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1. LEG 202 SUMMARY1

Shipboard Scientific Party2

ABSTRACT

More than 7 km of long and relatively continuous sediment se-
quences from 11 sites in the southeast and equatorial Pacific were re-
covered during Leg 202 for the study of the Earth’s climate and bio-
geochemical systems on scales that range from tectonic (millions of
years) to orbital (tens to hundreds of thousands of years) and centen-
nial to millennial (hundreds to thousands of years). These materials will
be used to test a broad set of hypotheses on (1) the evolution of the
South Pacific Ocean as it responds to and modulates the effects of major
tectonic and climatic events, such as the opening of the Drake Passage,
uplift of the Andes Mountains, closure of the Isthmus of Panama, and
major expansion of polar ice sheets; (2) linkage between climate and
biogeochemical changes in the high latitudes and the equatorial Pa-
cific, related to rhythmic changes in Earth’s orbit, and the relationship
of such changes to well-known glacial events of the Northern Hemi-
sphere; and (3) global and regional changes in climate, biota, and ocean
chemistry on timescales of centuries to millennia to millions of years.

Three sites (1236, 1237, and 1241) targeted sequences with relatively
low sedimentation rates of <30 m/m.y. to obtain long records of climate
and oceanographic change representing the Neogene and, in some
cases, the late Paleogene that are not subject to severe burial diagenesis.
Two sites (1238 and 1239) targeted moderate sedimentation rates of 30–
80 m/m.y. to assess orbital-scale climate and biogeochemistry oscilla-
tions at a resolution suitable for the tuning of timescales and examina-
tion of changing responses to orbital forcing during the late Neogene.
Six sites (1232 through 1235, 1240, and 1242) recovered sediments that
accumulated rapidly, at rates of 80–2000 m/m.y., near the equator and
in the higher southern latitudes to assess equator-to-pole climate and
biogeochemical linkages at centennial, millennial, and orbital time-
scales.

1Examples of how to reference the 
whole or part of this volume.
2Shipboard Scientific Party 
addresses.
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Drilling strategy and near real-time stratigraphic correlation played
significant roles in the successful recovery of these sequences. Drilling
multiple holes at each site and extensive use of overdrilling with the ad-
vanced piston corer (APC) provided long records with continuous re-
covery. Innovative use of rapid core logging allowed for real-time opti-
mization of drilling strategies that maximized recovery and minimized
redundant coring. Analysis of core expansion, as well as core-log inte-
gration and double extended core barrel (XCB) coring at some sites, fa-
cilitated the assembly of cores into a depth framework that will im-
prove the quantitative analyses of sediment accumulation rates.

On Nazca Ridge, Site 1237 provides a continuous sediment sequence,
recovered in overlapping APC cores, that spans >30 m.y. (modern to
middle Oligocene). Exceptional preservation of the flora and fauna in
this long, continuous record indicates that this site will provide a
much-needed stratigraphic reference in the southeast Pacific. Abrupt
changes in the presence of volcanic ash layers here document an in-
crease in tectonic activity during the late Miocene, while nearly at the
same time an increase in dust flux and biogenic components associated
with productive upwelling systems, such as diatoms, are associated with
late Cenozoic cooling that may be associated with uplift of the Andes.
Site 1236 provides an equally good record from shallower water depths
for the last 28 m.y. that, when paired with Site 1237, will document
variations of deep, intermediate, and surface water masses in the sub-
tropical South Pacific.

Near the equator, Sites 1238–1241 provide evidence for rhythmic os-
cillations of pelagic and hemipelagic sediments on the scale of Earth’s
orbital cycles, which will help to test hypotheses on tropical vs. polar
origins of the well-known 100-k.y. climate cycle that characterizes the
late Pleistocene, as well as the response of the equatorial Pacific to clo-
sure of the Isthmus of Panama over millions of years. Again, complete
recovery of long and well-preserved sediment sequences will provide
unprecedented resolution of biotic and environmental changes.

Century- to millennial-scale climate changes can be addressed with
the records from rapidly accumulating (40–200 cm/k.y.) sediments re-
covered at Sites 1233–1235 from the central Chile margin. These sites
will provide important data related to the southern westerlies and Ant-
arctic Intermediate Water variability. A detailed record of paleomag-
netic intensity and secular variability will link these records into a glo-
bal chronological framework. At Site 1232, in the Chile Basin, a rapidly
accumulating Pleistocene sequence documents terrigenous sediments
eroded from the southern Andes and transported to the deep via turbid-
ity currents. Near the equator, Sites 1240 and 1242 have moderately
high sedimentation rates (~8–13 cm/k.y.), which will help to test link-
ages of millennial-scale climate changes between low and high lati-
tudes.

Together, the array of sites recovered during Leg 202 provides a new
view of Southern Hemisphere and tropical climate variability and bio-
geochemical systems across a broad range of spatial and temporal scales
in a region of the ocean that has received relatively little study in the
past.
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INTRODUCTION

Leg Objectives

The primary scientific objectives of Leg 202 are to assess climate and
oceanographic changes and to investigate the role of such changes in
biogeochemical systems in the southeast Pacific. The drilling experi-
ment contained three major elements that probe the Earth’s system on
three different but compatible scales: tectonic (millions of years), or-
bital (tens to hundreds of thousands of years), and centennial to mil-
lennial (hundreds to thousands of years). The sediment records ob-
tained during Leg 202 will allow the testing of a broad set of hypotheses
on these three timescales:

1. The evolution of the South Pacific as it responds to and modu-
lates the effects of major tectonic and climatic events, such as
the opening of the Drake Passage (creating a circumpolar cur-
rent), uplift of the Andes Mountains (modifying wind systems),
closure of the Isthmus of Panama (separating the Atlantic and
Pacific Oceans), and major expansion of polar ice sheets in the
high latitudes of the Southern and Northern Hemispheres at dif-
ferent times. Biogeochemical and climatic responses of this oce-
anic region can have far-reaching effects.

2. Linkages between climate and biogeochemical changes in the
high southern latitudes and the equatorial Pacific, related to
rhythmic changes in Earth’s orbit, and the relationship of such
changes to well-known glacial events of the Northern Hemi-
sphere.

3. Global and regional changes in climate, biota, and ocean chem-
istry on timescales of centuries to millennia. Such features have
been detected in selected locations around the world, but how
these regions are linked, or whether the driving mechanisms
originate in the high or low latitudes, remains unknown.

On each of these scales, we obtained sediment records suitable for the
study of upper-ocean circulation, subsurface water masses, continental
climate as reflected in eolian and fluvial inputs to the ocean, the role of
biogeochemical fluxes in a changing system, and processes related to
chemical diagenesis.

Our operational goals were to maximize the depth and latitude range
of sites to sample different parts of the water column and upper-ocean
currents from southern Chile to Central America (Fig. F1; Tables T1,
T2). We targeted sites with a range of time spans and sedimentation
rates appropriate to the scale of questions to be addressed (Fig. F2).
Some sites (1236, 1237, and 1241) targeted lower sedimentation rates of
<30 m/m.y. to obtain long sequences of climate and biogeochemical
change in the Neogene and, in some cases, the late Paleogene that are
not subject to severe burial diagenesis. Other sites (1238 and 1239) tar-
geted moderate sedimentation rates of 30–80 m/m.y. to assess orbital-
scale climate and biogeochemical oscillations at a resolution suitable
for the tuning of timescales and examination of changing responses to
orbital forcing during the late Neogene. Sediments that accumulated
rapidly, at rates of 80–2000 m/m.y., were recovered from high southern
latitudes (Sites 1232–1235) and near the equator (Sites 1240 and 1242)
to assess equator-to-pole climate linkages at both millennial and orbital
scales. At all Leg 202 sites, we recovered and verified continuous sedi-
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mentary sections as long as possible by drilling multiple advanced pis-
ton corer (APC) holes and assembling composite sections in real time as
drilling progressed.

Here, we summarize the shipboard results of Leg 202 and highlight
the progress made at sea in each of the three experimental time frames
and within a broad range of processes related to changing climate,
ocean circulation, and biogeochemical systems.

Modern Oceanographic Setting

Near-surface waters of the eastern Pacific exhibit enormous spatial
variability, reflecting the influence of the Peru-Chile Current, the larg-
est and most continuous eastern boundary current in the global oceans
(Fig. F3). Off southern Chile, cool waters of the Antarctic Circumpolar
Current impinge on the continent and form a transition zone between
the southward-flowing Cape Horn Current and the northward-flowing
Peru-Chile Current. Here, the westerly winds bring heavy rainfall to the
coastal mountains and the Andes, resulting in high fluvial sediment
fluxes to the ocean (Lamy et al., 1998, 2001). Cool and relatively low-
salinity waters of the Peru-Chile Current are advected northward from
Chile to offshore reaches of Peru (Strub et al., 1998) (Fig. F4A). Coastal
upwelling driven by southerly winds along the coast of central Chile
and Peru helps to maintain this cool flow and brings nutrients to the
sea surface (Fig. F4B) to feed highly productive ecosystems (Toggweiler
et al., 1991). These eastern boundary waters merge to feed the west-
ward-flowing South Equatorial Current (Fig. F3), which is in turn main-
tained by equatorial upwelling and known as the equatorial cold
tongue (Fig. F4A) (Wyrtki, 1981; Bryden and Brady, 1985). On scales
ranging from decades to tens of thousands of years, changes in the rate
of wind-driven advection of cool water off the eastern boundary con-
tribute to major variations in the strength of the cold tongue, with rec-
ognizable effects extending to the western Pacific (Liu and Huang,
2000; Pisias and Mix, 1997; Feldberg and Mix, 2002).

Near the equator east of the Galapagos Islands, the Equatorial Front
separates the cold, salty waters of the Peru Current from warmer and
fresher tropical waters of the Northern Hemisphere. The Panama Basin
region is noted for its extreme warmth (often >30°C), exceptionally low
salinity (~32) (Fig. F4C), and a strong, shallow pycnocline (typically
centered near 20–40 m depth). These features north of the equator and
under the influence of the Intertropical Convergence Zone (ITCZ) re-
flect high rainfall relative to evaporation (Magaña et al., 1999), which
stabilizes the water column and diminishes vertical mixing of heat and
other properties. Some of the net freshwater flux to the Panama Basin
originates in the Atlantic or Caribbean (Jousaumme et al., 1986), so low
salinities here are also associated with the transport of freshwater from
the Atlantic to Pacific Basins via the atmosphere. The dynamics of this
transport are important because this relatively small transport of fresh-
water helps to maintain the relatively high salinity of the Atlantic
Ocean—a key parameter in maintaining the global thermohaline “con-
veyor belt” circulation dominated by North Atlantic Deep Water
(Zaucker et al., 1994; Rahmstorf, 1995).

Subsurface circulation of the southeast Pacific is illustrated in cross
sections of dissolved oxygen, phosphate, and salinity in a meridional
transect of the eastern Pacific (Fig. F5). At present, bottom water enters
eastern basins of the South Pacific from the south, below 3 km depth
(Lonsdale, 1976; Tsuchiya and Talley, 1998). After transiting north, ac-
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cumulating nutrients and losing oxygen in the North Pacific, much of
the Pacific Deep Water is returned southward as Pacific Central Water
(PCW) between 1 and 3 km. This middepth return flow and its impor-
tance to Pacific (and global) distributions of nutrients have been known
for nearly 30 yr (Reid, 1973), but how this outflow from the North Pa-
cific changes through time remains a mystery. Debate centers on the
role of Southern Hemisphere winds in maintaining global thermoha-
line circulation (Toggweiler and Samuels, 1993). Much of the advective
export of phosphate and nitrate from the North Pacific occurs in the
southward return flow between 1 and 3 km depth in the eastern Pacific,
where concentrations of these nutrients are highest (Wunsch et al.,
1983). Thus, changes in this flow have the potential to change the bud-
get of nutrients in the Pacific Ocean and the global ocean (Berger et al.,
1997).

At intermediate water depths, water mass properties of the Pacific
Ocean are highly asymmetric. Antarctic Intermediate Water (AAIW) is
relatively depleted in phosphate and contains abundant oxygen be-
cause it forms in substantial contact with the atmosphere. This combi-
nation of processes results in relatively high δ13C of dissolved inorganic
carbon (DIC) in AAIW (Kroopnick, 1985). At present, AAIW is for the
most part restricted to the Southern Hemisphere. North Pacific Interme-
diate Water (NPIW), which forms in the northwest Pacific with rela-
tively little interaction with the atmosphere (Talley, 1993), contains
abundant nutrients but is relatively low in oxygen and has low δ13C in
its DIC. An exceptionally steep property gradient between the south-
ern- and northern-source water masses occurs, at present, near the
equator. These intermediate water masses are found in the eastern Pa-
cific, typically at depths of ~500–1000 m.

