered layers of volcanic ash (Gardner et al., 1986; Lind et
al., 1993). Our observations have led us to conclude that the green lam-
inae encountered at Shatsky Rise are diagenetic features composed pri-
marily of saponite, a smectite group clay (see “Lithostratigraphy,” p. 7,
in the “Site 1210” chapter). Clay was observed in discrete bands, along
the edges of burrows filled with volcanic glass grains, but also as an au-
thigenic product infilling foraminiferal tests (Fig. F41). Alteration of
disseminated grains of volcanic glass in the matrix and background sa-
ponite in x-ray diffraction scans of bulk sediment suggest that saponite
may be forming throughout the bulk sediment. Formation of this Mg
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and Ca bearing clay is also consistent with pore water profiles (see
“Geochemistry,” p. 61).

Biostratigraphy

Eight sites and 16 holes cored on Shatsky Rise recovered a virtually
complete composite section ranging from upper Pleistocene to lower-
most Berriasian representing ~140 m.y. of geological history. A number
of short intervals of lower and middle Miocene stratigraphy were not
identified shipboard but are part of a fascinating regional sedimenta-
tion history which, grossly simplified, saw rapid deposition in the
Pliocene–Pleistocene, reduced sedimentation rates in the late Miocene,
condensation and hiatuses through the middle Miocene to Oligocene,
complete but relatively slow deposition in the Paleogene (almost en-
tirely on the Southern High), and rapid deposition for much of Maas-
trichtian to earliest Berriasian time (Table T3). Chert-rich sediments
dominate from the mid-Campanian to lowest recovered sediments (Figs.
F21, F34, F42).

With the exception of Site 1214, all sites include complete and rap-
idly deposited Pliocene–Pleistocene sections (8–14 m/m.y. sedimenta-
tion rates [SRs] and >1.0 g/cm2/k.y. mass accumulation rates [MARs]) in
which the noncarbonate fraction forms a significant proportion (Fig.
F43). A particularly expanded drift-deposit succession (200 m and 42.4
m/m.y. SR) was recovered at Site 1208, and this section should prove to
be invaluable for timescale studies allowing the integration of calcare-
ous and siliceous biostratigraphies, cyclostratigraphy, and paleomag-
netic polarity and intensity records. The Pliocene–Pleistocene at Site
1207 on the Northern High was particularly rich in siliceous microfos-
sils most likely due to cool, productive waters, which were also respon-
sible for the paucity of tropical–subtropical species of planktonic fora-
minifers at this location. The influx of warmer water planktonic
foraminifers and reduction of biosiliceous plankton to the south at Site
1209 shows the paleobiogeographic and paleoceanographic importance
of the Shatsky Rise drill sites near the path of the Kuroshio Current.

The lowermost Pliocene and uppermost Miocene sections show re-
duced sedimentation and mass accumulation rates (<1.0 g/cm2/k.y.
MAR) and overlie intervals of condensed section and unconformities
that include parts of the upper, middle, and lower Miocene, the
Miocene/Oligocene boundary interval as well as the upper Oligocene at
most sites (Figs. F21, F42, and F43). The amount of missing section is
variably better expressed across Shatsky Rise and, for example, at Sites
1209 and 1211, much of the Oligocene is present. Northern and Cen-
tral High Sites 1207 and 1208, and Sites 1213 and 1214 on the Southern
High are also missing all or most of the Paleogene and uppermost Cre-
taceous. However, Southern High Sites 1209, 1210, and 1211 recovered
apparently complete lower Oligocene to Paleocene sections that were
deposited relatively slowly (0.2–7.6 m/m.y. SR and <1.0 g/cm2/k.y.
MAR) and dominated by carbonate. These sections include complete
and lithologically well-expressed PETM and E/O boundary intervals and
provided excellent records of biotic response to these periods of rapid
environmental change. Preliminary shipboard analysis of calcareous
nannofossils through the PETM interval reveals striking changes in as-
semblages, in particular the decline and extinction of Fasciculithus
within the event and the subsequent increase in Zygrhablithus bijugatus.

Four Southern High sites (1209–1212) include complete and rela-
tively expanded K/T boundary sections characterized by a lithologic
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switch from white Maastrichtian ooze to a thin, pale orange basal
Paleocene ooze (~8–12 cm) with pyrite specks overlain by a distinctive
pure white ooze (Table T3). The boundary is bioturbated but otherwise
undisturbed. The paleontological succession across the boundary inter-
val is well preserved and apparently complete with the recognition of
nannofossil Zones CC26 and lowermost CP1 and foraminiferal Zones
uppermost KS31, P0 (within burrows) and P�. Clay spherules were ob-
served at all sites. The calcareous plankton record above the boundary
is exceptionally good, and in particular, there is only limited Cretaceous
nannofossil reworking and foraminiferal mixing. Both calcareous nan-
nofossils and planktonic foraminifers reveal the classic succession of
abrupt extinction, followed by assemblages dominated by “disaster”
taxa and rare “survivor” taxa, succeeded by assemblages that record the
gradual introduction of new Danian “recovery” taxa. These sections
represent some of the best-preserved and least-disrupted deep-sea
records of this major extinction event and the following recovery and
diversification of calcareous plankton.

At the same four sites (1209–1212), we also recovered thick, carbon-
ate-dominated, rapidly deposited sections of pure white Maastrichtian
to Campanian ooze (6.5–31.6 m/m.y. SR and 1.0 g/cm2/k.y. MAR). Cal-
careous plankton preservation was generally good throughout, and the
sections will allow the integration of calcareous plankton biostratigra-
phies and the study of the response of these groups to the mid-
Maastrichtian and other events that include environmental changes.

Below the upper Campanian, the occurrence and stratigraphy of the
Cretaceous section is variable (Fig. F21). Good lower Campanian sec-
tions were recovered below major unconformities on the Northern and
Central Highs but below this interval recovery was poor and dominated
by chert. Paleontological material was often limited to scraping chalk
and limestone from chert pieces. However, a relatively complete Cam-
panian to Barremian section was cored at Site 1207 with remarkably
uniform and high sedimentation rates (8.7 m/m.y. SR) and moderate re-
covery through the Aptian and Barremian. An outstanding record of
OAE1a is well constrained by the plankton biostratigraphy.

Site 1213 yielded another thick Cretaceous section including a rap-
idly deposited Cenomanian to Albian succession and an Aptian section
that includes OAE1a. Below this was an expanded section of Hauteri-
vian to basal Berriasian. This Neocomian section yielded only few
planktonic foraminifers but includes the FO in the Pacific of the tiny
Hauterivian plankton foraminiferal ancestors (hedbergellids and globi-
gerinelloidids) of the diverse Aptian assemblages. The section is rich in
calcareous nannofossils and radiolarians, and the Berriasian in particu-
lar represents one of the best records of this time interval in the deep
sea.

The consistent occurrence of pervasive chert lithologies from the
Campanian to Tithonian across the range of sites drilled on Shatsky
Rise is strongly suggestive of a long-term location beneath high-
productivity surface waters related to a near paleoequatorial position
during much of the Cretaceous. Preliminary paleontological observa-
tions support this hypothesis (e.g., very low diversity mid-Cretaceous
planktonic foraminiferal assemblages, indicative of high-productivity
regimes, contrast strongly with peak diversities in the Campanian–
Maastrichtian as Shatsky Rise drifted out of the equatorial zone). There
are also intriguing and conspicuous absences within the Lower Creta-
ceous nannofossil assemblages, particularly the almost total lack of
Nannoconus and Micrantholithus nannoliths, which are such important,
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often rock-forming components in coeval Tethyan and Atlantic sites.
Again, the location beneath highly productive surface waters may
prove to have been the controlling factor.

Paleomagnetism

Magnetostratigraphic interpretations from Leg 198 sediments were
restricted to upper Miocene and younger sections at all sites because
cores from older sediments gave erratic magnetization directions. De-
spite making tens of thousands of measurements on hundreds of APC
cores and using alternating field demagnetization up to 20-mT peak
fields, the Oligocene to Cretaceous cores produced inclinations and
declinations with poor correlation between different holes at any given
site. The problem is thought to be the highly deformable nature of
these sediments, which allowed disturbance and distortion during cor-
ing, recovery, and/or splitting.

Measurements from Neogene sediments generally yielded an inter-
pretable polarity record, typically showing polarity chrons from late
Miocene to Pleistocene time (Fig. F44). Of these records, Sites 1209 to
1212 on the southern Shatsky Rise yielded a magnetostratigraphic sec-
tions of 50–100 m, going back in time to C3An (~6 Ma). The outstand-
ing record is that from Hole 1208A, on the Central High, where a drift
deposit with high sedimentation rates was cored. This hole gave an ex-
traordinarily expanded magnetic stratigraphy extending back to C5An
in the mid-Miocene (Fig. F44).

Shipboard measurements were also made on archive-half sections
from the igneous sill section drilled at the bottom of Hole 1213B. The
results are unusual because two of the sills gave high positive inclina-
tions (50°–70°) and the third yielded negative inclinations (~–30°). If it
is assumed that all of the sills were formed within a relatively short geo-
logic time span, these results imply that a mixture of normal and re-
versed polarity. The steep positive values are inconsistent with the low
predicted paleolatitude of Shatsky Rise during Late Jurassic and Creta-
ceous time and may represent a transitional field between normal and
reversed.

Downhole Measurements, Physical Properties,
and Core Logging

Downhole Measurements

Two holes were logged during Leg 198: Hole 1207B with the triple
combo and FMS-sonic tool strings, and Hole 1213B with the triple
combo. Collecting data from the OAE1a interval near the base of the
Aptian was one of the major objectives of the leg. This black shale inter-
val is clearly represented as peaks in the natural gamma radiation logs
at both of the logged sites (Fig. F45). Most of the gamma radiation
comes from uranium adsorbed onto the organic matter, and potassium
and thorium are also high, indicating the presence of clay in the sedi-
mentary rocks. The gamma radiation peak at OAE1a is much stronger
than the other peaks in the log; other OAEs are either absent or are
weaker than OAE1a on Shatsky Rise.

The FMS resistivity images from Hole 1207B reveal the form, thick-
ness, and depths of the chert horizons that constitute the bulk of the re-
covered core below 230 mbsf (Fig. F46). Between 210 and 375 mbsf the
chert layers occur on average every 83 cm and have an average thick-
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ness of 9 cm. The cherts typically appear as layers rather than nodules.
Low core recovery in chalk/chert alternating sequences has been the
subject of much discussion, and the image logs from Hole 1207B pro-
vide important data to develop better strategies for core recovery in
chalk/chert sequences.

Synthetic seismograms were constructed from density and velocity
data from both logs and core physical properties measurements. These
reconstructions enabled the core and logs to be correlated with the seis-
mic section and, hence, enabled ages to be assigned to the seismic re-
flectors.

Physical Properties

Physical properties data show variation both with depth below the
seafloor and with location. The Northern and Central Highs of Shatsky
Rise (Sites 1207 and 1208) have similar sedimentary histories domi-
nated by major unconformities that are of tens of millions of years in
duration. The unconformities are manifested in the physical properties
data as large peaks in magnetic susceptibility, P-wave velocity, and a
downhole increase in bulk density (both GRA and discrete measure-
ments) (Figs. F12, F16). At Site 1207 a peak in natural gamma radiation
is also apparent because of the presence of a manganese nodule proxi-
mal to the level of the major unconformity.

The Southern High of Shatsky Rise is characterized by more continu-
ous sedimentation and shorter-duration hiatuses relative to the North-
ern and Central Highs. The physical properties data from Sites 1209,
1210, 1211, and 1212 suggest that compaction and dewatering, al-
though important processes in the upper part of the sedimentary col-
umn, cannot explain all the trends observed (Figs. F20, F26, F30, F35).
The Eocene–Cretaceous sediments are notable in that they appear to be
underconsolidated with respect to their age and burial depth, suggest-
ing that primary conditions, such as sediment composition, may be
controlling the degree of lithification.

At Sites 1207, 1213, and 1214, a variety of lithologies of Cretaceous
age, including chert, porcellanite, radiolarite, chalk, and limestone,
were recovered. These sedimentary rocks exhibit a wide range of aver-
age P-wave velocities, from ~2200 m/s in chalk and limestone to ~4760
m/s in chert (Fig. F12). Porcellanite and radiolarite have average P-wave
velocities between this range. The high degree of variability of P-wave
velocities in the Lower Cretaceous has significant implications for seis-
mic data interpretation on Shatsky Rise.