At a few hundred meters water depth, the classical oxygen minimum
zone (OMZ) is driven by the degradation of organic matter sinking out
of the euphotic zone and modified by ocean circulation (Wyrtki, 1962).
North of the equator, the OMZ is extremely intense (<0.2 mL/L O2 be-
tween 200 and 900 m depth). The broad depth range of this OMZ re-
flects the presence of NPIW, which is depleted of oxygen because it ex-
changes relatively little with the atmosphere in its northern source
areas, as well as the exceptionally high export of organic matter from
productive upwelling systems along the eastern boundary of the North
Pacific (Tsuchiya and Talley, 1998). A relatively shallow and abrupt pyc-
nocline below low-salinity surface waters helps to maintain the shallow
oxygen minimum north of the equator.

Near the equator, the OMZ is shallower (300–400 m depth) and oxy-
gen values return to typical deep Pacific values of 1 mL/L by ~700 m
depth (Fig. F5A). Farther south, off central Chile, a “double” OMZ re-
flects southward advection of oxygen-depleted waters from the Peru
margin at ~200–500 m depth in the poleward-flowing Gunther Under-
current (GUC) above the relatively oxygen-rich AAIW near ~500–1000
m. PCW of Northern Hemisphere origin comprises the deeper oxygen
minimum from ~1500–2000 m depth. Oxygen is slightly higher and
nutrient contents are lower (Fig. F5B) in the deep basin because of the
incursion of Circumpolar Deep Water (CPDW) below ~3000 m.

The large pools of oxygen-poor water at intermediate depths in the
modern eastern Pacific (Tsuchiya and Talley, 1998), both north and
south of the equator, are major sites of denitrification and represent col-
lectively the largest sink for nitrogen in the world’s oceans. By acting as
governors of the average oceanic nitrate concentration, these regions
(along with the Arabian Sea) have the potential to act as climate rheo-
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stats by altering the fertility and thus the rate of photosynthetic CO2

fixation in the ocean. Indeed, temporal decreases and increases in ex-
port production off northwestern Mexico, off Peru, and in the Arabian
Sea do appear to have modulated the oxygen content in upper interme-
diate-depth waters and the consequent intensity of denitrification dur-
ing the late Quaternary (e.g., Codispoti and Christensen, 1985; Gane-
shram et al., 1995). Whether or not such variations occurred on a broad
scale over long time periods remains an open question. For example, it
is unclear whether biological production of the eastern tropical Pacific
was higher (Lyle et al., 1988) or lower (Loubere, 2000) than at present
during the last ice age.

The equatorial region is highly productive but is significant in the
world’s oceans for not consuming all nutrients at the sea surface (Fig.
F4B). High phosphate concentrations in tropical surface waters here
(Levitus et al., 1993) are now thought to reflect biological limitations
associated with iron or other so-called micronutrients. This is signifi-
cant because any change in the net nutrient utilization would also
cause a change in the net flux of CO2 and other biologically mediated
gases from the sea surface (Mix, 1989; Jasper et al., 1994; Farrell et al.,
1995a).

Tectonic Setting

Most of the sites drilled during Leg 202 examine sediments overlying
oceanic crust formed either at oceanic spreading centers (Sites 1232 and
1240) or on bathymetric ridges formed by hotspot volcanism (Sites
1236–1239, 1241, and 1242). Three sites are located on the continental
margin of Chile (Sites 1233–1235). These sites may have been influ-
enced by local tectonic effects of subduction at the Peru-Chile Trench,
but the time spans covered by those records (a few hundred thousand
years at most) are short enough that tectonic movements at these mar-
gin sites can be ignored.

The sites off the margin cover longer time spans, and all are subject
to plate tectonic movements. These sites can be “backtracked” to esti-
mate their paleogeographic position relative to South America (Fig. F6),
using poles of rotation for the Nazca and Cocos plates (Pisias et al.,
1995). The sites may also be backtracked in water depth, assuming they
have subsided in response to long-term cooling of the underlying crust
(Parsons and Sclater, 1977). Such estimates work reasonably well for
normal oceanic crust but are more difficult to apply to oceanic ridges
and plateaus that may have experienced different thermal, tectonic,
and volcanic histories than the regional oceanic spreading centers (De-
trick and Crough, 1978).

Age constraints on the volcanic crust are based mostly on seafloor
magnetic lineations (Hey et al., 1977; Lonsdale and Klitgord, 1978; Her-
ron et al., 1981; Cande and Leslie, 1986), along with basal sediment
ages developed by shipboard biostratigraphy. For quantitative age esti-
mates, we use the magnetic anomaly age model of Cande and Kent
(1995), which is in reasonable agreement with orbitally tuned sedimen-
tary age models of the last 5 m.y. and with radiometric dates at older in-
tervals.

The absolute poles for South America were added to the absolute
poles for each respective crustal plate to calculate the paleoposition of
each drill site relative to South America. Movement of South America in
the absolute framework is very small compared to the oceanic plate mo-
tions, so these backtrack paths approximate real geography. Sites on the
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Nazca and Cocos plates’ backtrack paths for 0 to 19 Ma are based on the
analysis of Pisias et al. (1995). Absolute poles of rotation for the Cocos
plate (Sites 1241 and 1242) were calculated using the pole of relative ro-
tation between the Cocos and Pacific plates (36.823°N, 108.629°W; Ω =
2.09°/m.y. [DeMets et al., 1990]), and absolute poles for the Pacific plate
(0- to 5-Ma pole, 61.6°N, 82.5°W, Ω = 0.97°/m.y.; for the 5- to 20-Ma
pole, 70.3°N, 74.4°W, Ω = 0.73°/m.y. [Cox and Engebretson, 1985]). Ab-
solute poles for the Nazca plate (Sites 1232 and 1236–1240) were calcu-
lated using relative motions between the Pacific and Nazca plates (pole
= 55.58°N, 90.10°W; Ω = 1.42°/m.y.) and the absolute Pacific poles
noted above.

Major tectonic events undoubtedly influenced the environments of
the southeast Pacific. Evaluating these effects is a major element of the
Leg 202 experiment. The Drake Passage likely began to open ~29 Ma,
and a deepwater connection between ocean basins was present by ~23–
24 Ma (Barker and Burrell, 1977). Numerical models predict a decrease
of the Peru-Chile surface current and a distinct decrease in Antarctic
deep- and bottom water export to the north as water masses are en-
trained into a growing circumpolar circulation (Mikolajewicz et al.,
1993).

Uplift of the Andes would have caused significant changes in atmo-
spheric circulation and wind-driven oceanic surface circulation. Be-
cause it is difficult to separate tectonic and climatic influences on sedi-
mentation, regional elements of this uplift history are controversial.
Nevertheless, sedimentation in the tropical Atlantic, as well as hiatuses
and paleobotanical evidence on land, suggest major Andean uplift
events in the last 10 m.y. (Curry, Shackleton, Richter, et al., 1995;
Gregory-Wodzicki, 2000; Harris and Mix, 2002).

Neogene tectonic closure of the Central American Isthmus from 13.0
to 2.7 Ma resulted from the subduction of the Pacific, Cocos, and Nazca
plates, and hotspot volcanics of the Cocos and Carnegie Ridges beneath
the North and South American plates and later the Caribbean plate
(Duque-Caro, 1990; Dengo, 1985; Collins et al., 1996). The final closure
has always been an attractive candidate for the ultimate cause of the
Pliocene intensification of Northern Hemisphere glaciation since ~3.1
Ma, but the details of the isthmus formation and the climatic mecha-
nisms that govern the response to this remain uncertain.

OPERATIONAL INNOVATIONS

As with previous paleoceanographic sampling missions, the main op-
erational goal of Leg 202 was to recover complete stratigraphic sections
at the preselected sites with as little coring disturbance as possible and
as efficiently as possible. Preferred use of the APC coring system over ro-
tary systems, coring of multiple holes at a site to ensure a complete
record, and shipboard construction of stratigraphic composite sections
and sampling splices became standard strategies over the last several
ODP drilling legs that addressed paleoceanographic objectives. During
Leg 202, we employed techniques and concepts to further optimize
these strategies in order to obtain longer APC sections, to correlate data
from multiple holes faster for real-time control on coring offsets and
thus to minimize redundant coring, and to correlate and integrate data
from cores and downhole logs.
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Maximizing APC Penetration: Drilling Over

Two coring systems were used during Leg 202: the APC and the XCB.
The APC, a “cookie-cutter” type system that cuts cores with minimal
coring disturbance, was always the preferred coring system. The drill
pipe is pressurized to shear one or two pins that hold the inner barrel
attached to the outer barrel. The inner barrel strikes out and cuts the
core. The driller can detect a successful cut, or “full stroke,” on the pres-
sure gauge on the rig floor.

When “APC refusal” occurs in a hole before the target depth is
reached, the XCB is generally used to advance the hole. The XCB is a
rotary system with a small cutting shoe extending below the large ro-
tary bit. The smaller bit can cut a semi-indurated core with less torque
and fluid circulation than the main bit and thus optimizes recovery.
XCB coring disturbs the cores, as the torque of the drill rotation shears
and breaks the core into segments. In this process, voids fill with drill
slurry and short sections of core appear as “biscuits” that range from a
few centimeters to decimeters in length. The degree of XCB disturbance
depends strongly on the lithology. Disturbance is most severe in partly
lithified sediments that are not stiff enough to maintain their integrity
under a rotating bit. Given this disturbance, an operational goal during
Leg 202 was to continue APC coring as long as possible before switch-
ing to the XCB.

APC refusal is conventionally defined in two ways: (1) a complete
stroke (as determined from the pump pressure reading) is not achieved
by the piston because the formation is too hard and (2) excess force
(>60 klb) is required to pull the core barrel out of the formation because
the sediment is too cohesive or “sticky” (formation pressure develops a
tight grip on the core barrel). In cases where full stroke can be achieved
but excessive force cannot retrieve the barrel, the core barrel can be
“drilled over” (i.e., after the inner core barrel is successfully shot into
the formation, the rotary bit is advanced to total depth to free the APC
barrel).

During Leg 202 we generally accepted only the first APC refusal crite-
rion (incomplete stroke) for the transition to XCB operations. Drilling
over stuck APC barrels allowed us to advance many holes significantly
deeper with the APC than if the second criterion had been applied (Ta-
ble T3). A total of 101 core barrels were drilled over during Leg 202,
which is more than during any previous leg. These drill-over operations
consumed time (in some cases >1 hr per core in addition to normal op-
erations), and in a few cases resulted in damaged core barrels. Neverthe-
less, we found that these investments of time and equipment paid sub-
stantial dividends in terms of enhanced APC penetration. At the Leg
202 sites dominated by carbonate-rich lithologies and characterized by
low to moderate sedimentation rates (Sites 1237–1241), overdrilling in-
creased the APC penetration by 12% to 126% (average = 77%) in those
10 holes that were cored to APC refusal. At two sites, APC penetration
was pushed to >300 meters below seafloor (mbsf), and at another two
sites to >200 mbsf. In addition, by reserving XCB coring for sediments
that were substantially lithified, we maximized the quality of recovery
within those intervals, in most cases resulting in high-quality cores suit-
able for developing composite depth sections through most of the sedi-
mentary sections at each site.

T3. Summary of APC drilling over, 
p. 144.
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Stratigraphic Correlation

Guiding Coring Offsets and Use of a “Fast Track”

During Leg 202, as during several previous Ocean Drilling Program
(ODP) legs with paleoceanographic emphasis, multiple APC holes were
drilled at each site to ensure recovery of a complete stratigraphic se-
quence, despite coring gaps that are present in any one hole. A meters
composite depth (mcd) scale for each site was constructed through
inter-hole correlation using closely spaced core logging measurements.
The mcd scale accommodates core expansion and coring gaps and can
be used to define a shipboard splice, a stratigraphically continuous sed-
iment sequence consisting of undisturbed segments from different
holes.

The assembly of composite depth sections with an mcd scale, in prin-
ciple, can be done with two holes, but in most cases three or more holes
are needed because the position of coring gaps is not uniform (and is
often unpredictable) as drilling advances downhole. Variations in bit
depth may be caused by tides, ship heave (which is not compensated
for with APC coring), and limited precision in defining the depth of the
drill bit based on the visual observation of pipe advances. To optimize
the depth offsets between holes, it is desirable to control bit position on
a core-by-core basis. This requires knowing the position of a core rela-
tive to cores in the previously drilled hole(s) in near real time such that
the relative offset of the subsequent core can be estimated and commu-
nicated to the driller. Rapid core logging that keeps pace with drilling is
an essential requirement of this strategy.