Composite Depths and Cycle Stratigraphy

The recovery of complete sediment sections of APC-cored intervals
was crucial to fulfilling the primary paleoceanographic objectives of Leg
198. Coring of multiple holes at Sites 1209, 1210, 1211, and 1212 en-
sured the recovery of the complete (except unconformities) Cenozoic
sedimentary record. Consequently, composite records of MST-derived
physical properties and color reflectance data were produced for this
time interval. These data compilations are unique in that previous drill-
ing of Paleogene and Cretaceous sediments in the western Pacific failed
to recover the complete and undisturbed sequences that are necessary
to identify and characterize high frequency sedimentary cycles. As a re-
sult, little was understood about the influence of orbital and other peri-
odic forcing on pre-Neogene sedimentation in the Pacific. The high-
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quality double and triple APC cores have the potential to remedy this
situation. Most such sedimentary intervals exhibit pervasive lithologic
cycles throughout the Cenozoic including those identified across sev-
eral key transitions (Figs. F47, F48). Systematic changes in cycle ampli-
tude and frequency are consistent from site to site, suggesting that
these changes reflect regional paleoceanographic processes. The cycle
packages (in all physical properties) are sufficiently distinct to allow for
detailed correlation between sites (Fig. F48).

The most distinct cycles in terms of color variation and other physi-
cal properties occur in the upper Neogene. These are best represented
by the total color reflectance (L*) records from Sites 1208 and 1209 as
plotted along with orbital obliquity and eccentricity for the intervals 0–
2 and 3–5 Ma (Fig. F49). The Pleistocene–Holocene color data at both
sites exhibit the “classic” asymmetric glacial to interglacial cycle pat-
tern. The interglacials are characterized by carbonate-rich, light-colored
nannofossil ooze with clay, whereas the glacials are characterized by
clay- and diatom-rich, dark-colored clayey nannofossil ooze or nanno-
fossil clay. The transitions are mostly gradational, although several gla-
cial to interglacial contacts are sharp. Preliminary biostratigraphic age
constraints suggest that the dominant cycle frequency over the last 0.6
m.y. is near that of the 100-k.y. eccentricity cycle (Fig. F49). From 0.6 to
2.6 Ma, the dominant period shifts toward a higher frequency close to
that associated with the 40-k.y. obliquity cycle. Throughout the last 2.6
m.y., the cycle amplitudes in reflectance remain remarkably similar be-
tween the Southern and Central Highs, although the mean total reflec-
tance is higher on the Southern High. Climate-driven variations in opal
and carbonate production and preservation, and in clay fluxes are re-
sponsible for these changes.

The lower Pliocene prior to the onset of Northern Hemisphere glacia-
tion at 2.6 Ma is also characterized by regular lithologic cycles. As in the
upper Pliocene and lower Pleistocene, the wavelengths indicate a domi-
nant period close to 40 k.y. However, the cycle amplitude in this period
is noticeably reduced, particularly at sites on the Southern High. The re-
duction in the high-frequency cycle amplitude is accompanied by an
apparent increase in a low-frequency cycle amplitude. In the Site 1209
color reflectance record (over the period 3 to 5 Ma), for example, there
appears to be a long wavelength oscillation with a period of roughly 1.0
to 1.25 m.y. Comparison with the derived orbital curves (Laskar, 1990)
suggests that this cycle may be in phase with the long period 1.25-m.y.
cycle of obliquity (Fig. F49).

In the Paleogene, the sedimentation rates are sufficiently low (~3 to 5
m/m.y.) over most of the Southern High that it is difficult, if not impos-
sible, to identify cycles associated with obliquity and precessional-scale
forcing. Nevertheless, prominent periodic to quasi-periodic color (light–
dark) and magnetic susceptibility cycles occur throughout the upper Pa-
leocene to upper Eocene at Sites 1209, 1210, 1211, and 1212. The varia-
tions represent subtle changes in carbonate and/or Fe oxide content.
The mean wavelength of the highest amplitude oscillations indicates a
cycle frequency in the approximate range of the 100-k.y. eccentricity
cycle. These cycles in turn exhibit an amplitude modulation with a fre-
quency range suggestive of 400-k.y. eccentricity forcing. If so, these data
would be consistent with observations elsewhere of a dominant re-
sponse to precession and eccentricity forcing during the ice-free Paleo-
gene prior to the late Eocene appearance of ice sheets on Antarctica.
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Geochemistry

Interstitial Water Geochemistry

Interstitial water samples were collected from Neogene–Campanian
sediments at seven sites. The older sedimentary sequences, marked by
poor recovery associated with the presence of chert, yielded no samples
suitable for pore water extraction. Site 1213 samples were affected by
drilling disturbance associated with rotary coring and are not consid-
ered in this synthesis. No samples were collected from Site 1214, where
<1 m of unlithified sediment was cored.

Reactions involving the degradation of organic matter occur prima-
rily in the Neogene sections. Although the sediments contain little or-
ganic matter (e.g., <0.3 wt% at Site 1207 and <0.2% at Site 1210), there
is sufficient variation among the sites to lead to significant differences
in the degree of sulfate (SO4

2–) reduction and ammonium (NH4
+) pro-

duction (Fig. F50). These differences correspond with contrasts in MAR
on the Northern, Central, and Southern Highs of Shatsky Rise. The
SO4

2– profile is most depleted at Site 1208, located within a drift deposit
atop the Central High, where the highest Neogene MARs are recorded
(Fig. F50). Site 1208 is also marked by higher NH4

+ production relative
to other sites. By contrast, relatively minor amounts of SO4

2– reduction
and NH4

+ production were observed at Site 1211 (Southern High),
where Neogene MARs are lowest (Fig. F50). The profiles from the other
sites lie between the two end-members defined by Sites 1208 and 1211.
These relationships suggest that organic matter preservation is en-
hanced slightly in areas characterized by higher MARs. In areas with rel-
atively low MARs, it appears that most organic matter is degraded be-
fore it can be incorporated into the sediment column.

One of the most unusual aspects of the sections cored during Leg 198
is the lack of significant alteration (i.e., compaction, recrystallization,
and cementation) in the Campanian–Paleogene section relative to over-
lying sediments. The convex-upward shape of the Sr2+ and Sr/Ca pore
water profiles through the uppermost sediments at Sites 1207–1212
suggests that carbonate recrystallization is occurring largely within the
Neogene section. By contrast, Sr2+ and Sr/Ca profiles through the under-
lying Campanian–Paleogene sediments are invariant, suggesting that
carbonate dissolution and reprecipitation processes are not significant
through this stratigraphic interval. This unusual downcore trend in car-
bonate diagenesis may be a consequence of the foraminifer-dominated
ooze of the Campanian–Paleogene interval. The relatively low surface
area and associated excess surface free energy of the sediment particles
may have imparted a low diagenetic potential (i.e., Schlanger and
Douglas, 1974) on these sediments as compared with the overlying
Neogene section, in which nannofossils (with higher surface area and
excess free energy) predominate (e.g., Baker et al., 1982; Walter and
Morse, 1984). A second factor may be related to the clay-rich, con-
densed intervals that at all sites mark the transition between the Paleo-
gene and middle to upper Miocene sections. The condensed horizons
could have acted as crude barriers, preventing significant expulsion of
pore fluids as the Campanian–Paleogene sediments were buried. The
high water content of these sediments could have significantly reduced
their compressibility, such that the load at grain-to-grain contacts re-
mained insufficient to initiate pressure solution of carbonate. No signif-
icant inflections in pore water profiles were observed across the Neo-
gene–Paleogene transition. This pattern suggests that although the clay-
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rich horizons may have played a role in controlling processes of com-
paction, they have not acted as an effective barrier to diffusion.

Excursions to higher Mn2+ concentrations in the lower parts of the
pore water profiles coincide with a series of condensed intervals and
unconformities in the middle–lower Miocene and Oligocene sections,
which contain inferred Mn-rich phases. Excursions to higher Mn2+ con-
centrations reflect the dissolution of Mn minerals and diffusion of Mn2+

away from Mn-rich horizons.
Pore water profiles are also affected by reactions involving the alter-

ation of silicate minerals and exchange with basaltic basement. Reac-
tions associated with the formation of clays and the alteration of ash
and biogenic silica are prevalent in the Neogene sediments and are re-
flected in the pore water profiles as sharp decreases in Mg2+ and ele-
vated concentrations of K+ and Ca2+ in the upper parts of profiles. These
trends are overprinted on diffusion trends related to exchange with ba-
saltic basement, including gradual downcore decreases in Mg2+ and K+

and increases in Ca2+.

Organic-Rich Intervals in the Lower Aptian and Valanginian

Evaluation of the abundance, character, and origin of the organic
matter in the Cretaceous organic-rich intervals at Sites 1207, 1213, and
1214 was the primary focus of shipboard organic geochemical investi-
gations employing a combination of analysis of elemental composi-
tions, pyrolysis products, and biomarker distributions.

Remarkable amounts of organic carbon are present within the inter-
vals corresponding to early Aptian OAE1a at Sites 1207 and 1213. Four
samples possess Corg that exceeds 10 wt%; one is almost 35 wt% (Table
T4). These values are among the highest ever recorded for Cretaceous
marine sequences and attest to the extraordinary nature of the deposi-
tional conditions at this time. Moreover, this enrichment is restricted to
specific intervals; other samples within the lower Aptian contain signif-
icant, but less exceptional amounts of Corg (1.7 and 2.9 wt% Corg). The
highest value at Site 1214 is 1.4 wt% (Table T4). Two Corg-rich calcare-
ous intervals were also recovered from the Valanginian at Site 1213
with Corg contents of 2.5 and 3.1 wt% (Table T4). Their anomalously
high C/N ratios suggest that nitrogen cycling in these intervals did not
follow normal marine trends, perhaps associated with bacterial commu-
nities or hierarchies that include denitrifiers or with organic matter en-
riched in N-poor lipidic components, such as cyanobacterial sheaths.

Rock-Eval pyrolysis (Fig. F51) provides further measures of the abun-
dance and character of the organic matter and of its thermal maturity.
The low Tmax values demonstrate well the immaturity of the samples
with regard to petroleum generation. The lower Aptian samples from
Sites 1207 and 1213 with high Corg contents (>3.5 wt%) possess high
hydrogen indices (>420) and low oxygen indices (≤25) (Table T4),
which corresponds to type I organic matter (Tissot et al., 1974) rich in
algal and bacterial debris. Their position on a modified van Krevelen di-
agram matches closely with organic-rich samples from the OAE1a inter-
val at Sites 866 and 463 (Fig. F51). The apparent comparability of the
organic matter associated with the early Aptian OAE1a event may re-
flect some uniformity in conditions exerting controls on the character
of ocean production and biomass and its preservation. Sample 198-
1213B-8R-1, 96–97 cm, contains C37 and C38 alkadienones, components
only biosynthesized by haptophyte algae. The discovery of alkenones

T4. Elemental compositions, car-
bonate contents, and results from 
Rock-Eval pyrolysis, p. 148.
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extends the record of the occurrence of these paleotemperature proxies
by 15 m.y. (cf. Farrimond et al., 1986).

The biomarker composition of the organic-rich intervals provides
clear testimony of the extraordinary preservation of organic matter, not
only in terms of its abundance, but also with regard to its unaltered
character, especially at Site 1213 where the abundance of ketones signif-
icantly exceeded that of hydrocarbons. The distribution patterns in all
of the lower Aptian and Valanginian samples show many similarities,
especially the prominence of steroidal ketones and hydrocarbons de-
rived from eukaryotes (see “Organic Geochemistry,” p. 27, in the “Site
1207” chapter and “Organic Geochemistry,” p. 26, in the “Site 1213”
chapter). Thus, there appears to be a broad uniformity in the nature of
the organic matter attributable to algal primary producers at Shatsky
Rise. However, this observation stands in stark contrast to the restricted
occurrence of critical bacterial markers, notably extended (�C32) and
methylhopanoids, which record contributions of organic matter from
cyanobacteria and from methylotrophic and methanogenic bacteria
(Ourisson et al., 1979, 1987; Rohmer et al., 1989, 1992). They are prom-
inent in several of the lower Aptian organic-rich intervals and imply a
significant role for bacteria associated with processing of organic matter
at higher trophic levels during OAE1a. These compounds record the de-
velopment of bacterial communities, perhaps as microbial mats, in the
depositional environment that may reflect the establishment of dysoxic
or anoxic conditions. Thus, the extraordinary sequestration of organic
matter (up to 34.7%) in the lower Aptian at Shatsky Rise, even by com-
parison with other organic-rich intervals within the mid-Cretaceous,
records a response to a radical change in the processes controlling bio-
geochemical cycling, which in turn reflects a perturbation of the ocean-
climate system.