To provide information on core depths for real-time adjustments in
bit depth, an automated “fast track” magnetic susceptibility core logger
was provided by Oregon State University (OSU) for Leg 202. This track
was installed in the JOIDES Resolution core laboratory near the catwalk
so that whole-round cores could be analyzed as soon as they entered
the laboratory. The OSU Fast Track employs a Bartington MS2 suscepti-
bility meter that was zeroed before each section scan. The usual sam-
pling interval was 5 cm, although intervals were adjusted as needed to
keep pace with drilling. Where possible, a 1-s integration time was used.
Using this setting, full cores (seven sections) could be analyzed in ~15
min. However, several of the Leg 202 sites had little terrigenous mate-
rial and low magnetic susceptibility. At these sites, a 10-s integration
time was needed and this increased the logging time to ~40 min per
core. Even with this slow setting, the OSU Fast Track processed cores
significantly faster than the ODP multisensor track (MST), which was
configured to maximize natural gamma ray counting, and was fast
enough to keep up with drilling under most circumstances.

The availability of the Fast Track magnetic susceptibility data, in
many cases, allowed us to verify complete recovery of the APC-cored in-
terval with two holes or with a third hole that was spot cored to cover
specific gaps. By minimizing redundant drilling, the Fast Track strategy
effectively preserved time for deeper penetration with the APC by over-
drilling and for occupying three alternate sites that added greatly to the
overall scientific results of Leg 202. Use of the OSU Fast Track for most
composite section development and drilling offset decisions had an ad-
ditional scientific benefit, as it allowed the ODP MST to be run more
slowly to optimize data quality. This strategy allowed us to increase the
use of the slower MST sensors, such as the natural gamma counters,
which provided a useful data set for core-log integration. Effectiveness



SHIPBOARD SCIENTIFIC PARTY
CHAPTER 1, LEG 202 SUMMARY 10
of stratigraphic correlation and core logging would have been seriously
compromised without the extra core logging track on Leg 202. Based on
our experience, we recommend that future operations requiring rapid
verification of complete recovery employ a similar Fast Track strategy.

Corrected Meters Composite Depth and Mass Accumulation 
Rates

Composite depth scales typically are expanded by 10%–20% when
compared to drilled intervals because of the expansion of cores upon re-
covery as a result of elastic rebound, expansion of volatile hydrocar-
bons (mostly biogenic methane), and mechanical stretching during the
coring process. In cohesive, fine-grained sediment, this expansion is as-
sumed to occur without significant uptake or loss of interstitial water
per unit mass of dry sediment. If this assumption is correct, sediment
densities determined by wet and dry mass and volume measurements
are most compatible with those measured in situ. Calculations of mass
accumulation rate (MAR) require information on both sediment density
and linear sedimentation rate (LSR). LSR is typically based on the mcd
scale, which suffers from core expansion. A corrected LSR can be calcu-
lated either by using corrected meters composite depth (cmcd) for the
age-depth series or by correcting the mcd-based LSRs directly with the
appropriate mcd growth rates for each depth interval. To facilitate the
calculation of MAR, we established the cmcd scale for each site during
Leg 202, adjusting the mcd scale for empirically observed expansion. A
cmcd datum is produced by dividing the mcd value by the average ex-
pansion of the mcd scale relative to the mbsf scale over a sufficiently
long interval so that random variations in drill pipe advance are negli-
gible. The cmcd scale provides a complete stratigraphic sequence that is
the same length as the total depth cored. The cmcd scale is a close ap-
proximation of actual drilling depths, and unless further corrected by
logging data, the cmcd scale should be used when calculating LSR or
MAR.

Equivalent Logging Depth

At three sites (1238, 1239, and 1241), logging operations produced
data sets that were of sufficient quality to allow for core-log integration.
Core-log integration produces yet another depth scale, equivalent log-
ging depth (eld). This depth scale has the advantage that it corrects for
stretching and squeezing within cores. The disadvantage is that it is
rarely a complete data set for correlation of the entire hole. The eld
scale typically begins at ~100 mbsf, where the drill pipe usually is posi-
tioned during logging operations. If logging data are available and of
sufficient quality, the eld is the best estimate of in situ depth and is
ideal for calculating MAR.

To determine eld, logging and whole-core MST data were imported
into the Sagan software package (version 1.2) and culled as necessary to
remove extraneous errors associated with voids in cores or with poor
sensor contact with the borehole. Because core logging data generally
have a higher resolution than downhole logging data, it is necessary to
smooth the core logs before comparing them with downhole logs. Sa-
gan allows the correlation of individual cores within different holes
with the data series recovered from logging. We found that Formation
MicroScanner (FMS) data integrated around the borehole using 64 but-
tons was particularly useful because its high depth resolution compared
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well with that of core gamma ray attenuation (GRA) density measure-
ments (Fig. F7). We also found good agreement in some intervals be-
tween natural gamma data measured in cores and in the borehole with
different tools (Fig. F8) and between GRA bulk densities measured both
in cores and in the borehole (Fig. F9).

Tidal Effects on Coring Offsets

Because we had near real-time Fast Track magnetic susceptibility data
to assess coring depth offsets between holes, we attempted to make ad-
justments in drilling depth as coring progressed. As we scrutinized the
data to make these decisions, we noticed that the differential offsets ap-
peared to vary systematically through a daily cycle. We hypothesized
that these variations were due to variations in water depth resulting
from the tides.

Site 1240 illustrates variations in drilling depths well because we APC
cored the entire recovered section and were able to construct a splice
that spans a 2.5-day-long time interval of operations. We obtained a
deep-ocean tide prediction for the drill site courtesy of Dr. Gary Egbert
at OSU. A comparison of the two (Fig. F10) shows that local tides and
differential drilling offsets are related to each other and share a 12-hr
period with a similar magnitude (~2 m) over the period of operations.
As coring proceeds at a site, tides can either add to or subtract from the
depth offsets, depending on the time at which two holes are begun rel-
ative to the tidal cycle (i.e., on a rising or falling tide). We imagine that
in the future tidal predictions could be used to adjust drill pipe ad-
vances as needed to maintain coring overlap in multiple holes. Effective
implementation of this strategy, along with the provision for heave
compensation during APC coring, would likely provide for complete re-
covery in two holes at a site, rather than the three to five holes per site
that are typically needed in current operations.

Use of Color Reflectance Spectroscopy
in Lithostratigraphy

Physical properties are the expression of the lithologic, textural, and
structural variations in sediments, and, in many cases, they can be used
to empirically infer specific sediment components over long intervals at
much higher resolution than can be practically measured using tradi-
tional laboratory-based direct measurements on discrete samples. Dur-
ing Leg 202, reflectance spectroscopy data were calibrated with direct
geochemical measurements to provide rapid optical estimates of car-
bonate and total organic carbon (TOC) concentrations in sediments as
well as relative abundance of oxides, such as hematite and goethite, and
organic pigments known as chlorins.

The reflectance spectroscopy data included 31 reflectance values over
the visual spectrum (400 to 700 nm) averaged over 10-nm intervals.
First derivatives of these data with respect to wavelength are commonly
used to emphasize variations in spectral shape. Empirical equations
were calibrated based on least-squares multiple regressions fit to dis-
crete chemical data. Regression terms were selected with a stepwise pro-
cedure and were retained in the equations only if they exceeded the
95% significance level. The advantages of using this technique in real-
time during the cruise were to quickly provide us with (1) a better un-
derstanding of sediment composition and physical properties and (2) a
detection of scales of variability in calcium carbonate and TOC that
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could not be attained rapidly at sea based on direct measurements with
low depth resolution. Variations detected by the detailed optical data
set can be targeted rapidly for manual sampling to make sure that ex-
treme events are verified with precise chemical techniques. One exam-
ple of the successful use of reflectance spectroscopy estimates of lithol-
ogy during Leg 202 is the detection at Site 1237 of rhythmic variations
in estimated TOC at scales of 5 to 10 m (Fig. F11). Based on preliminary
shipboard age models, such variations may be associated with known
~400-k.y. cycles of Earth’s orbit and suggest a climatic and biogeochem-
ical response to this external forcing.

Digital Imaging of Cores

A new digital imaging system (DIS) implemented by ODP in 2002
and installed on the JOIDES Resolution during Leg 198 was used rou-
tinely for the first time during Leg 202. Essentially, all cores were im-
aged with this tool. As would be expected with a new, custom-made
measurement system, we encountered some problems and came up
with some recommendations for the operation of the system and use of
the data as well as some recommendations for future improvements
that would maximize the benefit of such measurements at sea. Al-
though we found the digital images extremely useful for purposes of ba-
sic visual description (especially for postdescription review when the
cores were not easily available for viewing), we also found that the digi-
tal image calibration was not sufficiently stable or reliable when using
the digital data as a measure of quantitative brightness or color.

We found systematic millimeter- and centimeter-scale stripes in the
digital images that result from the system’s attempt to adjust image ex-
posure based on calibration pixels at the site of the digital array. These
pixels were inadvertently aligned with millimeter and centimeter marks
on reference rulers along the sides of each core section. This problem
can be mitigated by careful alignment of the camera or by using low-
contrast markings on reference rulers that will not trigger automatic ad-
justments in camera calibration.

Significant variations in the brightness of digital images from the top
to the bottom of core sections occurred because of variations in ambi-
ent lighting in the laboratory. Such ambient lighting effects may be cor-
rected in one of three ways: (1) by enclosing the imaging system in a
sealed box that shades the core sections from ambient light, (2) by in-
creasing the brightness of the lamps that illuminate the core sections so
that ambient light is overpowered by a constant source, or (3) by modi-
fying the system to move core sections under a fixed camera so that am-
bient light is effectively constant rather than having the system move
the camera over fixed core sections as the system is now designed.

By analyzing standard materials, we also found that small (millime-
ter scale) variations in camera-to-core distance (which inevitably result
from irregularities in cut core surfaces) result in variations in the bright-
ness of core images. Such an effect could be mitigated by increasing the
distance between the light source and the camera system relative to the
core surfaces so that small variations in the core surface are negligible
relative to the total system geometry. Increases in the core-to-lamp dis-
tance, however, work against the goal of increasing light intensity to
overpower ambient light, and this effect must also be considered.

Significant temporal drift in the calibration of the digital camera sys-
tem relative to white standards dictates frequent recalibration of the
camera system. Ideally, such calibrations should be done automatically
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between each run. Calibration standards could include multiple gray
levels that would compensate for nonlinear responses of the camera
system across its full range of brightness.

Finally, we found it awkward and error-prone to set the camera’s ap-
erture (and the corresponding setting in the software) manually in sedi-
ment sequences that vary significantly in their reflectance or geometry.
Although manual settings are fine for occasional measurements, a
greater degree of automation in camera settings and calibrations would
be beneficial for ODP operations in which the camera is used continu-
ously for long periods of time by a variety of operators who are working
under stressful conditions at sea.

Use of a Nonmagnetic Core Barrel

Drilling-induced magnetic overprints are ubiquitous in ODP paleo-
magnetism and have been known to exist since the beginning of the
program. In some cases, these overprints are easily dealt with. In other
cases, they may completely compromise the paleomagnetic objectives
of a leg (e.g., Leg 154) Observations and experiments made during Leg
202 demonstrate that substantial magnetic overprints superimposed on
the sediment natural remanent magnetization (NRM) as a result of the
use of steel core barrels and the time the sediment spends within it. The
use of the APC temperature (APCT) tool, which extends the duration of
the coring process by 15 min for each core, induced a substantially
larger overprint as compared to cores recovered without the use of this
tool. It is thought, based on laboratory experiments, that this large
overprint is not APCT specific, but rather due to the extra time the sedi-
ment rests in the core barrel (see Lund et al., this volume). Alternating
the use of a nonmagnetic core barrel (e.g., on Cores 2, 4, 6, etc.) with a
normal magnetized (steel) core barrel (e.g., on Cores 1, 3, 5, 7, etc.)
within a hole, at sites throughout the leg, demonstrated a reduced over-
print with the nonmagnetic core barrel. The improvement of the mag-
netic record due to the use of the nonmagnetic core barrel was most
dramatic in relatively coarse siliciclastic sediments from the continental
margin of Chile. The effect, though less dramatic, was still noticeable in
fine-grained, open-ocean pelagic carbonate sediments and, in some
cases, resulted in the recognition of polarity chrons that were obscured
when cores were recovered by the steel core barrel.

HOLOCENE–LATE PLEISTOCENE GEOMAGNETIC 
FIELD BEHAVIOR (SITES 1233–1235)

Paleomagnetic measurements made during Leg 202 on cores from
the Chile margin Sites 1233, 1234, and 1235 document that these sites
may provide the highest-resolution long-term record of paleomagnetic
secular variation (PSV) and excursional field behavior ever recovered.
They also will provide some of the very first records that document
high-resolution paleomagnetic field behavior in the Southern Hemi-
sphere. Shipboard measurements indicate that reproducible records of
directional PSV have been recovered from four independent holes at
Site 1233 (Fig. F12) over the entire 137 mcd, from the uppermost 30
mcd of three independent holes at Site 1234 (Fig. F13), and from the
uppermost 15 mcd of three independent holes at Site 1235. The pros-
pect is good that even better final PSV records from these intervals ex-
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tending to greater depths at Sites 1234 and 1235 will be developed with
shore-based paleomagnetic studies.