SUMMARY OF RESULTS

The record of 140 m.y. of sedimentation on Shatsky Rise holds clues
about the nature of oceanic environments during long intervals of glo-
bal warmth and the transition to colder climates of the more recent
geological past. The focus of Leg 198 scientific objectives was to under-
stand the long-term transitions into and out of the warm-climate
“greenhouse,” as well as transient but critical events that involved ma-
jor changes in ocean circulation, geochemical cycling, and marine
biota. The record of this shifting climate was cored during Leg 198 in a
depth transect that provides a multidimensional picture of the ocean
during periods of relative stability and intervening episodes of environ-
mental perturbation. The signature of both abrupt and gradual change
is graphically displayed in the lithology, biota, and geochemistry of the
sediments and sedimentary rocks.

The deep-sea sedimentary record of Shatsky Rise contains evidence of
brief intervals of open-ocean dysoxia during the early and middle parts
of the Cretaceous period. These are followed by more stable times in the
Late Cretaceous and Paleogene, when the rain of calcareous skeletal ma-
terial from calcareous microplankton formed almost pure biogenic ooze
on the seafloor. Three highly selective extinction events interrupted
these stable times, one that affected a long-ranging group of bottom-
dwelling clams at ~69 Ma in the mid-Maastrichtian; another, the well-
known K/T boundary event at 65 Ma that almost eradicated surface-
dwelling plankton; and a third at ~55.5 Ma (PETM) that profoundly af-
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fected benthic organisms and caused the abrupt reorganization of cal-
careous plankton communities. Throughout the Paleogene and the
Neogene, evidence for fluctuations in climate, oceanic circulation and
chemistry, and/or marine productivity forced by orbital variations are
expressed in prominent lithologic cycles.

The warm mid- to Late Cretaceous and early Paleogene climate came
to an end, beginning ~50 Ma, but wholesale cooling did not begin until
an abrupt event at ~33.5 Ma when ice sheets developed on Antarctica
and the deep oceans suddenly filled with cold water. The youngest
Shatsky Rise sediments contain clear evidence of the onset and peak of
Northern Hemisphere glaciation in the last 2.7 m.y. Here we present a
preliminary summary of the highlights of Leg 198 beginning with the
Cretaceous and moving forward in time.

Classic Record of the Early Aptian
Oceanic Anoxic Event

A major highlight of Leg 198 is the recovery of Corg-rich sedimentary
rocks of early Aptian age at Sites 1207 and 1213 (Fig. F38). These sedi-
mentary rocks were deposited during OAE1a and provide the best truly
pelagic record of this event outside of the Tethys. At Site 1207 the event
is found within 45 cm of finely laminated, dark brown radiolarian clay-
stone with up to 34.7 wt% Corg. The Site 1213 Corg-rich units include ol-
ive-black to greenish black, clayey porcellanites, and radiolarian porcel-
lanites with up to 25.2 wt% Corg. At both sites, gamma ray and uranium
logs show pronounced highs and indicate the true thickness of the crit-
ical levels and the incomplete recovery. These data suggest that at Site
1207, ~50% of the organic-rich unit was recovered; in the more sili-
ceous section at Site 1213, this percentage was much lower, certainly
<30% (Fig. F45). At Site 1214, laminated black claystone in the lower
Aptian has <1.4 wt% Corg. The distinctive radiolarian assemblage (e.g.,
Erbacher and Thurow, 1997; Premoli Silva et al., 1999) in these sedi-
ments suggests that they lie within the OAE1a interval.

Shipboard biostratigraphy indicates that the Corg-rich units lie in
lower Aptian nannofossil Zone NC6 and planktonic foraminiferal Globi-
gerinelloides blowi (KS6) Zone, thus correlating to Corg-rich units in other
localities that lie within OAE1a (e.g., Bralower et al., 1994; Erba et al.,
1999; Premoli Silva et al., 1999). Rock-Eval analyses and gas chromatog-
raphy-mass spectrometry (GC-MS) of extractable hydrocarbons and ke-
tones have been used to characterize organic matter from the Corg-rich
unit at Sites 1207 and 1213 (Fig. F51). These data indicate that the or-
ganic matter is almost exclusively algal and bacterial in origin. GC-MS
data, in particular, have been used to identify biomarkers that are asso-
ciated with cyanobacteria in material from both locations. The preva-
lence and character of bacterial biomarkers suggest the existence of mi-
crobial mats at the time of deposition. Compounds produced by
hapthopyte algae include the oldest known alkenones. Organic matter
of algal origin was also reported in the lower Aptian Corg-rich units of
Sites 463 and 866 (Dean et al., 1981; Baudin et al., 1995), suggesting
that production by these organisms was widespread during OAE1a.

At Sites 1207 and 1213, the interval within and directly above and
below the Corg-rich units lacks carbonate. Both organic-rich intervals are
associated with minor amounts of tuff. The records of the two sites are
different in a number of ways, however. At Site 1207 the presence of
lamination in the Corg-rich units is clear evidence for dysoxic or anoxic
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deepwater conditions. Lamination is not present in the recovered,
highly bioturbated Corg-rich units at Site 1213. This could indicate a
slightly higher level of oxygenation of deep waters during deposition of
the carbonaceous sediments, although conditions still must have been
poorly oxygenated due to the high flux of organic matter. In fact, the
exceptional preservation of organic compounds in the Site 1207 and
1213 lower Aptian samples indicates that conditions were highly dys-
oxic at the time of deposition. The units at Site 1213 are more siliceous
and radiolarian rich; however, this might be a result of the lack of re-
covery of the softer, less siliceous interbeds.

Using basement ages from Nakanishi et al. (1989), a paleodeposi-
tional depth track (based on normal crustal subsidence) from Thierstein
(1979) for Site 306, and correcting for differences in the thickness of
sediment between basement and the lower Aptian yields paleodepths of
1.3 km for Site 1207 on the Northern High and 2.8 km for Site 1213 on
the Southern High. The true depths might have been slightly deeper
given faster than normal subsidence rates, but the relative difference
should be similar. These depths indicate remarkable shoaling of the
CCD during OAE1a. Calcareous sediments are found directly under-
neath the Corg-rich sediments at Site 1213, indicating that the CCD
shoaled by at least 1.5 km during the event. The magnitude of the
change of the CCD during OAE1a is a result of a combination of oxida-
tion of a steady flux of organic matter over a fairly long time period (~1
m.y.) (Larson and Erba, 1999) and CO2 outgassing (e.g., Arthur et al.,
1985).

Corg-rich horizons of OAE1a age have been found in a number of
other locations in the Pacific Ocean. These include Sites 305 on Shatsky
Rise (location of Site 1211), 463 (Mid-Pacific Mountains), and 866 (Res-
olution Guyot) (Sliter, 1989; Jenkyns, 1995). Of these, only Sites 463
and 866 have decent recovery, and both of these sites have a shallow-
water influence: one is located in shallow-water carbonates (Site 866),
and the other has a considerable fraction of material derived from shal-
low-water environments (Site 463). The only known record of OAE1a in
the Atlantic Ocean, Site 641, is on the continental margin of Spain.
Thus, the new Shatsky Rise organic-rich units represent the most pe-
lagic records outside of the Tethys (e.g., Coccioni et al., 1992).

The extremely high Corg contents of the Site 1207 and 1213 units re-
flect their pelagic depositional environment where dilution by clastic
material was minimal. The only interval with a comparably high car-
bonaceous level derives from an algal mat horizon slightly above
OAE1a at Site 866 (Baudin et al., 1995). Maximum Corg values at levels
that are correlative with OAE1a are limited to a few Pacific sites: 14.2
wt% at Site 866 (Jenkyns, 1995), 7.6 wt% at Site 463, and 9.3 wt% at
Site 305 (Sliter, 1989) (Fig. F51). Onshore sections are much less en-
riched. The Selli level in the Cismon core from Italy contains 5 wt% Corg

(Erba et al., 1999); and the Goguel level in southern France contains <3
wt% Corg (Bréhéret, 1988). Corg-rich lower Aptian horizons in the Santa
Rosa Canyon of Mexico also contain <3 wt% Corg (Bralower et al., 1999).

Early Aptian Corg-rich units that correlate to OAE1a have been found
in a limited number of locations outside the Tethys and are not as
widely distributed as levels that correspond to OAE2 (Schlanger et al.,
1987). This has led to some uncertainty as to whether the OAE1a event
was global in scale. Recovery of the early Aptian Corg-rich horizons at
Sites 1207 and 1213 provides additional evidence that OAE1a was in-
deed a global event.
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Several Corg-rich levels were recovered below the lower Aptian at Site
1213. One of these levels in the upper Valanginian correlates to an an-
oxic event within the Tethys (Lini et al., 1992). Organic carbon con-
tents are considerably lower (2.5 wt%) than those of the lower Aptian
horizons and the facies are clearly bioturbated. Thus, environments on
Shatsky Rise during the deposition of this unit were oxygenated. How-
ever, this is the first record of the Valanginian event outside the
Tethyan region, supporting the contention that this was a widespread,
even global, event that resulted in a positive δ13C shift (Weissert and
Lini, 1991).

There is some indirect evidence for the presence of other Corg-rich
mid-Cretaceous levels in the unrecovered sections on Shatsky Rise. At
Site 1207, a minor gamma ray peak around the Cenomanian/Turonian
boundary and a subsidiary U peak signify either a thin organic-rich unit
or an unconformity with an associated Fe-Mn hardground. This evi-
dence is equivocal; however, gamma ray logs from both Sites 1207 and
1213 show background levels with a few insignificant increases
throughout the Albian, suggesting that Corg-rich units are absent. Al-
though the lack of recovery prohibits firm conclusions concerning the
continuity of the section, the expanded nature of the Albian, especially
at Site 1207, where it corresponds to 140 m of section, suggests that the
sequence for most of this stage should be relatively complete. As such,
the gamma ray data indicate that Corg-rich levels representing the Al-
bian OAEs (OAE1b–1d) are not found on Shatsky Rise. On a regional
scale, the only significant Corg-rich sediments (~9 wt% Corg) of Albian
age are found in the upper Albian section (Rotalipora appenninica and R.
ticinensis Zones) at Site 465 on Hess Rise (Dean et al., 1981). Thus, the
event that produced OAE1a appears to have had a more profound effect
on the pelagic realm in the Pacific than did events of the Albian.

Learning from Chert on Shatsky Rise

Although chert was a significant hindrance to coring during Leg 198,
it still provided significant information that fulfilled several leg objec-
tives. The poorly recovered Berriasian to Santonian sedimentary section
on Shatsky Rise is dominated by chert and associated porcellanite with
minor amounts of ooze, chalk, claystone, and limestone. In the overly-
ing Maastrichtian–Campanian interval, fewer chert horizons are found
in soft nannofossil ooze. The dominant source of silica for the chert and
porcellanite is thought to be radiolarians; no evidence of diatoms was
found in the Cretaceous section on Shatsky Rise.

Despite poor recovery, the occurrence and character of chert and por-
cellanite at all Leg 198 sites show marked trends through the Creta-
ceous that provide important information on the nature of depositional
environments on Shatsky Rise. Stratigraphic information is obtained
from FMS-sonic log data from Site 1207 and, more crudely, from drill-
ing penetration rates at other sites. The FMS-sonic log from Hole 1207B
clearly shows that chert layers have variable thickness and spacing
through the stratigraphic column (Fig. F46). Changes in the spacing of
chert layers also clearly affected penetration rates. These rates suggest
that chert is concentrated in the upper Albian (Rotalipora appenninica to
R. ticinensis Zones), near the Aptian/Albian boundary and around the
lower Aptian OAE1a at Sites 1207, 1213, and 1214. Chert is also abun-
dant in the lower Berriasian at Site 1213, and a minor peak is present in
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the lower Santonian at Sites 1207 and 1213. The Turonian–Coniacian
interval at Site 1207 has a lower abundance of chert layers.

A more detailed record of chert occurrence was obtained from the
Campanian–Maastrichtian section on the Southern High of Shatsky
Rise. At Sites 1211 and 1212, the uppermost, scattered layer or nodules
of chert are present in the middle part of the upper Maastrichtian (mid-
dle part of the Abathomphalus mayaroensis foraminiferal Zone [KS31]).
At Sites 1209 and 1210, the uppermost chert horizon is slightly older,
occurring in the mid-Maastrichtian (Racemiguembelina fructicosa/Contu-
sotruncana contusa foraminiferal Zone [KS30]). At Site 1207 on the
Northern High, the youngest chert was found in the mid-Campanian
(nannofossil Zone CC20 corresponding to the middle part of the Glo-
botruncana ventricosa foraminiferal Zone). The age of the shallowest
chert level can be used to predict when Shatsky Rise left the equatorial
divergence zone on its northward migration toward its current location.
Thus, it appears that the Northern High was out the divergence zone ~9
m.y. earlier than the Southern High.