Shipboard paleomagnetic measurements also clearly suggest that
magnetic field paleointensity variations can be determined from these
cores. Initial relative paleointensity estimates determined by normaliz-
ing the sediment NRM to magnetic susceptibility have been developed
for all of Site 1233. The Site 1233 shipboard relative paleointensity and
directional PSV records (Fig. F14) are thought to have the potential to
provide the longest and highest-resolution “total-vector” PSV record
ever observed. A close-up of the total-vector PSV record (Fig. F15) from
Site 1233 shows that remarkable cyclicity, on the scale of ~3 m (equiva-
lent to ~2 k.y. based on preliminary shipboard age models), exists in
both the directional PSV and paleointensity records for more than 30
k.y. of the late Pleistocene. This total-vector PSV record, when finally
developed, should provide important new insights into the working of
the Earth’s outer-core dynamo, which generates the Earth’s magnetic
field.

The directional PSV data from Sites 1233 and 1234 also document at
least one and possibly two magnetic field excursions. The younger of
these excursions probably occurred ~41 k.y. ago, based on an initial
timescale (Fig. F14) determined by correlation of the paleointensity
data with other sites around the world, and is almost certainly the Las-
champ Excursion (Fig. F16). The PSV record of the Laschamp Excursion
at Site 1233 is ~2 m in width (documented in three separate holes) and
probably spans a time interval of <1500 yr. That makes this one among
the highest-resolution paleomagnetic records of an excursion ever re-
covered. Moreover, a similar excursion is also recorded at Site 1234,
more than 400 km away, and the patterns of more frequent directional
PSV are comparable between the two sites (Fig. F16). Further shore-
based paleomagnetic studies of these Laschamp Excursion records
should provide valuable new insight into the workings of the Earth’s
magnetic field during times of anomalous behavior that may be related
to the geomagnetic field reversal process, as well as magnetostrati-
graphic information in unprecedented detail that will likely provide ref-
erence stratigraphic sections for the region and for the world.

CENOZOIC BIOSTRATIGRAPHIC AND 
MAGNETOSTRATIGRAPHIC REFERENCE 

SECTIONS (SITES 1237 AND 1241)

Shipboard data suggest that two of the sites with long stratigraphic
records, Sites 1237 and 1241, have great potential to provide not only a
well-constrained chronological framework for studying the long-term
tectonic, climatic, and biogeochemical history of the region, but also
excellent stratigraphic reference sections in the Pacific Ocean.

Site 1237

The 360.65-mcd-thick pelagic sequence recovered at Site 1237 spans
the last ~31 m.y. (the Holocene through the early Oligocene) without
any detectable stratigraphic breaks. The composite depth section based
on the four APC-drilled holes at the site documents complete recovery
for the entire sequence, which is dominated by biogenic components
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with a minor terrigenous (probably eolian) component that decreases
downhole.

Calcareous nannofossils and foraminifers are generally abundant or
common and well to moderately well preserved throughout the se-
quence. Diatoms are abundant and well preserved down to ~60 mcd,
but abundance decreases and preservation deteriorates below ~69 mcd,
and diatoms are absent below ~174 mcd. Most of the standard nanno-
fossil and planktonic foraminiferal zonal markers, as well as some non-
standard nannofossil markers, can be used to establish a relatively de-
tailed biostratigraphy. Diatoms provide additional biostratigraphic
control down to ~137 mcd. All fossil groups examined during the cruise
provide relatively consistent age assignments (Fig. F17). Shore-based
biostratigraphic studies will refine biostratigraphic datums and identify
additional events.

The paleomagnetic stratigraphy at Site 1237 includes the clear defini-
tion of all chrons and subchrons for the 0- to 5- and 7- to 13-Ma inter-
vals. Some fine-scale features and short polarity subchrons are also ap-
parent within the Matuyama Chron. Although the assignments of
chrons and subchrons in the intervals from 5 to 7 Ma and from 13 to 31
Ma are not certain yet, shore-based paleomagnetic studies are expected
to provide a detailed magnetostratigraphy for most or all of the se-
quence.

Based on the preliminary biostratigraphic and magnetostratigraphic
age model, the sedimentation rate generally increases from ~1 cm/k.y.
prior to ~7 Ma to ~2 cm/k.y. after ~7 Ma (Fig. F18A). Despite the rela-
tively low sedimentation rates, the opportunities for an astronomical
calibration of the Neogene timescale are good, as core logging data are
characterized by high-frequency fluctuations in lithology. First fre-
quency spectra of GRA density fluctuations clearly identified pro-
nounced cycles at orbital periods of precession and obliquity for the
time interval from 3 to 4 Ma (Fig. F19), although bioturbation may
have smoothed the primary signal at low sedimentation rates ranging
from 1.5 to 2 cm/k.y.

Site 1237 should provide not only a well-constrained chronological
framework for studying the long-term history of Andean uplift and
continental climate, as well as the evolution of upwelling, sea-surface,
and intermediate-water properties in the southeast Pacific and the se-
quence of biotic events, but will also provide an outstanding strati-
graphic reference section for improving integrated biostratigraphic,
magnetostratigraphic, and cyclostratigraphic timescales.

Site 1241

This site on Cocos Ridge was triple APC cored, and a complete Pleis-
tocene to upper Miocene sequence (0–360 mcd) that is unaffected by
burial diagenesis was recovered. Calcareous nannofossils are abundant
and well preserved within the sequence of the last 9 m.y. Planktonic
foraminifers are abundant to common and reasonably well preserved.
Although rare above ~184 mcd, diatoms are consistently present and
show better preservation and higher abundance below this depth. Stan-
dard nannofossil, planktonic, foraminiferal, and diatom index markers
provide tight biostratigraphic age control from the Pleistocene to latest
Miocene (~8 Ma) (Fig. F17). The Pleistocene–lower Pliocene sequence
has a sedimentation rate of ~2 cm/k.y. From 3 to 6 Ma, the sedimenta-
tion rate increases to ~6 cm/k.y. Below this level (7–9 Ma), the sedimen-
tation rate decreases again to an average rate of ~3 cm/k.y.
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Site 1241 offers an excellent potential to derive an orbitally tuned
timescale that can be tied to the biostratigraphy in order to establish a
late Neogene reference section for the equatorial East Pacific. The new
timescale will provide integration and intercalibration of datums from
both calcareous and siliceous microfossil groups within a single re-
gional chronological framework. It will also provide a useful link be-
tween tropical and subtropical biostratigraphic schemes for the Pacific
and between timescales from different oceans (such as the Leg 154 or-
bitally tuned timescale). The timescale will also serve as the basis for
high-resolution studies that aim to reconstruct sea-surface and interme-
diate-water characteristics in the eastern Pacific, to retrace the history of
the closure of the Panamanian seaway, to decipher the interaction be-
tween tropical and high-latitude circulation systems, and to delineate
the evolution of various groups of marine biota.

AGE MODELS AND MASS ACCUMULATION RATES 
OF LEG 202 SITES

Preliminary age models were created using shipboard biostrati-
graphic and paleomagnetic data (Fig. F17) to aid initial interpretation
of the recovered sediment sequences and sampling of the cores. It is ex-
pected that postcruise studies will significantly improve the models by
establishing oxygen isotope stratigraphy and orbitally tuned cyclostra-
tigraphy, as planktonic and benthic foraminifers are abundant enough
throughout the Holocene to Oligocene sequences and most sites are
marked by cyclic changes in lithology.

At Chile margin Sites 1232–1235, where we recovered high-resolu-
tion Pleistocene records <0.26 Ma, the common stratigraphic approach
provided no additional age control points to refine the age models.
Sites 1233–1235, however, revealed unprecedented high-resolution
records of pronounced centennial- to millennial-scale variability in
paleomagnetic intensities. Here, future studies are expected to strike a
new path in establishing a high-resolution late Pleistocene stratigraphy,
as centennial- to millennial-scale fluctuations in paleomagnetic secular
variation and intensity are global in extent and on such scales may pro-
vide a more powerful tool than stable isotope stratigraphy. Following
this approach resulted in an improved preliminary shipboard age
model for the upper Pleistocene sequence at Site 1233.

Using our shipboard stratigraphic framework (Fig. F17), LSRs and
MARs were computed as described in “Age Models and Mass Accumu-
lation Rates,” p. 41, in the “Explanatory Notes” chapter and in the
“Age Model and Mass Accumulation Rates” sections of the site chapters
and as summarized in Figures F18 and F19. The late Cenozoic variabil-
ity in LSRs and MARs at Leg 202 sites responds to both long-term tec-
tonic drift of the sites relative to the continental margin and to varia-
tions in local environments that drive changes in production and
preservation of biogenic sediment components and the supply of terrig-
enous sediments.

Chile Margin (Sites 1232–1235)

At Sites 1232–1235, located in the Chile Basin and on the Chile mar-
gin, upper Pleistocene sediments that accumulated rapidly and at ex-
tremely high rates were recovered. At Chile Basin Site 1232, paleomag-
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netic and biostratigraphic age control suggests a basal age of >0.46 and
<0.78 Ma for the turbidite-dominated sediment sequence. A conserva-
tive estimate of the LSR is, therefore, ~475 m/m.y. As a first approxima-
tion, the average recurrence time of turbidites would be on the order of
hundreds of years, possibly triggered by large earthquakes and instabili-
ties at the continental slope associated with climate-induced century-
to millenial-scale fluctuations in sediment supply from the continent.

The almost turbidite-free hemipelagic sediment sequences recovered
from the Chile margin Sites 1233–1235 are all younger than 0.26 Ma,
and the average LSR is estimated to be 82 cm/k.y. at Site 1233, ~79 cm/
k.y. at Site 1234, and ~70 cm/k.y. at Site 1235. A more detailed age
model was developed at Site 1233. Here, good correlations to a nearby
14C-dated Holocene sequence (Lamy et al., 2001) and to a previously
dated magnetic paleointensity record (Stoner et al., 2002) as well as the
presence of the well-dated Laschamp Excursion justified the transfer of
additional age control points (for details, see “Age Model and Mass Ac-
cumulation Rates,” p. 16, in the “Site 1233” chapter). This preliminary
shipboard model suggests a basal age of ~0.17 Ma for the sediment se-
quence at site 1233. The late Pleistocene to Holocene LSRs and MARs
range from 40 to 160 cm/k.y. and from 40 to 150 g/cm2/k.y., respec-
tively (Fig. 18C).

The input of siliciclastic material accounts in general for >90% of the
total sediment deposition at Site 1233 and largely reflects the predomi-
nantly fluvial supply of terrigenous material from the Andes and the
Coastal Range province (see “Lithostratigraphy,” p. 5, in the “Site
1233” chapter). A pronounced maximum in MARs between 50 and 10
ka (up to ~150 g/cm2/k.y.) (Fig. F18C) suggests enhanced terrigenous
sediment discharge during marine isotope Stages 3 and 2, possibly asso-
ciated with temporal changes in continental rainfall patterns and/or re-
focusing of fluvial sediment discharge during the glacial sea level low-
stand. Distinctly lower rates mark the late Pleistocene interval from 50
to 170 ka (40 g/cm2/k.y.) and the Holocene (~60 g/cm2/k.y.). We cannot
exclude the possibility that the tripling of noncarbonate MARs during
MISs 2 and 3 is a random event, perhaps driven by a newly formed
channel that favored a higher sediment flow to Site 1233.

The MARs of carbonate and organic carbon range from 1 to 9 g/cm2/
k.y. and from 0.3 to 1.2 g/cm2/k.y., respectively (see “Age Model and
Mass Accumulation Rates,” p. 16, in the “Site 1233” chapter). Such
high rates clearly reflect the influence of the high-productivity region
off southern Chile. Both carbonate and organic MARs suggest a maxi-
mum in biogenic productivity for the LGM and, although slightly re-
duced, a high level for the Holocene.

Nazca Ridge (Sites 1236 and 1237)

The sediment sequences recovered at Nazca Ridge span the entire
Neogene and the Oligocene to ~28 Ma at Site 1236 and to ~31.5 Ma at
Site 1237 without any detectable stratigraphic breaks (Fig. F17). The age
models are based on a framework of paleomagnetic datums and biostra-
tigraphy (for details, see “Age Model and Mass Accumulation Rates,”
p. 19, in the “Site 1236” chapter and “Age Model and Mass Accumula-
tion Rates,” p. 25, in the “Site 1237” chapter). Sites 1236 and 1237,
currently located near the outer edges of the oligotrophic subtropical
gyre and the nutrient-rich eastern boundary Peru upwelling system, re-
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spectively, exhibit relatively low LSRs (0.4–2.4 cm/k.y.) and MARs (<2.5
g/cm2/k.y.) throughout their late Cenozoic history (Fig. F18A).