The color of the cherts and porcellanites is variable, ranging from
very light yellow hues to black hues. A compilation of chert color for
the Leg 198 sites, including data from Sites 305 and 306 (Larson,
Moberly, et al., 1975), shows regional trends through time (Fig. F37).
We suspect that the various colors may indicate specific redox condi-
tions; for instance, orange, red, and brown hues are indicative of depo-
sition and diagenesis in oxidizing environments, whereas olive-green to
black hues are indicative of more reducing conditions during deposi-
tion and burial. The color stratigraphy suggests that oxygenated condi-
tions prevailed in the earliest Berriasian, in the late Aptian through
early middle Albian, and from the late Cenomanian through the Maas-
trichtian. Reducing conditions within the sediment prevailed in the
Berriasian through the early Aptian and in the late Albian to middle
Cenomanian. Overall, similar trends were observed in all of the sites for
coeval portions of the sequence, suggesting that the entire rise experi-
enced generally similar redox conditions at bathyal depths. One possi-
bility is that redox was a function of sedimentation rate, with higher
sedimentation rates causing higher accumulation rates of organic mat-
ter and more reducing conditions.

Comparison of the color redox patterns to the inferred frequency of
chert in the Cretaceous section on Shatsky Rise suggests that the higher
frequency is associated with predominantly reducing conditions, at
least in the Berriasian, around OAE1a, and in the late Albian. This rela-
tionship indicates that higher siliceous production may have contrib-
uted to reducing conditions during deposition and diagenesis by in-
creasing sedimentation rates.

Mid-Maastrichtian Event: Death on the Seafloor

An unusual record of the MME was observed in the sedimentary
record at two sites on the Southern High of Shatsky Rise. At Sites 1209
and 1210, clusters of large Inoceramus prisms are seen in the cores for
several meters (Fig. F24) but disappear abruptly. This disappearance is
in the same stratigraphic position in both holes, in the Racemiguem-
belina fructicosa–Contusotruncana contusa Zone at ~69 Ma. Furthermore,
Inoceramus prisms were observed at Sites 1208, 1211, and 1212, and
shells are recorded in Hole 47.2 (Fischer, Heezen, et al., 1971) in the
same foraminiferal zone as at Sites 1209 and 1210. The significance of
the short range of visible specimens in this open-ocean setting is not
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currently understood. However, the position of the event is similar to
that of the Inoceramus extinction and the isotopic shifts that mark the
MME at Site 305 and other deep-sea locations (MacLeod, 1994; Frank
and Arthur, 1999).

Growing evidence, however, suggests that this biotic event is dia-
chronous in the Atlantic, Tethys, and Pacific Oceans. For example, the
Inoceramid extinction lies slightly higher in the Bottaccione Section
(Gubbio, central Italy) in the overlying Abathomphalus mayaroensis
Zone (Chauris et al., 1998). Moreover, the magnitude and direction of
stable isotope changes are quite variable from place to place, possibly as
a result of uncertainties in stratigraphic correlation or of true differ-
ences in deepwater properties. Benthic and planktonic data from
Shatsky Rise will help to accurately characterize the changes in deep-
and surface water properties as well as the timing of this transition in
the Pacific.

Close to the MME, the more specialized planktonic foraminifers start
to decrease in diversity and more generalized groups increase, indicat-
ing a shift to less oligotrophic conditions, a trend that strongly acceler-
ated near the end of the Maastrichtian (Premoli Silva and Sliter, 1999).
This suggests change in the structure of oceanic surface waters. Shore-
based stable isotopic and foraminiferal assemblage studies will help us
refine our understanding of the origin and implications of this climatic
transition.

Multicore Record of the Cretaceous/Tertiary Boundary 
on Shatsky Rise

Although the K/T boundary was not a prime focus of investigation
during Leg 198, a remarkable set of cores was taken across this critical
interval. The K/T boundary was cored at four sites on the Southern
High: Sites 1209, 1210, 1211, and 1212. Double and triple coring at
these sites recovered a total of nine separate K/T records: three from Site
1211, and two each from Sites 1209, 1210, and 1212 (Fig. F52). The lith-
ologic sequence in the K/T boundary interval is similar at all of these
sites. The boundary succession includes uppermost Maastrichtian (nan-
nofossil Zone CC26) white to very pale orange, slightly indurated nan-
nofossil ooze overlain by lowermost Paleocene (foraminiferal Zone Pα)
grayish orange foraminiferal ooze (Fig. F52). The basal 8- to 12-cm-thick
Paleocene layer grades into a 19- to 23-cm-thick white foraminiferal
nannofossil chalk, then into a grayish orange nannofossil ooze. The
boundary between the uppermost Maastrichtian and the lowermost Pa-
leocene is clearly bioturbated as shown by the irregular nature of the
contact and the pale orange burrows that extend up to 10 cm into the
white Maastrichtian ooze. The K/T boundary interval exhibits a strong
magnetic susceptibility peak that allows detailed correlation among
holes and sites.

The lithostratigraphy of the boundary succession is remarkably simi-
lar at all sites on Southern High, including Site 577 (near Site 1212) and
to some extent Hole 47.2, although the latter section was badly dis-
turbed by coring. The main difference between the sections is the de-
gree of bioturbation, thickness of the bioturbated layer, and the thick-
ness and color of the lowermost Paleocene foraminiferal ooze layer.

Preliminary biostratigraphy at all of the K/T boundary sites drilled
during Leg 198 shows the well-established, abrupt change in nannofos-
sil and planktonic foraminiferal assemblages across the boundary (e.g.,
Luterbacher and Premoli Silva, 1964; Percival and Fischer, 1977; Thier-
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F52. K/T boundary, p. 142.
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stein, 1982; Monechi, 1985; Gerstel et al., 1986; Pospichal, 1991). The
white nannofossil ooze yields diverse assemblages of the uppermost
Maastrichtian Abathomphalus mayaroensis planktonic foraminiferal
Zone and Micula prinsii nannofossil Zone (CC26). Sampling of the deep-
est sections of the burrows of Paleocene ooze within the uppermost
Maastrichtian yields highly abundant, minute planktonic foraminiferal
assemblages that are dominated by Guembelitria with rare Hedbergella
holmdelensis, suggesting a possible Zone P0 age. The upper parts of the
burrows contain foraminiferal assemblages dominated by Guembelitria
with rare, small Parvularugoglobigerina eugubina that identifies the basal
Paleocene (P�) Zone. Well-preserved planktonic foraminifers of Zone P�
dominate the lowermost 10 cm of the Paleocene (Fig. F23). In the over-
lying white foraminiferal nannofossil ooze horizon, the average size of
the foraminiferal assemblage increases as the assemblages become in-
creasingly dominated by P. eugubina.

Nannofossils in the basal Danian grayish orange ooze are limited to
“disaster” taxa (calcispheres), survivor taxa, and reworked Cretaceous
taxa. The lower part of the overlying white ooze unit is dominated by
ultrafine micrite, calcispheres and the “survivor” coccolith taxa, includ-
ing Cyclagelosphaera reinhardtii and Markalius inversus. Finally, the upper
part of the white ooze unit contains fine micrite, small early species of
the coccolith Neobiscutum, C. reinhardtii, and M. inversus (Fig. F23). This
whole interval thus belongs to nannofossil Subzone CP1a. Comparable
evolutionary trends in both nannoflora and planktonic foraminifers
from Site 577 were described by Monechi (1985) and Gerstel et al.
(1986).

A significant feature of the K/T boundaries recovered at Leg 198 sites
is the widespread occurrence of light brown to amber spherules up to
100–150 µm in diameter that are concentrated in the first few (2–3) cm
of the basal Paleocene and in the shallower burrows into the uppermost
Maastrichtian white nannofossil ooze. Spherules are rarely found in the
overlying 30 cm of the basal Danian. These spherules show textures
similar to the spherules composed of glauconite and magnetite that
have been described by Smit and Romein (1985) from the K/T boundary
in other locations and referred to as “microtektite-like” spherules.

The uppermost Maastrichtian planktonic foraminifers at all sites are
characterized by a fair amount of etching and fragmentation. The
amount of dissolution appears to be unrelated to paleodepth. The
minute, thin-walled earliest Paleocene faunas, however, are well pre-
served. This suggests that the lysocline and CCD over Shatsky Rise
shoaled in the latest Maastrichtian, just prior to the K/T boundary, and
deepened in the earliest Paleocene.

The K/T boundary sequence at Shatsky sites bears similarities to
records at other deep-sea sites. The boundary at Site 1049 in the western
North Atlantic corresponds to the base of a graded spherule bed (ejecta
fallout), capped by an orange-brown limonitic layer. This layer is over-
lain by (1) a dark, burrow-mottled clay that contains planktonic fora-
minifers diagnostic of Zone P� and (2) a 5- to 15-cm-thick white fora-
miniferal nannofossil ooze that also correlates to P�. The same white
unit is found in varying degrees of lithification directly above the
boundary at less complete sections including DSDP Site 536 (Gulf of
Mexico), and ODP Sites 999 and 1001 in the Caribbean. The ultra-fine
micrite in this oceanwide white layer may be related to the collapse of
the marine biosphere that would have caused a substantial drop in the
CCD (e.g., Caldeira and Rampino, 1990). 
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The K/T boundaries on Shatsky Rise have been mixed by bioturba-
tion in the interval after the boundary. Nevertheless, the substantial
thickness of the uppermost Maastrichtian M. prinsii (CC26) Zone and
the lowermost Danian P. eugubina (P�) Zone indicates that the K/T
boundary is paleontologically complete. The P� Zone is either unrecov-
ered or poorly preserved in most other deep sea sites. Thus the sections
represent some of the best-preserved and least-disrupted deep-sea
records of this major extinction event as well as the subsequent biotic
radiation.

Rhythmic Record of Paleogene Deep-Ocean Circulation

Sediments on Shatsky Rise show that deep-ocean circulation fluctu-
ated in a highly regular fashion in the Paleogene. The record from Sites
1209, 1210, 1211, and 1212 is strongly cyclic as a result of regular
changes in the properties of the deep waters bathing Shatsky Rise. Deci-
meter-scale alternations in color that correspond to minor changes in
clay and carbonate content are relatively faint in cores but striking in
color reflectance records. Magnetic susceptibility records also show
these fluctuations clearly (Fig. F47). The cycles occur in bundles that
can be easily correlated between sites. The cycles are likely produced by
minor changes in the dissolution of carbonate in the deep ocean. Varia-
tion in the flux of eolian material may have also played a minor role.

Preliminary biostratigraphy suggests that the frequency of cycles cor-
responds to orbital periodicities. The predominant frequencies appear
to be short- (100 k.y.) and long- (400 k.y.) period eccentricity. However,
the nature of cycles varies among sites and through time in subtle ways.
The amplitude of the cycles does not appear to correlate well with pale-
odepth. In fact, the two shallowest sites, Sites 1209 and 1210, show the
highest amplitude cycles for significant periods of time. Magnetic sus-
ceptibility and color reflectance data indicate that the two shallowest
sites with the most expanded Paleogene records also have the most cy-
cles. This suggests that the two deeper sites (1211 and 1212) have a
number of condensed intervals and/or diastems.

The lack of a clear correlation of cycle amplitude with depth suggests
that the cycles are not the result of a simple dissolutional scenario in
which deep waters were more corrosive. If this relationship held, the
deepest site should have the largest amplitude fluctuations between the
dissolved and less dissolved end-members. Instead, the cycles may rep-
resent repeated shoaling and deepening of the boundary between two
water masses, with the boundary lying close to the depths of the shal-
lower two sites (1209 and 1210) at some times and in deeper waters
close to Site 1211 at others. This situation would produce higher-ampli-
tude chemical and physical fluctuations (i.e., corrosiveness and oxygen-
ation) at depths close to the water mass boundaries than in shallower
and deeper water where conditions were less variable. Alternatively, the
cycles might represent variation in surface water productivity that pro-
duced subtle changes in chemical composition. For instance, the shal-
lower sites might have had more variable productivity for a number of
reasons. Additional compositional and isotopic data are required to
shed further light on the origin of Paleogene cycles.

At this preliminary stage, the cyclic Paleogene record has helped con-
siderably in the construction of composite sections. These composites
show that through multiple coring at the Southern High sites we have
completely sampled the Paleogene sedimentary section (see “Down-
hole Measurements, Physical Properties, and Core Logging,” p. 58,
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in “Specialty Syntheses”). Furthermore, with the exception of a gap
close to the Oligocene/Miocene boundary, the combination of Sites
1209, 1210, 1211, and 1212 of Leg 198 has recovered a composite sec-
tion from the Pleistocene down to below the K/T boundary.

Biotic Event in the Mid-Paleocene

One of the new discoveries of Leg 198 is the recognition of an event
of evolutionary and perhaps paleoclimatological significance in the
early late Paleocene at ~58.4 Ma. We use mid-Paleocene to refer to this
event to distinguish it from the subsequent PETM. A prominent clay-
rich ooze found at Sites 1209, 1210, 1211, and 1212 corresponds to
lower planktonic foraminiferal Zone P4 and coincides with the evolu-
tionary first occurrence of the nannolith Heliolithus kleinpellii, an im-
portant component of late Paleocene assemblages and a marker for the
base of Zone CP5. Planktonic foraminifers in the clay-rich layer are
characterized by a low-diversity, largely dissolved assemblage, domi-
nated by representatives of the genus Igorina (mainly I. tadjikistanensis
and I. pusilla). Nannofossils are often strongly etched but do not show a
change in diversity.

The clay-rich layer contains common crystals of phillipsite and fish
teeth and corresponds to a prominent peak in magnetic susceptibility
that probably reflects Fe-Mn coating of grains. The abundance of phil-
lipsite and fish teeth indicates very slow sedimentation or intervals of
seafloor exposure, possibly resulting from dissolution of carbonate.
Moreover, the biostratigraphic record at Site 1211 is more complex than
at the shallower sites with the first appearance of discoaster taxa includ-
ing Discoasteroides bramlettei and Discoaster mohleri within and even be-
low the event. These occurrences suggest a significant hiatus (~1 m.y.)
in the interval surrounding the event.

Even though microfossil assemblages are clearly altered by dissolu-
tion, the biotic event appears to have been triggered by environmental
perturbation in surface waters. Even though the igorinids appear to be a
solution-resistant taxa, their ecological affinities are not well known;
thus, it is not currently possible to determine the nature of the environ-
mental changes in surface waters. The mid-Paleocene event does not
appear to correspond to a major change in benthic assemblages based
on range data for the late Paleocene interval (e.g., Tjalsma and Loh-
mann, 1983); however, more detailed investigations around the event
are clearly required to determine the effect on the benthos.

Depth Transect of the Paleocene–Eocene 
Thermal Maximum

Sediments cored on Shatsky Rise show evidence of a strong deep-
ocean response to warming around the P/E boundary (PETM). The
PETM interval was cored at four sites on the Southern High (Sites 1209,
1210, 1211, and 1212) (Table T3). Double and triple coring at these sites
recovered a total of 10 separate PETM records: three each from Sites
1209 and 1211, and two each from Sites 1210 and 1212 (Fig. F53). The
P/E boundary interval was also recovered at Site 1208 on the Central
High. The range of present depths, from 2387 m at Site 1209 to 2907 m
at Site 1211, provides a 520-m depth transect to observe the sedimen-
tary response to this abrupt warming event as a function of depth. Al-
though the Site 1208 sequence is highly condensed and it is not cur-
rently possible to determine whether the PETM is present, some
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F53. PETM on Shatsky Rise, p. 143.
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inferences can be made from this section that extend the transect some
440 m to 960 m.

At the Southern High sites, the PETM corresponds to an 8- to 23-cm-
thick layer of clayey nannofossil ooze with a sharp base and a grada-
tional upper contact. The clay-rich layer is generally yellowish brown in
color and is often bioturbated into the underlying sediment. At several
sites an extremely thin (1 mm) dark brown clay seam lies at the base of
the PETM. Carbonate contents have been measured in detail across the
PETM at Site 1210. These data show a decrease from 96 to 89 wt%
CaCO3 at the base of the event, a decrease that would involve a sub-
stantial increase in dissolution. Color reflectance and magnetic suscep-
tibility data (Figs. F39, F47) allow detailed correlation between holes
and sites in this time interval.

Preliminary biostratigraphic investigations show that the event lies
toward the top of nannofossil Zone CP8 and planktonic foraminiferal
Zone P5. At several sites, rare specimens of Gavelinella beccariiformis, a
benthic foraminiferal species that goes extinct at the onset of the PETM
(i.e., Thomas, 1990) were found below the event. The abrupt decrease
in the nannofossil Fasciculithus that occurs just above the PETM in
other sections (Bralower et al., 1995; Aubry et al., 1996; Monechi et al.,
2000) lies near the top of the clay-rich layer. The stratigraphic level of
the top of the PETM is currently undefined, but the FO of the nanno-
fossil Discoaster diastypus and the LO of the plantkonic foraminifer
Morozovella velascoensis indicate that the record in all sections is appar-
ently complete, with the exception of Hole 1211B. This biostratigraphy
shows that the PETM interval at Sites 1209, 1210, and 1212 are con-
densed compared to continental margin records from the Atlantic and
Tethys (e.g., Kennett and Stott, 1991; Norris and Röhl, 1999; Röhl et al.,
2000) but somewhat expanded compared to other deep-sea sites such as
Site 865 on Allison Guyot (Bralower et al., 1995) and Site 527 on Walvis
Ridge (Thomas et al., 1999). At Site 1211, the PETM interval was recov-
ered across the break between two sections in Holes 1211A and 1211C.
The clay-rich bed is more prominent and condensed than in the other
records (Fig. F53). In Hole 1211B, the basal clay seam appears to be
present, but the occurrence of D. diastypus 1–2 cm above this level and
the concurrent decline in the abundance of Fasciculithus strongly sug-
gests an unconformity. The PETM in both holes at Site 1212 appears
complete; however, the presence of Globanomalina pseudomenardii sug-
gests a slight unconformity immediately below the event in Hole
1212B.

The PETM interval at all of the sites contains a clear record of nanno-
fossil and planktonic foraminiferal assemblage transformation at this
time of major environmental upheaval (Fig. F22). One of the dominant
nannolith genera, Fasciculithus, is replaced by Zygrhablithus bijugatus, a
holococcolith that is often a highly abundant or dominant component
of Eocene assemblages. The genus Discoaster is highly abundant, likely
as a result of warming or increased oligotrophy (Bralower, in press). Cal-
cispheres, possible resting cysts produced by calcareous dinoflagellates
at times of environmental changes, are also found. Planktonic foramin-
iferal assemblages within the clay-rich interval contain an ephemeral
group of ecophenotypes or short-lived species of the genera Acarinina
and Morozovella (Kelly et al., 1996). These “excursion” taxa include both
end-member as well as transitional morphologies.

The depth transect strategy of Leg 198 was specifically designed to
address the response of the ocean to the greenhouse forcing mechanism
proposed for the PETM. This warming is generally thought to have re-
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sulted from input of a massive burst of methane into the ocean-
atmosphere system (e.g., Dickens et al., 1997). Methane is the only
agent that can explain both the warming and the rate of carbon isoto-
pic change at the onset of the excursion. The oceanic response to this
methane input is predictable but currently untested (e.g., Dickens,
2000). Regardless of how the transfer to the ocean took place, oxidation
of methane would generate CO2, which would lower the dissolved
CO3

2– content of seawater and cause a dramatic shoaling in the depth of
the lysocline and CCD. This response should be recorded in changes in
carbonate content and preservation in all marine sections. Over a depth
range, shallow sections should show less change in dissolution and car-
bonate content than deep sections.

Nannofossil preservation below the event in all of the Southern High
sites is moderate indicating that the sites were located in the broad
range of the lysocline. All sites show a general deterioration in preserva-
tion at the onset of the event and abundant 10- to 20-µm-sized, needle-
shaped calcite crystals that are thought to have been derived from pre-
cipitation of dissolved carbonate are found in smear slides. The detailed
response of fossil preservation is complex and different from site to site,
as is the absolute change in carbonate content as indicated by reflec-
tance data.

The general changes in lithology suggest a transition from paleo-
depths in the shallower sites that were less sensitive to changes in car-
bonate solubility in the deep ocean (Sites 1209, 1210, and 1212) to
those that were at depth ranges highly sensitive to changes across the
PETM (Sites 1208 and 1211) (Fig. F53). The decrease in carbonate con-
tent and deterioration in nannofossil preservation are evidence for an
abrupt rise in the level of the CCD and lysocline during the PETM. De-
termination of the magnitude of this change awaits postcruise analysis;
however, the preliminary lithostratigraphic and biostratigraphic results
from the PETM interval in the Shatsky Rise depth transect are highly
consistent and thus support the expected ocean response to massive
methane input.

Eocene–Oligocene Transition 
in the Tropical Pacific Ocean

Sediment recording the response of the tropical Pacific ocean to cool-
ing in the Eocene–Oligocene transition was recovered across a large
depth range on Shatsky Rise (Sites 1208, 1209, 1210, and 1211 in a total
of nine holes). Preliminary nannofossil and planktonic foraminiferal
biostratigraphy suggests that the boundary interval is complete. At the
Southern High sites (1209, 1210, and 1211), the transition records a
gradual, subtle but distinctive change over a 4- to 7.5-m interval in the
uppermost Eocene and lowermost Oligocene, from light brown to tan
nannofossil ooze with clay to a light gray to white nannofossil ooze
(Fig. F32). This transition is associated with marked changes in color re-
flectance data (Fig. F28) but fairly minor changes in percent carbonate
from ~90 to 96 wt% (in Hole 1210A). Superimposed on the gradual
change in color and increase in carbonate content are marked cycles
that appear to represent orbital rhythms (see “Downhole Measure-
ments, Physical Properties, and Core Logging,” p. 58, in “Specialty
Syntheses”).

The lithologic record of the Eocene–Oligocene transition at Site 1208
on the Central Rise is markedly different from the Southern High sites.
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A lithologic transition from a dark brown zeolitic claystone with ex-
tremely low carbonate content to a gray-orange nannofossil ooze was
observed in an identical stratigraphic position to the gradual changes
observed on the Southern High. However, the Site 1208 transition is far
more condensed than the other records, occurring over an interval of
1–2 cm.

The E/O boundary is associated with a marked increase in sedimenta-
tion rates at all of the sites. In general, the lithologic change at all of the
sites is accompanied by a general improvement in microfossil preserva-
tion; late Eocene nannofossils in most of the sections show a high de-
gree of etching, whereas early Oligocene assemblages show less dissolu-
tion and slightly more overgrowth. Planktonic foraminifers are rare and
badly fragmented in the upper Eocene, but preservation improves and
abundance increases in the Oligocene. At Site 1208, the deepest site in
the transect that contains the transition interval, planktonic foramini-
fers are largely absent from the sequence. The benthic foraminifer Nut-
tallides truempyi, the LO of which shortly precedes the E/O boundary, is
found below the color transition. Sparse nannofossils below the bound-
ary are extremely etched.

The age model for the Eocene–Oligocene transition at all of the Leg
198 sites is preliminary, and thus the exact correlation of the change in
carbonate content with the series boundary and the sharp Oi-1 cooling
event (33.15–33.5 Ma) (e.g., Miller et al., 1991; Zachos et al., 1996) has
yet to be determined. However, the preliminary data show that the
prominent change in lithology occurs just before or within the time of
cooling.

The distinctive color change in all of the Leg 198 records reflects a
pronounced deepening in the CCD in the Eocene–Oligocene transition.
In the latest Eocene, the CCD on Shatsky Rise was between the paleo-
depths of Sites 1208 and 1211, probably closer to the former site based
on the sporadic occurrence of nannofossils. After the event, the depth
was substantially greater than Site 1208. This significant change is ob-
served in other ocean basins (e.g., Zachos et al., 1996) and possibly re-
flects an increase in mechanical and chemical weathering rates on con-
tinents associated with cooling. Alternatively, deepening of the CCD
may be associated with an intensification of deep-ocean circulation and
a consequent decrease in the age of deep waters. The magnitude of the
change in the transition interval as shown by color reflectance data var-
ies as a function of depth (see Fig. F28). This is consistent with the
deepening of both the lysocline and CCD.

Our current understanding of the change in climate and circulation
in the Eocene–Oligocene transition is based almost entirely on records
from the mid- and high-latitude Atlantic and Indian Oceans (Miller et
al., 1991; Zachos et al., 1996). Changes observed across this transition
in the tropical-subtropical Pacific from the Shatsky Rise depth transect
have the potential to add another dimension to this understanding.