Carbonate MARs and total MARs are nearly identical at Site 1236, as
carbonate concentrations are >90%. Slightly elevated carbonate MARs
between 25 and 12 Ma (Fig. F20A) resulted from gravity-driven trans-
port of predominantly calcareous neritic material to the site rather than
from an increase in productivity or preservation, as Site 1236 was lo-
cated in the center of the oligotrophic subtropical gyre well above the
lysocline during its early history.

A major characteristic of both sites is the simultaneous increase in
carbonate MAR at ~9 Ma that culminated in a brief maximum at ~7 to 5
Ma followed by a decrease into the Pleistocene (Fig. F20A). Given no
detectable changes in the preservation of calcareous nannofossils, the
late Miocene to early Pliocene maximum suggests an interval of en-
hanced surface productivity. A similar increase and maximum in car-
bonate MAR is also recognized at equatorial East Pacific sites from Leg
138 (Fig. F20B) and is often referred to as the Miocene to early Pliocene
biogenic bloom (Farrell et al., 1995b). Sites 1236 and 1237 trace this
event for the first time into the southern East Pacific. At equatorial Sites
849–851 (Leg 138), this event was also accompanied by a pronounced
maximum in biogenic opal MAR (Fig. F21), which is not observed at
Nazca Ridge. Instead, biogenic opal MARs at Site 1237 dramatically in-
creased over the last ~6 m.y. from 0.02 to 0.8 g/cm2/k.y. (Fig. F21B). Or-
ganic carbon MARs at Site 1237 strongly increased over the last 4 m.y.,
when organic carbon contents increased from the detection limit of 0.1
wt% (using shipboard techniques) to 1.9 wt%. 

The long-term Pliocene to Holocene increase in both organic carbon
and biogenic opal MAR is considered to be associated with the progres-
sive paleodrift of the site toward the eastern boundary upwelling sys-
tem (Fig. F6), as farther westward at Site 1236 diatoms are almost absent
and organic carbon contents are <0.1 wt%. The paleodrift of both sites
and the modern regional changes in surface nutrients and productivity
along their track would predict a slight and continuous increase in pro-
ductivity over the last ~30 Ma at Site 1236 and a fourfold increase at
Site 1237 (Figs. F22, F23). Although this cannot explain the late Mio-
cene to early Pliocene maximum in productivity, the predicted increase
in nutrients, especially in silicate, at ages <7 Ma may serve as an expla-
nation for the observed increase in biogenic opal MARs at Site 1237
(Fig. F21B).

The nonbiogenic MAR at Site 1236 is the lowest of the Leg 202 sites
(<0.05 g/cm2/k.y.) (Fig. F20A) and reflects a minimal amount of eolian
siliciclastics (biogenic opal and organic carbon contents are negligible).
This is consistent with the site’s position far away from the Atacama
Desert, the major dust source for this area. At Site 1237, the Oligocene
and early Miocene siliciclastic MARs are as low as at Site 1236 but
slightly increase at ~13 Ma to a higher level of ~0.1 g/cm2/k.y. and then
increase more rapidly from ~9 Ma to a late Pleistocene/Holocene maxi-
mum of 1 g/cm2/k.y. The enhanced supply of eolian siliciclastics since
~13 Ma may partly result from the eastward migration of Nazca Ridge,
which moved Site 1237 closer to the dust source. Although tectonic
drift can account for the general increase, it cannot account for short-
term changes in dust flux, which likely reflect regional changes in arid-
ification, wind strength, and wind direction.
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Carnegie Ridge (Sites 1238 and 1239)

The sediment sequences recovered from Carnegie Ridge range in age
from the Holocene to ~11 Ma (Site 1238) and to ~15 Ma (Site 1239). The
construction of the age models relies primarily on calcareous microfos-
sil datums and suggests an upper Miocene hiatus at Carnegie Ridge (Fig.
F17) encompassing the interval from ~13.5–8 Ma at Site 1239 and ex-
tending from the base of Site 1238 to ~8 Ma (for details, see “Age
Model and Mass Accumulation Rates,” p. 23, in the “Site 1238” chap-
ter and “Age Model and Mass Accumulation Rates,” p. 22, in the “Site
1239” chapter)

Sites 1238 and 1239 are currently located just south of the equator
on the easternmost flanks of Carnegie Ridge. The tectonic backtrack
path moves the sites to the west almost parallel to the equator (Fig. F6),
and thus both sites remained within the highly productive equatorial
upwelling zone throughout their history. Accordingly, Sites 1238 and
1239 are marked by relatively high Neogene LSRs (up to 10 cm/k.y.)
(Fig. F18A). Site 1239, closer to the equator and to the continent and at
shallower depths, exhibits MARs (2–8 g/cm2/k.y.) that are higher than
those at Site 1238 (1–5 g/cm2/k.y.) except in the interval 0–1 Ma.

Both sites are characterized by similar trends in carbonate and non-
carbonate MARs with distinctly higher values at Site 1239 (Fig. F20A).
Rates of carbonate deposition gradually increased from the end of the
hiatus (~8 Ma), peaked at 6–3 Ma, and then progressively declined over
the last 3 m.y. The maximum in carbonate MARs occurred ~1 m.y. later
and persisted ~2 m.y. longer than that observed between 7 and 5 Ma at
Sites 1236, 1237, and 1241 and at most of the Leg 138 sites (Fig. F20).
This temporal difference may partly result from the paleodrift of Sites
1238 and 1239. The modern pattern of local changes in sea-surface
characteristics along the track of Site 1239 would predict a maximum in
biogenic productivity from 6 to 3 Ma terminated by the eastward drift
of the site out of the highly productive equatorial cold tongue (Fig.
F24). The drift-related trends for Site 1238 would predict a generally
higher productivity than at Site 1239, thus higher carbonate MARs, and
a mid-Pleistocene productivity maximum (Fig. F25), which is in con-
flict with both absolute values and major trends in carbonate MARs.
Hence, regional and temporal oceanographic changes and nutrient
budgets may have contributed to the observed variations in carbonate
MARs at Carnegie Ridge but cannot explain the full pattern. An addi-
tional explanation for the relatively young peaks in carbonate MARs at
Sites 1238 and 1239 is their relatively shallow water depth, compared to
the Leg 138 sites, which suggests progressive development of corrosive
bottom waters through Neogene time.

The noncarbonate MARs at Carnegie Ridge exhibit a broad maxi-
mum between 6 and 1 Ma, with highest values between 4 and 3 Ma
(Fig. F20A). For this interval, the results from Leg 138 (Fig. F20B) sug-
gest an interesting eastward shift (~4.4 Ma) in the locus of maximum
noncarbonate and biogenic opal MARs along the equatorial high-pro-
ductivity belt from 110°W (Sites 849 and 850) into the Galapagos re-
gion (Site 846). At Sites 849 and 850, maxima in both noncarbonate
and biogenic opal MARs correspond to the interval of the biogenic
bloom between ~7 and 5 Ma. Further eastward and closer to Sites 1238
and 1239, maxima in noncarbonate and biogenic opal MARs occurred
between 3 and 1.5 Ma, with a distinct peak at ~1.9 Ma (Farrell et al.,
1995b). The maximum in noncarbonate MAR at the easternmost Sites
1238 and 1239, however, occurred in the early Pliocene interval just be-
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tween the maxima observed at the Leg 138 sites. Whether the trends in
noncarbonate MARs at Carnegie Ridge can be ascribed to biogenic opal
or terrigenous siliciclastic MARs is difficult to assess without any precise
biogenic opal contents. Careful inspection of smear slide data suggests a
strong variability in biogenic opal contents on shorter timescales. A dis-
tinct trend is only recognized at Site 1238, suggesting a phase of en-
hanced biogenic opal deposition between 1 and 3.5 Ma, which would
closely match the maximum in biogenic opal MARs observed in the
Galapagos region (Site 846). An exceptionally strong minimum in grain
density data at both sites consistently suggests a short-term interval of
enhanced biogenic opal deposition at ~1.9 Ma. Although the documen-
tation of this event will require finer-resolution age control, such a
maximum was also recognized in the Galapagos region (Site 846) and
the Panama Basin (Site 1240).

At present, long-term variations in siliciclastic MARs at Carnegie
Ridge cannot be assessed, except for the younger part of the record. The
significant late Pliocene to Holocene increase in magnetic susceptibility
may indicate that the supply of siliciclastics dominated the noncarbon-
ate MARs at Carnegie Ridge during that interval.

Panama Basin and Cocos Rise (Sites 1240–1242)

At Panama Basin Site 1240, an extended sequence of upper Pliocene
(~2.8 Ma) to Holocene sediments was recovered. Age control was excel-
lent and relied primarily upon magnetostratigraphy and calcareous
nannofossil datums (Fig. F17B). The site remained below the highly
productive equatorial upwelling zone during its entire history. Accord-
ingly, the sediment deposition is largely controlled by variations in bio-
genic opal and carbonate accumulation and reflects high LSRs and
MARs that range between 7 and 16 cm/k.y. and between 4 and 8 g/m2/
k.y. (Fig. F18B). Most remarkable is a pronounced maximum in carbon-
ate and noncarbonate MARs at the Pliocene/Pleistocene boundary be-
tween 2 and 1.6 Ma (Fig. F20B). The maximum in noncarbonate MARs
largely results from high contents in organic carbon (as much as 3 wt%
and biogenic opal as indicated by smear slide data, high porosities, and
low grain densities (see “Lithostratigraphy,” p. 5, in the “Site 1240”
chapter). This interval of enhanced biogenic productivity was also rec-
ognized at Carnegie Ridge (Sites 1238 and 1239) and in the Galapagos
region (Site 846) although less pronounced and dominated by biogenic
opal deposition. This event seems to be restricted to the easternmost
equatorial Pacific, as it is not documented farther westward at sites from
Leg 138.

Sites 1241 and 1242 at Cocos Ridge recovered continuous sediment
sequences that reach back into the middle Miocene (11–12 Ma) and the
Pliocene (~2.5 Ma), respectively. The construction of the age model was
primarily based on calcareous nannofossil datums (Fig. F17). Magnetic
data were useful back to ~1 Ma at Site 1241.

At Site 1241, the Miocene to Pliocene LSRs are relatively high (3–6
cm/k.y.) and decrease in the Pliocene interval to <3 cm/k.y. (Fig. F18A).
This general trend is consistent with the northeastward paleodrift of
the site away from the highly productive equatorial upwelling zone
(Fig. F6). The modern pattern of local changes in productivity along the
track of Site 1241 would predict high rates in biogenic productivity
from ~11–10 Ma that rapidly drop between 10 and 7 Ma to a relatively
low level in productivity at ages <7 Ma (Fig. F26). This trend is mainly
reflected by the noncarbonate MAR but not by the carbonate MAR (Fig.
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F20A). The oldest interval from 11 to 9 Ma is marked by the relatively
high concentrations of organic carbon and biogenic opal (see “Bio-
stratigraphy,” p. 10, and “Geochemistry,” p. 15, both in the “Site
1241” chapter) suggesting that the maximum in noncarbonate MARs
during this period reflects high biogenic productivity when the site was
near the equator. Benthic and planktonic foraminiferal tests appear
strongly affected by carbonate dissolution over this sequence, which
corresponds to a well-known interval of poor carbonate preservation in
the equatorial east Pacific and in the Caribbean, the “Miocene carbon-
ate crash” (Lyle et al., 1995). 

A major characteristic of the carbonate MAR is the pronounced max-
imum at 7–5 Ma (Fig. F20A) that is mirrored by the noncarbonate MAR
and accompanied by increased deposition of biogenic opal from 6 to 7
Ma (see “Lithostratigraphy,” p. 5, in the “Site 1241” chapter). This
maximum in productivity is not predicted by the tectonic backtrack but
is a widespread feature that has been documented in sediment records
from the eastern equatorial Pacific (Leg 138; Farrell et al., 1995b) (Fig.
F20B) and in the eastern South Pacific at Sites 1236 and 1237 (Fig.
F20A).

The Pliocene and Pleistocene interval is marked by a continuous de-
crease in total and carbonate MARs, with the lowest rates in the upper
Pleistocene to Holocene interval. This trend is not shown at Site 1242,
where all rates exhibit a pronounced and broad maximum between 2.5
and 0.5 Ma, with peak values centered at 1.6–1.2 Ma. Noncarbonate
MARs are higher than carbonate MARs by a factor of three. Distinct
minima in grain density values and in siliciclastic contents at ~1.4–1.6
Ma (see “Lithostratigraphy,” p. 5, in the “Site 1242” chapter) suggest
that the maximum in noncarbonate MAR may result primarily from in-
creased biogenic opal contents rather than from a maximum in terrige-
nous sediment supply. The inferred maximum in biogenic MAR may
provide evidence for variations in upwelling and biological production
on the Costa Rica margin.

BIOGEOCHEMICAL CONSTRAINTS

The oceanographic and geographic settings of Leg 202 sites influence
their biogeochemical environments, as reflected in the volatile hydro-
carbon, interstitial water, and sediment geochemistry. The latitudinal
range for Leg 202 (from ~41°S to ~7.5°N) is significantly larger than
those ranges for earlier ODP legs that focused on the productive regimes
of major eastern boundary currents: Leg 167 sites from the California
Current region (~30–40°N) and Leg 175 sites from the Benguela Current
region (~4°–32°S). Water depths at the Leg 202 sites range from 489 to
4072 m, affecting the delivery of organic matter to the sediment/water
interface. Linear sedimentation rates range over at least two orders of
magnitude, from <1 to >100 cm/k.y. 

The oxidation of organic matter is the major influence on interstitial
water geochemistry, with resulting effects on volatile hydrocarbon
geochemistry and on authigenic carbonate mineralization reactions. In
addition to the prevailing influence of organic matter degradation, two
sites are affected by methane hydrates (Sites 1233 and 1235), and a
third site shows the signature of fluid flow in the underlying basement
(Site 1240).
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Organic Matter Oxidation: Sulfate Reduction, 
Methanogenesis, and Nutrient Regeneration

Organic matter oxidation in marine sediments proceeds by a se-
quence of reactions typically observed with increasing depth below the
seafloor (aerobic respiration, denitrification, manganese reduction, iron
reduction, sulfate reduction, and methane fermentation). The
geochemical sampling and analytical strategies employed during Leg
202 are best suited to observing the effects of organic matter oxidation
through the depletion of sulfate, an oxidant, and the production of
methane, a product of methane fermentation. On the basis of sulfate
profiles (Fig. F27), Leg 202 sites can be divided into three categories:

1. Those with no to limited sulfate reduction (Nazca Ridge Sites
1236 and 1237 and the deeper Cocos Ridge Site 1241);

2. Those with an intermediate degree of sulfate reduction (the
deeper Carnegie Ridge Site 1238); and

3. Those with complete sulfate reduction (Chile Basin Site 1232,
Chile margin Sites 1233–1235, and the shallower Carnegie Ridge
and Cocos Ridge Sites 1239 and 1242).

Previous studies including those at some Peru margin sites have found
a relationship between interstitial sulfate gradients with depth and bulk
sedimentation rates, with steeper sulfate decreases (i.e., shallower depth
of sulfate disappearance) related to faster sedimentation rates. This rela-
tionship appears to be generally true for Leg 202 sites, with deeper sul-
fate “zero” depths for the shallower of the Carnegie Ridge and Cocos
Ridge sites relative to the more rapidly accumulating Chile margin and
Chile Basin sites (Fig. F27). However, further evaluation of this requires
definition of sedimentation rates for the Chile margin and Chile Basin
sites, all with relatively shallow sulfate disappearance depths of <30 mcd
(Table T4).

The categorization of sites by sulfate profiles is clearly linked to the
production of methane, as the presence of interstitial sulfate is known
to inhibit methanogenesis in marine sediments (Claypool and Kven-
volden, 1983). The sites with limited sulfate reduction and thus high
sulfate concentrations had very low methane concentrations, whereas
the deeper Carnegie Ridge site (1238) with intermediate sulfate concen-
trations had only low to moderate levels of measured methane (Table
T4). In contrast, all the sites with complete sulfate depletion had high
measured methane values, with high methane concentrations being
reached at depths coincident with or just deeper than the depth of sul-
fate disappearance (Table T4). Note that the limited depth resolution of
both interstitial water and volatile hydrocarbon sampling makes a more
detailed assessment impossible.

Because the oxidation of organic matter is important in the produc-
tion of alkalinity in interstitial waters, the values of the alkalinity max-
ima for these sites also follow the division on the basis of the sulfate
profiles. Sites with limited sulfate reduction have relatively low peak al-
kalinity values (2 to >5 mM), the site with intermediate sulfate reduc-
tion has a moderately high alkalinity maximum (>17 mM), and the
sites with complete sulfate reduction have the largest alkalinity maxima
(>25 mM to as high as 60 mM) (Table T4) because of strong organic
matter oxidation. The regeneration of phosphorus (as dissolved phos-
phate) and nitrogen (as dissolved ammonium) are also closely linked to
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organic matter oxidation, and the peak values at the sites follow the
same division by redox intensity (Table T4).

Sedimentary Organic Matter: Competing Influences 
and the Importance of Dilution

A primary objective of Leg 202 is the study of variations in biological
production in this eastern boundary current region and their role in
modifying subsurface water masses characteristics such as oxygenation
and nutrient inventories through time. TOC concentrations deter-
mined aboard ship were therefore used to give first insights about the
richness of sediments in organic material and export production. TOC/
total nitrogen (TN) ratios and Rock-Eval pyrolysis parameters were used
to help identify the quality of the organic matter (e.g., origin and pres-
ervation).

In contrast to the wide ranges of sulfate reduction, alkalinity genera-
tion, and methane production, the sedimentary organic carbon con-
centrations have a much narrower range for Leg 202 sites. Organic car-
bon concentration maxima do not exceed 4.5 wt%, even for sites at
shallower water depths where biological production in the overlying
waters is known to be high, such as in coastal upwelling areas. Average
organic carbon concentrations are typically lowest for the three sites
with limited degrees of sulfate reduction (Sites 1236, 1237, and 1241).
Higher methane concentrations and partial to complete sulfate reduc-
tion are found at sites where sedimentary organic carbon concentra-
tions are higher, with maximum values of at least 1.5 wt% (Sites 1233–
1235, 1238–1240, and 1242). This indicates that the supply of labile or-
ganic matter controls the redox state of these sediments (Table T4). The
availability of oxidants during diagenesis may also change both the
quantity and composition of the organic matter in the upper several
hundred meters of marine sediments.

TOC/TN ratios are commonly used to discriminate between marine
and terrestrial organic matter. Marine organic materials have atomic
TOC/TN ratios between 4 and 10, and terrestrial organic matter TOC/
TN ratios are above 20. Whereas degradation during sinking and burial
diagenesis can increase TOC/TN ratios, in Leg 202 sediments they are
usually ~10 (Fig. F28), indicating that organic matter buried in sedi-
ments is mainly of marine origin along the southeast Pacific margin.
One exception is Site 1241, where higher TOC/TN ratios are found.
These high ratios may result from degradation, because the supply of
land-derived organic matter is expected to be negligible at this site lo-
cated on a ridge and away from the coast.

Many sites show an initial decline of organic carbon concentrations
with increasing depth, consistent with organic matter oxidation. How-
ever, the competing influences of organic carbon supply from primary
productivity, the effects of water depth at a site on organic carbon deliv-
ery to sediments, and the importance of dilution by detrital and bio-
genic sediments based on site location make simple generalizations
about site organic carbon concentrations difficult. For instance, the
degradation process would be dominant in driving TOC changes if TOC
decreases are associated with increases in TOC/TN ratios, whereas pres-
ervation would be the dominant process if an inverse correlation had
been observed. The lack of a clear correspondence between these two
parameters (Fig. F29) may indicate that both processes significantly in-
fluence the preservation of TOC. Results of Rock-Eval analyses of se-
lected samples from several sites confirm this.
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Dilution by siliciclastics appears to play an important role in control-
ling organic matter concentration in many of the sites, particularly at
Sites 1233–1235 from the Chile margin, where sedimentation rates are
extremely high (>50 cm/k.y. to >1 m/k.y). Although the high concen-
trations of volatile hydrocarbons at these three sites indicate that the
burial flux of metabolizable organic matter is very important, TOC con-
centrations are low compared to other eastern boundary sites where
coastal upwelling occurs, such as along the coastal branch of the Ben-
guela Current. At the Chile margin sites, variations in TOC contents are
mainly influenced by extremely high terrigenous sediment supply as a
result of enhanced fluvial discharge in response to continental rainfall.

Results from two cores from the central Chile margin, close to Sites
1233–1235, document a decrease in TOC concentrations from the Ho-
locene to the last glacial state (MIS 2) Hebbeln et al. (2002). The MARs
of organic carbon, however, reveal a reversed pattern. Organic carbon
MARs were higher during MIS 2 than during the Holocene as a conse-
quence of higher glacial sedimentation rates. This pattern is very simi-
lar to that observed at Site 1233. Hence, the effect of dilution and vary-
ing sedimentation rates has to be considered for paleoproductivity
reconstructions from Leg 202 sites, and a multiproxy approach should
be preferred.

At Site 1237 on Nazca Ridge, the increase in TOC concentrations
since 3.5 Ma can be attributed to a change in export production. A
larger influence of degradation or preservation is unlikely according to
the variations observed in TOC/TN ratios and Rock-Eval data. Dilution
by calcium carbonate is minor. In addition, dilution by siliciclastics can
be excluded because the supply of siliciclastics also increased over the
last ~3.5 m.y. The increase in TOC contents could be the result of an in-
tensification of coastal upwelling or the plate tectonic migration that
moves Site 1237 closer to the coastal upwelling zone.

Similarly, export production and thus organic material delivery to
the sediments seem to be the dominant factors in driving TOC varia-
tions in the sedimentary sequences of Sites 1238–1240 along the equa-
torial divergence. For instance, in these three sites, an organic-rich in-
terval corresponding to Pliocene–Pleistocene times has been found. The
generally good correlation between TOC variations and the presence of
microfossils (diatoms in particular) in these intervals support this hy-
pothesis.

Authigenic Mineralization: Calcium and Magnesium 
Profiles in Interstitial Waters

Alkalinity produced by organic matter oxidation can drive carbonate
mineralization reactions, including precipitation and replacement reac-
tions producing calcite and/or dolomite. If precipitation reactions are
sufficiently intense, they can result in substantial decreases in intersti-
tial calcium, in contrast to the more typical conservative increases of
calcium with depth driven by reactions in basement seen in many ma-
rine sediments. Decreases in calcium can drive large increases in mag-
nesium/calcium ratios, and high values of this ratio appear to be neces-
sary to promote authigenic dolomite formation.

At sites with little to no sulfate reduction, interstitial calcium typi-
cally is constant or increases with increasing depth (Fig. F30A) and
magnesium/calcium ratios are constant or decrease with increasing
depth (Fig. F30C). In contrast, the deeper Carnegie Ridge site (1238)
with an intermediate degree of sulfate reduction (Table T4) has a cal- 0
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cium minimum ~40% lower than seawater values, and magnesium/cal-
cium ratios increase to nearly 8 just shallower than the sulfate mini-
mum (Fig. F30A, F30C). The depletion of calcium is more pronounced
at sites with complete sulfate reduction and with minimum calcium
concentrations at least 80% lower than seawater concentrations (Fig.
F30B). The depth of the calcium minimum is typically shallower than
the alkalinity maximum (Table T4). The large decreases in calcium drive
substantial increases in magnesium/calcium ratios to values as high as
40 (Fig. F30D). Higher magnesium/calcium ratios more effectively pro-
mote dolomite formation, which acts as a sink for magnesium. Sites
with more intense sulfate reduction via organic matter oxidation are
likely to be influenced more heavily by authigenic carbonate mineral-
ization reactions, and this must be considered when evaluating their
utility for ocean history reconstructions.

Chloride Profiles: Gas Hydrates
in Two Chile Margin Sites

The two shallower Chile margin sites (1233 and 1235) show clear ev-
idence of the influence of methane hydrates in interstitial chloride pro-
files based on the large decreases in chloride with increasing depth (Fig.
F31). These gradients are significantly larger than those observed at the
deeper water, midslope Peru margin basin sites drilled during Leg 112
(Sites 682, 683, 685, and 688; site water depths range from 3072 to 5071
m). Decomposition of gas hydrates could explain the observed chloride
decreases as a result of dilution, either through in situ decomposition at
depth in the sediment column below the hydrate stability zone or as an
artifact during sediment recovery. In contrast to Sites 1233 and 1235,
the deeper-water Chile margin site (1234) has a more conservative chlo-
ride gradient with depth (Fig. F31).