Unique Neogene Section

A surprising side note to the major Cretaceous and Paleogene objec-
tives on Leg 198 is the recovery of two expanded late Neogene sections
on the Northern High of Shatsky Rise at Site 1207 and the Central High
at Site 1208. These sections could be important from both stratigraphic
and paleoceanographic perspectives. The two sections have apparently
complete upper middle Miocene (~12 Ma) to Holocene sections that are
composed of nannofossil ooze and nannofossil clay. Both sections have
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a mixture of nannofossils and significant amounts of diatoms (10%–
40% at Site 1207; 5%–20% at Site 1208), and minor amounts of fora-
minifers, radiolarians, and silicoflagellates. Numerous discrete ash hori-
zons are found at both sites, predominantly in the Pliocene–Pleistocene
interval.

Sedimentation rates at Site 1207 average 18.4 m/m.y. from the Ho-
locene to latest Miocene. Rates at Site 1208 range between 22 and 42 m/
m.y. from the Holocene to the early late Miocene (Fig. F42). These rates
are far higher than typical pelagic sedimentation. The detrital clay and
silt component of the sediment may have been delivered by eolian
transport. However, a large component of the sediment could be a drift
deposit.

Marked cyclic variations are observed in MST and color reflectance
data throughout the upper Miocene to Holocene section at both sites.
These variations are expressed as strong lithologic cycles that have fre-
quencies at the decimeter to meter scale. These cycles are marked by rel-
atively subtle to sharp color changes that are associated with variations
in the amount of clay, pyrite, and different biogenic particles. The
darker interbeds tend to have more abundant diatoms and clay, more
dissolved nannofossil assemblages, and more abundant pyrite. The
lighter interbeds contain fewer diatoms, less clay, and a better-preserved
nannofossil assemblage. The cycles might represent variations in car-
bonate dissolution as a result of changes in the depth of the lysocline,
fluctuations in biosiliceous production, or a combination of the two.
Preliminary biostratigraphy indicates that these variations represent ec-
centricity and obliquity cycles. The section recovered at Site 1208 con-
tains an extraordinary expanded magnetic stratigraphy extending back
to Chron C5An in the late middle Miocene (Fig. F44). This section also
shows great promise for establishing a paleointensity record for the
North Pacific.

The Site 1207 and particularly the Site 1208 Neogene section has sig-
nificant potential for establishing a high-resolution biochronology and
astrochronology back to at least the late Miocene. This potential derives
from the combination of siliceous and calcareous microfossil biostratig-
raphy, high-resolution magnetostratigraphy, a marked orbital cyclicity,
numerous ash layers with potential for radiometric dating, and a poten-
tial magnetic paleointensity record. With high sedimentation rates and
foraminifers found throughout the section, the sites also have signifi-
cant potential for reconstructing climate and paleoceanography of the
northwestern Pacific over the last 12 m.y.

Not-Quite Basement from Shatsky Rise

During Leg 198, we cored the first igneous rocks from Shatsky Rise,
probing the top of the igneous pile. Coring in Hole 1213B terminated
in mafic igneous rocks on the flanks of southern Shatsky Rise, with 46.4
m of igneous section drilled, and 33.4 m of recovered core. Six cores,
198-1213B-28R through 33R contain mostly massive diabase and minor
basalt from three subunits (IVA to IVC), with each subunit thought to
be a separate sill. The igneous rocks are predominantly hypocrystalline,
fine-grained diabase (97.6%) with a small amount of sparsely phyric,
aphanitic basalt (2.0%) at contacts. The diabase groundmass consists
mainly of euhedral to subhedral plagioclase and intervening subhedral
pyroxene and olivine, with minor glass. Alteration in the igneous sec-
tion ranges from minor to moderate. Plagioclase and pyroxene crystals
are locally altered to clay, and in thin section, glassy groundmass has
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been ubiquitously devitrified and/or altered to clay minerals. Basalt oc-
curs at subunit “chilled” contacts, symmetrically disposed around frag-
ments of metasediment that mark the subunit boundaries. From the
chilled contacts, the basalt grades toward more coarse-grained diabase
in the unit centers, where the groundmass approaches medium-
grained.

The sills must be early Berriasian age or younger, since this is the age
of the host sediment. Paleomagnetic data show two subunits that have
fairly steep positive magnetic inclinations, whereas the third, basal sub-
unit has a lower, negative inclination, implying both normal and re-
versed magnetic polarities are recorded in the igneous section. This
mixture indicates that the sills must have formed either before or after
the Cretaceous Long Normal Superchron (i.e., the Cretaceous Quiet Pe-
riod; 121–83 Ma). On the seismic profile along which Hole 1213B was
drilled, the seismic “basement” has an odd character that may be re-
lated to the presence of intrusive, rather than extrusive, igneous rock at
the sediment/igneous rock contact. The “basement” reflector, that be-
ing the deepest continuous seismic horizon, is weaker than elsewhere
on Shatsky Rise, and other, stronger reflectors occur beneath it. These
deeper reflectors were not considered “basement” because they are not
continuous all along the line, as is the weaker, shallower horizon. The
cored section suggests that the weak “basement” horizon denotes the
top of the sills, whereas the deeper reflectors may be the top of the ex-
trusive lava pile.

Revised Geologic History of Shatsky Rise

The stratigraphy of sites drilled on the Southern, Central, and North-
ern Highs during Leg 198 can be integrated to interpret the geologic
history of Shatsky Rise from its formation as a LIP in the Late Jurassic
and Early Cretaceous, through multiple depositional episodes and dif-
ferent sedimentological regimes separated by short and sometimes
quite lengthy hiatuses (Fig. F42). These gaps were produced by erosion
and dissolution, but distinguishing between these two processes can be
difficult. Comparison of the stratigraphy of the cored sections of sites
on the Northern and Central Highs shows similarities and differences
with the sequence cored on the Southern High. This suggests that a
combination of local and regional-scale processes controlled sedimenta-
tion. The following history is compiled from the stratigraphic data
gathered during Leg 198. Although we have cored a complete record
from the Southern High, drilling was terminated in the mid-Cretaceous
on the other highs.

Although Leg 198 did not core “true” extrusive basement, igneous
rocks intruded soon after the formation of extrusive basement were re-
covered at Site 1213. Similar sills are widespread above basement in the
Pacific (e.g., Larson, Schlanger, et al., 1981; Plank, Ludden, Escutia et
al., 2000) and argue for a multistage origin for the igneous foundations
of Shatsky Rise. The Cretaceous history of the rise was dominated by
fairly continuous deposition on the Southern and Northern Highs (Fig.
F42). Unconformities found in more than one location suggest an in-
terval of erosion on the Southern High during much of the latest Haute-
rivian and Barremian. The upper Cenomanian to Santonian interval
was also characterized by sporadic sedimentation, as noted by Sliter
(1992) (Fig. F54), and widespread erosion on the Central and Southern
Highs, at least in most locations (Sites 1208, 1212, and 1214). The deep-
est site in the depth transect (Site 1213) may have also rested below the

?

8
6

S
ta

ge
M

aa
st

.
C

am
pa

ni
an

S
an

t.
C

en
om

.
A

lb
ia

n
A

pt
ia

n
B

ar
re

m
.

H
au

t.

F
or

am
 (

ks
) 

zo
ne

Coniac.

19
14 a

b

a
b

S
ite

 1
21

2 
(2

68
1 

m
)

Tu
r.

S
ite

 3
05

 (
29

03
 m

)

S
ite

 1
20

7 
(3

10
1 

m
)

S
ite

 1
20

8 
(3

34
6 

m
)

S
ite

 1
21

4 
(3

40
2 

m
)

S
ite

 3
06

 (
34

16
 m

)

S
ite

 1
21

3 
(3

88
3 

m
)

S
ite

 5
0 

(4
48

7 
m

)

31

30

29
28
27

26

25

24

23
22

17

16

15

13

12

9

4

3

2

11

21
20

18

F54. Stratigraphy of Cretaceous 
sections, p. 144.



SHIPBOARD SCIENTIFIC PARTY
CHAPTER 1, LEG 198 SUMMARY 77
CCD (e.g., Thierstein, 1979). The sequence on the Northern High ap-
pears to be complete in this interval. Continuous deposition resumed at
the shallower sites in the Campanian and Maastrichtian whereas disso-
lution likely continued at deeper locations; an unconformity above the
upper Campanian at Sites 1207 and 1208 was likely caused by a re-
gional erosional episode at that time or in the early Cenozoic.

Deposition in the lower Paleogene was nearly continuous at the shal-
low sites of the Southern High (Sites 1209–1212), but even at these
sites, a lengthy hiatus in the upper part of the Paleogene continued into
the lower Miocene in most locations (Table T3). The onset of this hiatus
lies in the middle Eocene at Site 1212 and in the Oligocene at the other
shallower sites. At the shallower sites, this hiatus was likely a result of
removal of sediment by erosion during the late Oligocene and early
Miocene. Very slow sedimentation characterized the late early and early
middle Miocene (except at Sites 1213 and 1214, where no sediment
from this interval was recovered), and the rate of sedimentation in-
creased through the rest of the Neogene at most locations. Sites on the
Northern and Central Highs lay in a different oceanographic regime in
the late Neogene with a significant biosiliceous sediment component as
well as clastic material concentrated into sediment drifts. Continuous
sedimentation on the deep rise (Sites 1213 and 1214) began again in
the early Pliocene.

Like other open-ocean plateaus and rises, Shatsky Rise shows many
aspects of stratigraphy and sedimentation that are different from other
open-ocean, abyssal settings. Open-ocean plateaus and rises are prone
to erosion, and sedimentation rates are not as high as areas along the
continental margins. Thus, their sedimentary sections are not as thick,
and older deposits often rest at shallow burial depths. This has impor-
tant implications for fossil preservation and the fidelity of paleoceano-
graphic proxies. Because open-ocean deposits tend to be mostly bio-
genic and are less complex sedimentologically, their geologic record is
often easier to interpret than in areas along continental margins. Verti-
cal changes in physical and chemical oceanography can be determined
using depth transects down the flanks of the rises. The cycles recovered
on Shatsky Rise are a good example. Leg 198 has proven that oceanic
plateaus hold some of the best records for investigating climate change
through extended intervals of geologic time, particularly based on a
depth transect approach.
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Figure F1. Location of topographic highs in the western Pacific Basin.
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Figure F3. Magnetic lineations across Shatsky Rise and trace of the hotspot from Nakanishi et al. (1989),
showing previously drilled DSDP and ODP sites on the Southern High.
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Figure F4. Reconstruction of position of Shatsky Rise across the Pacific, after McNutt and Fischer (1987)
and R.L. Larson (pers. comm., 2000). 
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Figure F5. Lithologic columns from previous DSDP and ODP sites on Shatsky Rise showing age, lithology,
and prominent unconformities (after Sliter and Brown, 1993). Water depths for each site are listed beneath
the site number. Bk. = black. TD = total depth.
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Figure F6. Compilation of benthic foraminiferal oxygen isotopic composition from 34 DSDP and ODP sites
plotted vs. age (from Zachos et al., 1993; J. Zachos et al., unpubl. data). PETM = Paleocene–Eocene Thermal
Maximum, K/T = Cretaceous/Tertiary boundary, MME = mid-Maastrichtian event. OAE = Oceanic Anoxic
Event.
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Figure F7. Carbon and oxygen isotope values of planktonic and benthic foraminifers from the upper Paleo-
cene of Sites 527 (solid squares), 690 (open circles and open diamonds), and 865 (solid circles, solid dia-
monds, and crosses) (Kennett and Stott, 1991; Bralower et al., 1995; Thomas and Shackleton, 1996; J.
Zachos and D. Rea, unpubl. data) plotted vs. age.
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Figure F8. Compilation of DSDP/ODP isotope data from the Albian to Maastrichtian (from Huber et al.,
1995; Fassell and Bralower, 1999; Stott and Kennett, 1990; Barrera and Huber, 1990; Barrera, 1994; Barrera
and Savin, 1999). Dashed lines connecting benthic foraminiferal data represent unconformities. Shaded
interval refers to Cenomanian/Turonian boundary interval.
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Figure F10. Worldwide volume of oceanic plateaus, seamount chains and continental flood basalts plotted
as a function of geologic time according to Harland et al. (1990) (after Larson, 1991b).
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Figure F11. Interpretation of seismic reflection profile across Site 1207. Mustard = middle Miocene to Holo-
cene, light green = Campanian–Turonian, medium green = Cenomanian to Aptian, dark green = Barremian
to Valanginian. Eroded or slumped layers are seen on north and south ends of the Campanian–Turonian
unit. Numbers across the figures are shotpoints. R = reflector. For details on the borehole depth to
traveltime conversion, see “Depth-Traveltime Conversion,” p. 26, in “Physical Properties” in the “Explan-
atory Notes” chapter.
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Figure F12. Summary diagram of coring results for Hole 1207A plotted on the meters below seafloor (mbsf)
scale. Maximum penetration measured with the drill pipe was 256.6 mbsf. The core recovery column is a
graphic representation of the cored and recovered intervals for this hole. Large gaps in core recovery
(<100% nominal recovery) near the base of the hole are primarily the result of coring problems that arose
when chert was encountered. The graphic lithology column presents the major sediment types and defined
lithologic units. The depth-age model is represented by calcareous nannofossil (red diamonds) and plank-
tonic foraminiferal (black crosses) datum levels; dashed lines represent the K/T and Oligocene/Miocene
boundaries. Mass accumulation rates were calculated for total sediment (green open circles) and carbonate
only (blue triangles). The color reflectance lightness parameter (L*) (purple points) was measured every 2.5
cm, and the percentage calcium carbonate (CaCO3) values are shown for comparison. Multisensor track
(MST) magnetic susceptibility (brown points) and GRA wet bulk density (dark blue points) were measured
every 2.5 cm, and index properties wet bulk density measurements (red circles) were completed on average
once per section. MST P-wave velocity (light blue points) was determined every 2.5 cm, and discrete P-wave
measurements (green circles) averaged at least one per section for comparison. Index properties determina-
tions of porosity (blue squares) and percentage water content (red circles) were completed once per section
on average. (Figure shown on next page.)
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Figure F13. Changes in ocean circulation that led to cycles in the upper Miocene to Holocene section.
A. Circulation during warm/light cycle member. B. Circulation during cold/dark cycle member. The circle
represents the approximate location of Site 1207.
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Figure F14. Hypothesized sequence of events that produced the major Campanian–Miocene unconformity
on the Northern High of Shatsky Rise.
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Figure F15. Interpretation of a seismic reflection profile across Site 1208. Mustard = middle Miocene to
Holocene, light brown = lower Miocene and Paleogene, light green = Campanian, medium green = Albian.
For details on the borehole depth to traveltime conversion, see “Depth-Traveltime Conversion,” p. 26, in
“Physical Properties” in the “Explanatory Notes” chapter.
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Figure F17. Change in circulation in North Pacific associated with the closure of the Indonesian Seaway.
The size of arrows indicates intensity of currents (after Kennett et al., 1985). The circle represents the loca-
tion of Site 1208.
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Figure F18. Interpretation of the evolution of stratigraphic section at Site 1208 based on drilling results and
seismic section.
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Figure F19. Interpretation of a seismic reflection profile across Site 1209. Mustard = Miocene to Holocene,
light brown = Paleogene, medium green = undifferentiated Cretaceous. For details on the borehole depth
to traveltime conversion, see “Depth-Traveltime Conversion,” p. 26, in “Physical Properties” in the
“Explanatory Notes” chapter. Major reflections are discussed in text.
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Figure F21. Summary of stratigraphy and lithologic succession from Sites 1207 to 1214. Lithology is plotted
against time to show duration of periods of deposition and location of unconformities. Southern High Sites
1211 through 1214 are ordered by present-day water depth.
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Figure F22. Paleontological summary of the PETM interval in Section 198-1209B-22H-1. The LO of Moro-
zovella velascoensis, which defines the boundary between Zone P5 and Subzone P6a, lies between Samples
198-1209B-22H-1, 74–75 cm and 9–10 cm, probably close to the latter sample. Depths listed along the
lithology column are in meters below seafloor (mbsf). FO = first occurrence.
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Figure F23. Paleontological summary of the K/T boundary in Holes 1209A and 1209C. Samples described
include planktonic foraminifers (F) and nannofossils (N).
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Figure F24. Cores that contain the appearance and sudden disappearance of prisms of Inoceramus in Sec-
tions 198-1209C-21H-1 through 198-1209C-21H-3, 198-1210B-28H-5, and 1210B-28H-6. The interval
shown lies in the same biostratigraphic interval as the extinction in the deep sea. The small arrows indicate
positions of prisms in cores, and large arrows show the disappearance level.
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Figure F25. Interpretation of a seismic reflection profile across Site 1210. Mustard = Miocene to Holocene,
light brown = Paleogene, medium green = undifferentiated Cretaceous. See “Site 1210,” p. 34, in “Principal
Results” for a discussion of reflectors. For details on the borehole depth to traveltime conversion, see
“Depth-Traveltime Conversion,” p. 26, in “Physical Properties” in the “Explanatory Notes” chapter.
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Figure F27. Comparison of magnetic susceptibility records for Holes 1210A (black) and 1210B (blue). The
data show the location of critical events (PETM = Paleocene–Eocene Thermal Maximum, E/O = Eocene/Oli-
gocene boundary, and K/T = Cretaceous/Tertiary boundary) as well as significant gaps in the records of
individual holes. The accurate correction factor for the magnetic susceptibility data is 0.68 × 10–5.
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Figure F28. Total reflectance (L*) records for the Eocene/Oligocene (E/O) boundary interval at four sites
(Holes 1209A, 1210A, 1211A, and 1208A) in a depth transect across Shatsky Rise. Reflectance (L*) is a rough
indicator of CaCO3 content as demonstrated in the Hole 1210A plot where CaCO3 is plotted as well (crosses).
These records suggest that CaCO3 increased across the Eocene–Oligocene transition, possibly because of a
deepening of the lysocline and calcite compensation depth (CCD). Note that the deepest record (Site 1208)
has the lowest L* values and highest amplitude of variation, probably because it is near the lysocline depth.
Present water depths are indicated at the bottom of each plot.
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Figure F29. Interpretation of a seismic reflection profile across Site 1211 based on coring results as well as
results of Sliter (1992) and Sliter and Brown (1993). Mustard = Miocene to Holocene, light brown = Paleo-
gene, medium green = undifferentiated Cretaceous. See “Site 1211,” p. 38, in “Principal Results” for a dis-
cussion of reflectors. For details on the borehole depth to traveltime conversion, see “Depth-Traveltime
Conversion,” p. 26, in “Physical Properties” in the “Explanatory Notes” chapter.
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Figure F31. Age-depth curves for Sites 1209, 1210, 1211, and 1212 based on shipboard biostratigraphy. Cir-
cles = planktonic foraminiferal datums, squares = nannofossil datums. P. = Pleistocene, Pl. = Pliocene.
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Figure F32. Lithology of the E/O boundary interval in Core 198-1211C-9H. Arrow points to the last
observed occurrence of Hantkenina sp., the planktonic foraminiferal datum that defines the boundary.
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Figure F33. Correlation of PETM sections recovered in Holes 1211A, 1211B, and 1211C.
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Figure F34. Summary of lithostratigraphy for Sites 1207–1214. TD = total depth.
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Figure F36. Interpretation of a seismic reflection profile across Site 1213 based on coring results. Mustard
= Pliocene to Holocene, medium green = Albian through Aptian, dark green = Neocomian, brown = igneous
sill unit (Unit IV) and basement. Lithologic units and subunits and depths (in meters below seafloor [mbsf])
are indicated. See “Site 1213,” p. 46, in “Principal Results” for a discussion of the reflectors. 
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Figure F37. Summary of generalized chert color by age for the Cretaceous at ODP Leg 198 and DSDP Leg
32 sites on Shatsky Rise. Red represents oxidized hues of brown, orange, red, and pink, whereas black rep-
resents reduced hues of olive-green, gray, and black. Note the similar regional temporal trends in chert color.
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Figure F38. Lithology and carbonate, organic carbon and pyrolysis hydrogen indices for lower Aptian sed-
imentary rocks recovered at Sites 1207, 1213, and 1214 on Shatsky Rise. Note that Sites 1207 and 1213
recovered very Corg-rich intervals representing OAE1a. Homog. clayst. = homogeneous claystone. Present
water depths are indicated at the bottom of each core.
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Figure F39. Total reflectance (L*) records for the P/E boundary interval at four sites (Holes 1209C, 1210A,
1212A, and 1211A) in a depth transect across Shatsky Rise. Reflectance (L*) is a rough indicator of CaCO3

content as demonstrated in the Hole 1210A plot where CaCO3 is plotted (crosses). The abrupt decrease in
L* denoted between the ages of 54.95 and 54.83 Ma represents an hypothesized shoaling of the lysocline
associated with the PETM event. Present water depths are indicated at the bottom of each plot.
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Figure F40. Percentage estimates of biosiliceous material of Miocene through Pleistocene sediments from
smear slides plotted vs. depth in meters below seafloor (mbsf) for Sites 1207–1213. Site 1214 has been
excluded on the basis that only 1.32 m of Pleistocene sediments were recovered. This figure illustrates that
biosiliceous material is more abundant within the Miocene–Pleistocene sections on the Northern and Cen-
tral Highs than on the Southern High of Shatsky Rise. The expanded Miocene to Pleistocene sedimentary
sections at Sites 1207 and 1208 can partly be attributed to relatively high sea-surface productivity inferred
from the higher occurrence of diatoms, radiolarians, and silicoflagellates relative to the other sites further
south. The trends in biogenic silica abundance correlate strongly with sedimentation rate, as the more
southerly Sites 1209 through 1212 were characterized by lower sedimentation rates.
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Figure F41. Photomicrographs from sediment containing diagenetic “green bands.” (A) Plane-polarized
light and (B) cross-polarized light images of clayey nannofossil ooze with foraminiferal tests (arrow) con-
taining authigenic smectite clays (note that black dendritic areas are epoxy used to impregnate the soft sed-
iment); the bottom half of each image is within a “green band.” (C) Plane-polarized and (D) cross-polarized
light photomicrograph of a burrow in clayey nannofossil ooze filled with volcanic glass. Burrow (arrow;
glass is isotropic) shows authigenic smectite (saponite) filling pore spaces and part of foraminifer test. 
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Figure F42. Age-depth plots for Sites 1207–1214 based on calcareous nannofossil and planktonic foramin-
iferal datums. Horizontal lines represent unconformities in the sections. Datum ages and depths are pre-
sented in the site chapters. Critical events are marked by thin gray vertical bands. Widespread unconfor-
mities are indicated by the wide blue vertical bands. E/O = Eocene/Oligocene boundary, PETM = Paleocene–
Eocene Thermal Maximum, K/T = Cretaceous/Tertiary boundary, mid-M = mid-Maastrichtian event,
OAE1a = Aptian Oceanic Anoxic Event.
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Figure F43. Mass accumulation rates for bulk sediment and carbonate fraction for Sites 1207–1212. Mass
accumulation rates were determined using dry bulk density and carbonate content data through linear sed-
imentation rate segments. No rates were determined at Sites 1213 and 1214.
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Figure F44. Age-depth plots for Leg 198 sites constructed from magnetic stratigraphy using the timescale
of Cande and Kent (1995). Only Neogene sediment cores produced an interpretable magnetic stratigraphy.
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Figure F45. Downhole gamma radiation and resistivity logs from Holes 1207B and 1213B illustrating the
form and setting of the Aptian Oceanic Anoxic Event (OAE1a) black shale.
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Figure F46. Chert layers in Hole 1207B as observed in FMS resistivity images.
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Figure F47. Spliced magnetic susceptibility data for the uppermost Cretaceous to lower Eocene interval at
Sites 1209–1212 showing the position of critical events as well as cycles. The accurate correction factor for
these raw instrument values is 0.68 × 10–5. PETM = Paleocene–Eocene Thermal Maximum, K/T = Creta-
ceous/Tertiary boundary.
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Figure F48. Spliced magnetic susceptibility data covering the E/O boundary and Eocene interval of Sites
1211, 1210, and 1209 vs. meters composite depth (mcd). Systematic changes in cycle amplitude and fre-
quency are consistent from site to site suggesting that these changes reflect regional paleoceanographic
processes. The cycle packages are distinct enough to allow for detailed correlation between sites. The accu-
rate correction factor for these raw instrument values is 0.68 × 10–5.
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Figure F49. Total color reflectance data on a timescale for Holes 1208A and 1209A plotted along with
orbital obliquity and eccentricity for the (A) 0- to 2-Ma and (B) 3- to 5-Ma time intervals. These data suggest
that the dominant cycle frequency over the last 0.7 m.y. is near that of the 100-k.y. eccentricity cycle. From
0.7 to 2.6 Ma, the dominant period shifts toward a higher frequency close to that associated with the 40-
k.y. obliquity cycle. A long wavelength oscillation with a period of roughly 1.0 to 1.25 m.y. appears in the
total color reflectance record from Site 1209 over the period 3 to 5 Ma. Comparison with the orbital curves
suggest that this cycle may be in phase with the long period 1.25-m.y. cycle of obliquity.
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Figure F51. Oxygen and hydrogen indices for samples from lower Aptian organic-rich horizons (OAE1a;
Table T4, p. 148) plotted on a modified van Krevelen diagram. The characteristics of organic-rich samples
from Holes 1207B and 1213B, and from the Aptian at Site 463 and Hole 866A in the mid-Pacific are also
shown. Data for Site 463 and Hole 866A are compiled from Dean et al. (1981), Mélières et al. (1981), and
Baudin et al. (1995). The size of the data points is proportional to organic carbon contents. The lines des-
ignated I, II, and III represent the evolutionary trends with thermal maturation of the three major kerogen
types (Tissot et al., 1974). OI = oxygen index. 
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Figure F54. Stratigraphy of Cretaceous sections on Shatsky Rise showing recovered intervals in blue and
nonrecovered intervals in white. Purple intervals indicate widespread unconformities on Shatsky Rise.
Water depths are listed in parentheses for each site. KS = zonation of Sliter (1992).
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Table T1. Operations summary, Leg 198.