Fluid Flow in Basement: Panama Basin Site 1240

A Panama Basin site (1240) has a relatively thin total sediment cover,
and drilling reached basement at 289.2 mcd. Organic matter diagenesis
influences the interstitial water chemistry, as indicated by the sulfate
profile (Fig. F32). The decline in interstitial sulfate with depth is accom-
panied by increases in alkalinity, phosphate, and ammonium (Fig. F32).
However, sulfate reduction is not complete at this site. The return of
sulfate and alkalinity values toward seawater values near the sediment/
basalt interface, along with those of other elements, indicates flow of
relatively unaltered seawater in the underlying basement. Large-scale
horizontal advection of such waters through oceanic crust in the cen-
tral equatorial Pacific has been inferred from interstitial water geochem-
istry (Oyun et al., 1995) and is thought to be responsible for the low
conductive heat flow (i.e., low thermal gradients) observed in that re-
gion. This influence of advective flow at Site 1240 means that any esti-
mates of the influence of processes like authigenic mineralization based
on interstitial water geochemistry may tend to underestimate their ef-
fects at this site. The incomplete sulfate reduction is not because of lack
of oxidizable organic matter, as indeed the middepth sediments at this
site are relatively organic carbon rich, but is the result of the effective-
ness of the resupply of sulfate from above and below the sediment col-
umn, resulting in distinctive interstitial profiles (Fig. F32).
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TECTONICS AND CLIMATE

One of the most perplexing questions in climate is why global cli-
mate over the past 40 m.y. changed from very warm conditions (the
“Greenhouse World”) to conditions of unipolar (Southern Hemisphere)
and later bipolar glaciation (the “Icehouse World”). Partial answers in-
clude plate tectonic processes, elevation and erosion of vast plateaus,
opening and closing of oceanic gateways, and changing concentrations
of atmospheric greenhouse gases. The southeast Pacific is a key location
for examining the Neogene and Paleogene response of climate, ocean-
ography, and biogeochemical systems to events such as the closure of
the Isthmus of Panama and the uplift of the Andes.

Andean Uplift, Eolian Dust, Volcanism,
Climate Change, and Biogeochemistry

The Neogene uplift of the Andes Mountains is expected to have
caused extensive changes in South American climate, wind-driven oce-
anic surface circulation, and, hence, productivity by reorganizing the
pattern of atmospheric circulation and the hydrological cycle. But the
timing and consequences for climate and ocean circulation, possibly re-
sponding to critical thresholds in the uplift history, are poorly con-
strained.

Continued uplift raised the Andes to an altitude of >4000 m by the
end of the Neogene, establishing a barrier for southeast trade winds in
the subtropics and for westerly winds in the midlatitude regions of
South America (Lenters et al., 1995). Today, the blocking of the westerly
winds results in enhanced precipitation on the western side of the
mountain range (Chilean and Patagonian glaciers) and causes a strong
rain shadow on the eastern side (Patagonian desert). A reversed rainfall
pattern marks the low-latitude regions, where the barrier leads to en-
hanced precipitation from the trade winds on the eastern side of the
mountain chain. Heavy rainfalls form a major source for the Amazon
River, which drains its sediment load into the Atlantic. The western side
suffers from a rainshadow effect and drier climate conditions, as ex-
pressed in the Atacama Desert. Moreover, the interplay between the up-
lift of the Andes and the semipermanent subtropical high-pressure cell
over the southeast Pacific may have significantly amplified the aridifi-
cation along the western margin of South America, as suggested by the-
oretical studies (Hay, 1996). The Andes constrict the counterclockwise
flow on the east side of the high-pressure cell and force low-level high-
velocity winds to follow the coast line. This results in enhanced coastal
upwelling, lower sea-surface temperatures, reduced evaporation, and in-
creased onshore aridity.

Marked changes in the erosion history of the Andes were detected
during Leg 154 (Ceara Rise), which drilled the Atlantic side of South
America. The increase in the Amazon River’s supply of terrigenous sedi-
ments and its change in clay mineralogy indicate major uplift phases
from 12 to 8 Ma and since ~4.6 Ma (Curry et al., 1995), as well as sub-
stantial regional climate changes (Harris and Mix, 2002). Uplift over the
past ~10 m.y. is consistent with paleobotanical reconstructions from
the central and Colombian Andes (Gregory-Wodzicki, 2000) and from
~4.6 Ma (Hooghiemstra and Ran, 1994; van der Hammen et al., 1973).
The early Pliocene phase is paralleled by the subduction of Cocos Ridge
at ~5 Ma, which formed during the passage of the Cocos plate over the
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Galapagos hotspot and dramatically elevated the Central American vol-
canic arc and led to the final phase of the closure of the Isthmus of Pan-
ama (Dengo, 1985). Unfortunately the land record can not be used to
assess the details of Neogene water mass changes that respond to
mountain building, as the land record of uplifted marine sediments
contains major hiatuses, for example in Chile between 10 and 3.5 Ma
(Martinez-Pardo, 1990).

During Leg 202, we recovered a latitudinal transect of sediment
records off the Pacific coast of South America that spans the time inter-
val of the last 32 m.y. and offers an opportunity to assess the impact of
Andean uplift on long-term changes in volcanic activity, continental
aridity, upwelling/productivity, trade winds, and dust transport.

The long-term history of eolian deposition in the subtropical south-
eastern Pacific is best recorded at Sites 1236 and 1237 (Fig. F33). Today,
both sites underlie the path of eolian transport from the Atacama
Desert in Chile. The southeast trade winds are the major dust carriers as
indicated by the pattern of quartz distribution in southeast Pacific sur-
face sediments (Molina-Cruz, 1977). The presence of terrigenous hema-
tite and goethite, as well as other mainly clay-sized siliciclastics at Sites
1236 and 1237 (Fig. F33), is indicative of a far-field eolian component
(Pye, 1987). The combined records of these tracers suggest that eolian
dust has accumulated in the subtropical southeast Pacific since at least
the late Oligocene. Shipboard data from Site 1236 provide no informa-
tion about eolian deposition for the sediments older than middle Mio-
cene because the sediment deposition was dominated by supply from a
nearby carbonate platform. Conversely, at Site 1237, the iron oxide sig-
nal is lost, probably diagenetically, in sediments younger than ~8 Ma.

From ~31 to ~15 Ma, before the major uplift of the Andes, Site 1237
was located nearly parallel to its modern latitudinal position farther
westward (a result of plate tectonic movement), ~2200–1500 km away
from the South American coast, and thus received less dust (Fig. F33).
Siliciclastic accumulation rates were lower than today by an order of
magnitude and indicate no significant trend over this interval. The he-
matite record, however, indicates a change in the source region of dust,
which was significantly enriched in hematite during the Oligocene and
depleted during the Miocene. This gradual change between 26 and 22
Ma may indicate a change in weathering conditions that was possibly
associated with a major change in global climate, when late Oligocene
warming (~25 Ma) reduced the extent of Antarctic ice and led to
warmer conditions that prevailed until the middle Miocene (Zachos et
al., 2001). The timing of this shift in eolian sedimentation is also
roughly coincident with the opening of the Drake Passage from 39 to
22 Ma (Barker and Burrell, 1977), which established a deepwater con-
nection between oceans and the Antarctic Circumpolar Current. The
presence of dust far away from the South American coast suggests that
arid or semiarid conditions existed in subtropical South America prior
to the uplift of the Andes. Aridity in this region could have been the re-
sult of loss of humidity by the southeast trade winds along their conti-
nental path across South America and the presence of the adjacent cool
Peru-Chile Current (Frakes, 1979). Before the major uplift of the Andes,
the trade winds probably had a more zonal distribution that allowed
deposition of eolian hematite at Site 1237.

For the period between ~15 and ~8 Ma, a hematite record exists at
both sites. Higher hematite content at Site 1237 during this interval is
consistent with its closer proximity to a potential South American dust
source area. A first slight increase in siliciclastic accumulation rates oc-
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curred at ~14 Ma. This may reflect the onset of aridity in the Atacama
Desert, as suggested by Alpers and Brimhall (1988) to occur sometime
between 15 and ~8 Ma, possibly in response to the uplift of the Andes.
However, the increase in siliciclastic accumulation rates since ~14 Ma
may also result from strengthened trade winds in response to enhanced
global cooling during the Miocene from ~14 to 10 Ma, associated with
the reestablishment of a major ice sheet on Antarctica (Zachos et al.,
2001), or from the eastward migration of Nazca plate, which moves Site
1237 closer to the dust source (Fig. F33).

The abrupt loss of the iron oxide signal at Site 1237 (~8 Ma) appears
to result from diagenetic reduction processes due to an increase in pro-
ductivity and enhanced rain of organic matter to the seafloor rather
than to reflect a change in the dust source area. This is corroborated by
the fact that the reddish color signal of the iron oxides persists into the
Pleistocene sequence at Site 1236, located ~500 km to the southwest of
Site 1237, and thus had an even larger distance to the dust source.

Since the late Miocene and Pliocene, eolian iron oxides are comple-
mented by a significant eolian siliciclastic fraction. Since ~8 Ma, in-
creases are evident in both hematite content at Site 1236 and total dust
flux at Site 1237, indicating enhanced eolian deposition (Fig. F33). In
accordance, recent sedimentological data from middle Miocene to up-
per Pliocene successions in the modern Atacama Desert indicate that
desertification commenced at ~8 Ma and was punctuated by a phase of
increased aridity at ~6 Ma (Hartley and Chong, 2002). Moreover, the in-
crease in eolian deposition and aridification is paralleled by a pro-
nounced increase in productivity (reaching a maximum at ~6 Ma)
along the equatorial upwelling belt (Sites 1239 and 1241 and Leg 138
sites) and in the southeast Pacific, in a region outside the major coastal
upwelling zone but within the influence of the Peru-Chile Current
(Sites 1236 and 1237) (Fig. F34). A change in atmospheric circulation
could explain these features. Intensified trade winds would enhance
equatorial upwelling/productivity and the northward advection of nu-
trient-rich waters transported by the Peru-Chile Current. Modern up-
welling along the Peru continental margin occurs over a broader region
than just a very narrow coastal strip (Fig. F34). This may be because the
wind stress curl associated with the topographically steered winds (the
result of an effective mountain barrier) is positive, creating a broader
upwelling zone than a strictly uniform wind with an equatorward com-
ponent (Pickard and Emery, 1990). Thus, the late Miocene paleo-
position of Site 1237 was possibly influenced by upwelling features. En-
hanced coastal upwelling, in turn, would have led to increased
aridification of the Atacama Desert.

The inferred enhancement in wind speed at ~8 Ma is consistent with
a coarsening in eolian sediments at south equatorial Sites 848 and 849
(Hovan, 1995), which were recovered during Leg 138. At about the
same time, the first occurrence of discrete ash layers in sediments of the
South Pacific record the onset of intense volcanism in the central Andes
and possibly a phase of major uplift that led to the deposition of 55 ash
layers at Site 1237 over the last 9 m.y. (Fig. F35). Taken together, this
chain of evidence may indicate a critical threshold in the uplift history
at ~8–9 Ma by forming an effective topographic barrier that enhanced
the steering of trade winds along the coast, resulting in stronger meridi-
onal flow, enhanced eolian transport, coastal upwelling, and biogenic
productivity. This event is also recorded in the Atlantic Ocean as a rapid
increase in the chlorite:kaolinite ratio off the Amazon, suggesting an
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abrupt increase in physical weathering following uplift (Harris and Mix,
2002).

Paleobotanical evidence as summarized by Gregory-Wodzicki (2000)
suggests a different uplift history for the central and northern Andes.
These data suggest that the central Andes had attained no more than
half of the modern elevation by ~10 Ma and imply surface uplift on the
order of 2000–3500 m since the late Miocene. Major uplift of the Co-
lombian Andes has been suggested to occur at a later stage, between 2
and 5 Ma, reaching no more than 40% of its modern elevation by ~4
Ma and a modern height by ~2.7 Ma. The temporal distribution of ash
layers along the latitudinal transect of the Leg 202 sediment records
might be a useful proxy for tracing the different evolution of the moun-
tain range from Central to South America, if major uplift phases were
accompanied by intense volcanism. The sediment records of Leg 202
comprise >200 volcaniclastic horizons that were deposited during the
last ~9 m.y. (Fig. F35). Maxima in ash layer frequency occurred at ~8–6
Ma off the coast of southern Peru (~16°S). Farther to the north, between
2°S and 8°N, significant amounts of ash layers did not occur before ~5
Ma. The Miocene occurrence of ash layers at north equatorial Site 1241
is interpreted to reflect the volcanic activity of the Galapagos hotspot
based on the presence of black lapilli-sized scoria. The deposition of
such ash layers ceased at ~6 Ma, probably because of the northeastward
movement of Site 1241 away from the Galapagos hotspot. The interval
of the last 5 m.y. is marked by ash layers enriched in clear glasses, possi-
bly originating in Central America.

Another maximum in ash layer frequency marks the interval of the
last 3 m.y. at all sites along the transect between 16°S and 8°N. The late
appearance of ash layers in the northern sediment records during the
Pliocene might be indicative of the major uplift phase in the northern
Andes between 5 and 2 Ma.