Hole Latitude Longitude

Water 
depth
(m)

Number
of cores

Length
cored
(m)

Length
recovered 

(m)
Recovered

(%)

Interval 
drilled
(m)

Total
penetration

(mbsf)

Time
on site

(hr)

Time
on site
(days)

1207A 37°47.4287�N 162°45.0530�E 3100.6 29 223.0 213.62 95.8 33.6 256.6 77.00 3.21
1207B 37°47.4370�N 162°45.0534�E 3100.8 49 465.8 60.22 12.9 157.0 622.8 119.25 4.97

Site 1207 totals: 78 688.8 273.84 39.8 190.6 879.4 196.25 8.18

1208A 36°7.6301�N 158°12.0952�E 3345.7 42 392.3 345.89 88.2 0.0 392.3 62.25 2.59
Site 1208 totals: 42 392.3 345.89 88.2 0.0 392.3 62.25 2.59

1209A 0.0 259.6 29.50 1.23
1209B 0.4 298.0 41.75 1.74
1209C 105.3 307.5 45.25 1.89

105.7 865.1 116.50 4.85

1210A 1.0 242.4 30.50 1.27
1210B 11.5 377.0 57.75 2.41

12.5 619.4 88.25 3.68

1211A 0.0 158.9 27.75 1.16
1211B 1.6 169.9 24.25 1.01
1211C 0.0 138.3 31.75 1.32

1.6 467.1 83.75 3.49

1212A 0.0 101.6 29.00 1.21
1212B 14.8 207.6 32.50 1.35

14.8 309.2 61.50 2.56

1213A 0.0 198.9 45.00 1.88
1213B 189.7 494.4 136.00 5.67

189.7 693.3 181.00 7.54

1214A 0.0 235.5 68.25 2.84
0.0 235.5 68.25 2.84

514.9 4461.3 857.75 35.74
32°39.1001�N 158°30.3560�E 2387.2 28 259.6 262.27 101.0
32°39.1081�N 158°30.3564�E 2387.4 32 297.6 303.20 101.9
32°39.0995�N 158°30.3653�E 2387.3 23 202.2 200.60 99.2

Site 1209 totals: 83 759.4 766.07 100.9

32°13.4123�N 158°15.5618�E 2573.6 27 241.4 249.30 103.3
32°13.4203�N 158°15.5623�E 2573.2 42 365.5 376.36 103.0

Site 1210 totals: 69 606.9 625.66 103.1

32°0.1300�N 157°50.9999�E 2907.5 18 158.9 162.72 102.4
32°0.1391�N 157°51.0002�E 2906.2 19 168.3 181.90 108.1
32°0.1224�N 157°51.0002�E 2906.9 15 138.3 140.87 101.9

Site 1211 totals: 52 465.5 485.49 104.3

32°26.9000�N 157°42.7016�E 2682.5 13 101.6 116.94 115.1
32°26.9070�N 157°42.7002�E 2680.6 27 192.8 180.50 93.6

Site 1212 totals: 40 294.4 297.44 101.0

31°34.6402�N 157°17.8605�E 3882.8 21 198.9 43.09 21.7
31°34.6576�N 157°17.8621�E 3882.8 33 304.7 60.46 19.8

Site 1213 totals: 54 503.6 103.55 20.6

31°52.0254�N 157°28.7178�E 3401.6 25 235.5 16.49 7.0
Site 1214 totals: 25 235.5 16.49 7.0

Leg 198 totals: 443 3946.4 2914.43 73.9
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Table T2. Locations, depths, maximum ages, and ages of major unconformities at Shatsky Rise holes.

Site Latitude Longitude

Water 
depth
(m)

Total 
penetration

(mbsf)
Maximum

age
Major

unconformities

47 32°26.898�N 157°42.702�E 2689 129 Maastrichtian Eocene/Miocene
48 32°24.498�N 158°1.302�E 2619 72 Maastrichtian Miocene/Maastrichtian
49 32°24.102�N 156°36.000�E 4282 20 Tithonian Pleistocene/Tithonian
50 32°24.198�N 156°34.302�E 4487 45 Tithonian Pleistocene/Tithonian

305 32°0.132�N 157°51.000�E 2903 631 Valanginian Miocene/Oligocene, Paleocene/Eocene
306 31°52.020�N 157°28.710�E 3399 381 Berriasian Pleistocene/Albian
577 32°26.506�N 157°43.394�E 2675 123 Maastrichtian Pliocene/Eocene
810 32°25.376�N 157°50.757�E 2634 136 Maastrichtian Miocene/Eocene, Paleocene/Maastrichtian

1207 37°47.433�N 162°45.053�E 3123 623 Barremian Miocene/mid-Campanian
1208 36°7.630�N 158°12.095�E 3346 392.3 Albian late Eocene/early Eocene, late Paleocene/mid-Campanian, lower 

Campanian/mid-Albian
1209 32°39.102�N 158°30.359�E 2387 307.5 Maastrichtian early Miocene/early Oligocene
1211 32°0.131�N 157°51.000�E 2907 169.9 Maastrichtian late Miocene/middle Miocene, middle Miocene/late Oligocene
1212 32°26.903�N 157°42.701�E 2681 207.6 Albian early Miocene/early middle Eocene, late Campanian/Santonian, late 

Coniacian/early Cenomanian
1213 31°34.649�N 157°17.861�E 3883 494.4 Berriasian early Pliocene/Santonian, Coniacian/mid-Cenomanian, late 

Barremian/late Hauterivian
1214 31°52.025�N 157°28.717�E 3402 235.9 Hauterivian Pleistocene/late Albian, late Barremian/late Hauterivian
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Table T3. Comparison of interval thickness and sedimentation rate with increasing depth along the South-
ern High of Shatsky Rise.

Notes: FO = first occurrence, LO = last occurrence. * = interval includes hiatus of ~28.5 m.y. ** = interval includes hiatus of ~8.2 m.y. NA =
not available.

Site: 1209 1210 1212 1211

Water depth (m): 2387 2573 2681 2907

uppermost Miocene–Pleistocene 78.3 m 83.9 m 60.1 m 47.5 m
(0–5.82 Ma; surface to FO G. tumida) 13.5 m/m.y. 14.4 m/m.y. 10.3 m/m.y. 8.1 m/m.y.

upper lower Miocene–uppermost Miocene 33.2 m 29.5 m 2.9 m 4.8 m
(18.2–5.82 Ma; FO S. heteromorphus to FO G. tumida) 2.7 m/m.y. 2.4 m/m.y. 0.2 m/m.y. 0.4 m/m.y.

upper Oligocene–lower Miocene 2.3 m 1.8 m 0 m* 11.2 m**
(29.9–18.2 Ma: FO S. ciperoensis to FO S. heteromorphus) 0.2 m/m.y. 0.2 m/m.y. 3.2 m/m.y.**

lower Oligocene 14.9 m 9.1 m 0 m 16.4 m
(33.7–29.9 Ma; LO Hantkenina spp. to FO S.ciperoensis) 3.9 m/m.y. 2.4 m/m.y. 4.3 m/m.y.

middle Eocene–upper Eocene 17.8 m 16.4 m 0 m 10.1 m
(43.6–33.7 Ma; LO M. aragonensis to LO Hantkenina spp.) 1.8 m/m.y. 1.7 m/m.y. 1.0 m/m.y.

lower middle Eocene 34.9m 23.6 m 6.9 m 14.1 m
(49.7–43.6 Ma; FO D. sublodoensis to LO M. aragonensis) 5.7 m/m.y. 3.9 m/m.y. 1.1 m/m.y. 2.3 m/m.y.

lower Eocene 14.9 m 17.5 m 5.7 m 10.6 m
(55.0–49.7 Ma; FO D. diastypus to FO D. sublodoensis) 2.8 m/m.y. 3.3 m/m.y. 1.1 m/m.y. 2.0 m/m.y.

upper Paleocene 23.5 m 25.6 m 13.4 m 8.8 m
(60.0–55.0 Ma; FO M. velascoensis to FO D. diastypus) 4.7 m/m.y. 5.1 m/m.y. 2.7 m/m.y. 1.8 m/m.y.

lower Paleocene–lower upper Paleocene 15.5 m 12.5 m 10.7 m 8.9 m
(64.97–60.0 Ma; FO P. eugubina to FO M. velascoensis) 3.1 m/m.y. 2.5 m/m.y. 2.1 m/m.y. 1.8 m/m.y.

upper Maastrichtian 29.7 m 24.9 m 36.4 m 26.3 m
(68.6–65.0 Ma; FO A. mayaroensis to FO P. eugubina) 8.3 m/m.y. 6.9 m/m.y. 10.1 m/m.y. 7.3 m/m.y.

lower Maastrichtian NA 38.8 m 21.6 m NA
(71.3–68.6 Ma; LO U. trifidum to FO A. mayaroensis) 14.4 m/m.y. 8.0 m/m.y.

lower upper Campanian–uppermost Campanian NA 64.4 m 33.7 m NA
(75.7–71.3 Ma; FO R. calcarata to LO U. trifidum) 14.6 m/m.y. 7.7 m/m.y.
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Table T4. Elemental compositions, carbonate contents, and results from Rock-Eval pyrolysis of organic-
rich horizons from Shatsky Rise.

Notes: HC = hydrocarbon, TOC = total organic carbon. S1 and S2�= peaks corresponding to free and kerogen-bound HC (respectively gener-
ated by Rock-Eval pyrolysis), S3 = the amount of CO2 released by thermal cracking of kerogen. Tmax = peak temperature of kerogen
breakdown. HI = hydrogen index, OI = oxygen index. * = values enhanced by carbonate contents. ND = not determined. 

Core, section, 
interval (cm)

Elemental Composition Rock-Eval

Corg 
(wt%)

Nitrogen 
(wt%)

Sulfur
(wt%)

C/N ratio
(atomic)

Carbonate
(wt%)

S1
(mg/g)

S2
(mg/g)

S3
(mg/g)

Tmax
(°C)

HI
(mg HC/g TOC)

OI
(mg CO2/g TOC)

198-1207B-
44R-1, 60–61 34.74 1.19 10.56 25.00 0.01 13.99 147.12 7.64 401 423 21
44R-1, 76–77 10.40 0.40 1.92 22.30 0.00 3.24 54.46 2.69 403 523 25
44R-1, 103–104 1.70 0.09 1.30 16.20 0.00 0.49 7.45 0.94 417 438 55

198-1213B-
8R-1, 47–48 10.23 0.37 2.00 23.60 0.50 2.54 51.30 2.14 418 501 20
8R-1, 63–64 25.20 0.83 4.36 25.90 0.75 6.97 127.59 5.87 404 506 23
8R-1, 96–97 2.87 0.14 0.76 17.20 0.42 0.39 10.49 6.08 422 365 211
15R-1, 9–10 2.54 0.12 2.86 17.90 49.06 0.19 10.30 12.13 424 405 477.*
19R-1, 112–113 3.13 0.18 5.18 14.90 60.56 0.15 12.62 13.96 426 403 446.*

198-1214A-
23R-1, 5–7 1.38 0.08 0.23 14.80 0.75 ND ND ND ND ND ND
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