However, it is difficult to conclusively prove a primary teleconnec-
tion between the uplift of the Andes and the observed changes in volca-
nism and atmospheric and oceanic circulation because the inferred up-
lift rates have limited confidence in absolute paleoelevation and age
control. Even if the timing and identification of major changes in the
uplift history are known, thresholds for profound changes in climate
and ocean circulation are unknown. Furthermore, it is difficult to dis-
tinguish the initial climate response in equatorial and southeast Pacific
sediment records from effects that may result from the plate tectonic
drift of site locations toward the continent. Nevertheless, the sediment
records recovered during Leg 202 have an excellent potential to provide
detailed insights into the complex tectonics-climate connection.

Additional insights are thought to result from a comparison of sedi-
ment records from the southeast Pacific and southeast Atlantic off the
coast of Namibia (Leg 175 and proposed for Leg 208). These regions
share strong similarities. Both coasts are bordered by highlands that
force the meridional component of the southeast trade winds in con-
nection with the subtropical high-pressure cell to cause enhanced
coastal upwelling and desertification (Namib and Atacama Deserts).
However, the highlands along the coast of Namibia rise to an altitude of
no more than 2000 m and thus may serve as a modern analog to the
late Miocene elevation of the Andes and its impact on atmospheric and
oceanic circulation. We mention these thoughts here in the hope of en-
couraging further research into the tectonic linkages, especially experi-
ments with general circulation models, to test the sensitivity of atmo-
spheric circulation patterns to progressive mountain uplift in the
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midlatitudes and their effect on oceanic heat transfer via the eastern
boundary currents.

Closure of the Isthmus of Panama

The Neogene tectonic closure of the Central American isthmus from
13.0 to 2.7 Ma (Duque-Caro, 1990; Collins et al., 1996) resulted from
the subduction of the Pacific Cocos and Nazca plates beneath the North
and South American plates and later the Caribbean plate. The early
phase of the closure restricted the exchange of deep and intermediate
water between the Pacific and the Atlantic and is considered as a poten-
tial cause for the carbonate crash near the middle/late Miocene bound-
ary (Lyle et al., 1995). This interval is characterized by periods of severe
carbonate dissolution and has been documented in sediment records
from the eastern equatorial Pacific (~9–11 Ma) and the Caribbean (~10–
12 Ma). The dissolution events are more recently interpreted to reflect
an intensified influx of corrosive southern source water from the Atlan-
tic into the Caribbean and into the equatorial east Pacific, both in re-
sponse to a strengthened global thermohaline circulation associated
with enhanced production of North Atlantic Deep Water (Roth et al.,
2000). However, the major phase of the carbonate crash occurred ~1
m.y. earlier in the Caribbean than in the Pacific, leaving open several
questions concerning the timing and mechanisms.

In addition, the closure has always been an attractive candidate for
the ultimate cause of the Pliocene intensification of the Northern
Hemisphere glaciation since ~3.1 Ma (Mikolajewicz and Crowley,
1997). Closure-induced changes in global thermohaline circulation
have been invoked to be the cause either for the onset (Berggren and
Hollister, 1974) or for the delay (Berger and Wefer, 1996) or for setting
the preconditions of the Northern Hemisphere glaciation (Haug and
Tiedemann, 1998; Driscoll and Haug, 1998).

Although the link between the isthmus closure and the Northern
Hemisphere glaciation is still a matter of debate, recent studies clearly
identify a close link between the formation of the Isthmus of Panama
and major oceanographic changes that occurred between 4.6 and 4.2
Ma, when the Panamanian sill shoaled to a water depth of <100 m
(Haug and Tiedemann, 1998). The chain of evidence suggests the devel-
opment of the modern Pacific-Atlantic salinity contrast of ~1‰ (Haug
et al., 2001), a reorganization of the equatorial Pacific surface current
system, the intensification of Upper North Atlantic Deep Water forma-
tion, and the development of the modern chemical Atlantic-Pacific
asymmetry, which is reflected in a strong increase in Caribbean/Atlan-
tic carbonate preservation and a remaining strong carbonate dissolu-
tion in the Pacific (Farrell et al., 1995b; Haug and Tiedemann, 1998;
Haug et al., 2001). This major salinity contrast between ocean basins,
driven in part by net freshwater transport as vapor across the Isthmus of
Panama, is likely responsible for maintaining the global thermohaline
“conveyor belt” circulation, which is dominated by North Atlantic
Deep Water (Gordon, 1986; Broecker, 1991).

In contrast to Leg 138, the equatorial sediment records from Leg 202
provide only limited evidence for the middle–late Miocene carbonate
crash, probably due to the shallower site locations. All information
about the Pacific carbonate crash is based on records deeper than 3000
m water depth, a depth level that is highly sensitive to fluctuations in
the carbonate compensation depth (CCD) in the eastern equatorial ba-
sins (Lyle et al., 1995). However, Site 1241 on Coccos Ridge was affected
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by enhanced carbonate dissolution between ~9 and 12 Ma (Fig. F36), al-
though positioned in a water depth of ~2200 m, well above the modern
CCD. The tectonic backtrack moves Site 1241 southwestward, closer to
its origin at the Galapagos hotspot into the equatorial high-productiv-
ity belt, and into a water depth that was probably several hundred
meters shallower during the middle to late Miocene than it is today.

The Miocene interval from ~9 to 12 Ma is marked by low carbonate
accumulation rates (Fig. F34) and low carbonate concentrations averag-
ing ~40 wt% (Fig. F36) but relatively high mean sedimentation rates of
~50 m/m.y. Biogenic opal, organic carbon, and siliciclastics became sig-
nificant contributors to the sediment composition. The preservation of
calcareous nannofossils, planktonic foraminifers, and even benthic for-
aminifers was affected strongly by carbonate dissolution (Fig. F36). The
overall increase in biogenic opal (including laminated diatom oozes),
organic carbon (up to 1.5 wt%), and sedimentation rates is indicative of
high surface productivity and enhanced organic carbon rain. Fluctua-
tions in the lysocline depth associated with a change in carbonate vs.
biogenic opal productivity (>Corg/CaCO3-flux) and supralysoclinal car-
bonate dissolution in response to organic matter degradation are con-
sidered as major contributing factors to the carbonate dissolution
events. These findings may revitalize the discussion about the mecha-
nisms that contributed to the carbonate crash. At this stage of results,
however, it is difficult to postulate any link to the closure of the Isth-
mus of Panama.

The most prominent feature of long-term changes in the Leg 202
sediment records is a pronounced late Miocene to early Pliocene maxi-
mum in biogenic accumulation rates, suggesting an interval of en-
hanced oceanic surface productivity between ~8 and ~4 Ma with a max-
imum at ~6 Ma (Fig. F34). A similar but shorter interval of rapid
biogenic accumulation (6.7–4.5 Ma) was found at equatorial east Pacific
sites during Leg 138 and is often referred to as the late Miocene to early
Pliocene biogenic bloom (Farrell et al., 1995b). Compelling evidence
that the biogenic bloom occurred throughout the entire tropical Indo-
Pacific is summarized in Farrell et al. (1995b). The ultimate cause of the
rise and fall of this bloom is unknown but has been linked to a variety
of previous hypotheses including sea level variations, continental
weathering, deepwater circulation, trade wind fluctuations, and the clo-
sure of the Isthmus of Panama. Sites 1236 and 1237 trace the productiv-
ity maximum for the first time farther south and suggest an early onset
of this event in the eastern boundary current of the South Pacific. The
onset and continuation of the productivity event was probably associ-
ated with an increase in trade wind circulation since ~8 Ma as discussed
in the context of Andean uplift in the previous section. Whether the
wind-driven northward advection of cool and nutrient-rich Southern
Ocean waters via the eastern boundary current and its injection into
the South Equatorial Current is a possible source for this biogenic
bloom will be studied postcruise.

The fall of this event was possibly associated with a decrease in the
strength of the southeast trade winds as indicated by grain-size studies
on eolian sediments from south equatorial Sites 848 and 849 (Hovan,
1995). The grain-size records, spanning the interval of the last 10 m.y.,
reveal a pronounced early Pliocene minimum, inferring a decrease in
wind speed. Site 1237 underlies the path of eolian transport from the
Atacama Desert and is ideally located to verify this hypothesis. In addi-
tion to changes in atmospheric circulation, the emergence of the Isth-
mus of Panama may have played a critical role because the end of the
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bloom, at ~4.5 Ma, coincides with a critical threshold in the closure his-
tory that led to a decrease in equatorial east Pacific sea-surface salinities
(Haug et al., 2001) and an eastward shift of maximum biogenic opal
productivity (Farrell et al., 1995b). The preliminary results from Leg 202
provide no clear timing for the Pliocene fall of the productivity event
(Fig. F34) because the carbonate accumulation rates continued to de-
crease into the Pleistocene at Sites 1236, 1237, and 1241. At Carnegie
Ridge, off the coast of Ecuador, the picture is even more complicated
because here the biogenic bloom persisted until ~3 Ma and Site 1238
and perhaps until ~2 Ma at Site 1239. However, equatorial Sites 1238,
1239, and 1241 are ideally located to monitor changes in biogeochemi-
cal cycles and equatorial oceanography that may result from the closure
history of the Isthmus of Panama.

ORBITAL-SCALE CLIMATE VARIABILITY

Sites drilled during Leg 202 will provide an opportunity to examine
the details of regional climate responses to the onset and amplification
of Pleistocene ice age cycles at orbital scales over the last 5 m.y. Evi-
dence from the Southern Ocean (Imbrie et al., 1993) and from the equa-
torial Pacific (Pisias and Mix, 1997; Lea et al., 2000) suggests that near-
surface changes in these areas precede those at high northern latitudes.
Thus, climate changes here do not passively respond to Northern Hemi-
sphere glaciation but could be part of the chain of responses that led to
Northern Hemisphere glaciation.

Especially important for Leg 202 will be to assess the linkages be-
tween changes observed at higher southern latitudes (e.g., Leg 177)
with those along the equator (Sites 1238–1240). Site 1237 will provide a
useful monitor of the advective link between the high and low lati-
tudes, by monitoring the strength of the cool Humboldt Current at or-
bital scales of 104–106 yr. Comparison of benthic water mass tracers
from sites at intermediate depths (Sites 1239 and 1242) with those at
greater depths (Sites 1238 and 1240) will help to document the role of
changing Pacific intermediate waters of northern and southern sources
in large-scale climate change (Mix et al., 1991).

Within Pleistocene time, the origin of the large 100-k.y. climate cycle
~1 m.y. ago remains puzzling. A number of mechanisms have been pro-
posed, including a threshold response of high-latitude glaciers to grad-
ual long-term cooling associated with uplift of mountain ranges (Ruddi-
man and Raymo, 1988) or reduction of greenhouse gases (Maasch and
Saltzman, 1990); a transition from land-based to marine-based ice
sheets (Pisias and Moore, 1981; Berger and Jansen, 1994); erosion of soft
sediment below Northern Hemisphere glaciers to expose bedrock, al-
lowing larger glaciers to grow by increasing basal friction (Clark and
Pollard, 1998); atmospheric loading of cosmic dust to trigger a response
to rhythmic changes in the plane of Earth’s orbit (Muller and Mac-
Donald, 1997); and long-term cooling of the deep sea at polar outcrops,
which influenced sea ice distributions (Gildor and Tziperman, 2001).

A 100-k.y. cycle of climate may also originate independently of polar
climate changes via the responses of tropical climate systems to orbital
changes in seasonal insolation (Crowley et al., 1992). Evidence exists
for rhythmic 100-k.y. cycles of sedimentation in the eastern tropical Pa-
cific that, if climatically significant, could have provided a “template”
for a climate cycle that was later picked up by the global ice sheets (Mix
et al., 1995). A range of evidence suggests that tropical climate changes
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at orbital scales preceded those of the Northern Hemisphere ice sheets
and must vary independently from the high northern latitudes (Imbrie
et al., 1989; McIntyre et al., 1989; Pisias and Mix, 1997; Harris and Mix,
1999; Lea et al., 2000).

One prediction of climate models that create climate cycles of a 100-
k.y. period from a tropical response to orbital precession is that strong
cycles of ~400-k.y. duration must also be found. Although shipboard
age models are not sufficiently refined to allow interpretation of all the
orbital cycles, preliminary data from Leg 202 demonstrate the likely ex-
istence of orbital-scale variability in lithologies. Evolutive spectra of the
optical lightness parameter L* at Site 1239 (which here tends to mimic
calcium carbonate concentrations in the sediment) reveal substantial
changes in orbital-scale cycles through time (Fig. F37). Prior to ~1.2 Ma,
large variations in sediment L* occurred most strongly within a long pe-
riod (~400-k.y.). Near ~1.0 Ma, this ~400-k.y. cycle broadens to include
variability near the ~100-k.y. period. Rhythmic variations with ~400-
k.y. periodicity are also present in reflectance-predicted TOC content at
Site 1237 (Fig. F11), and in an interval with a well-constrained paleo-
magnetic age model, variations in GRA density at the orbital periods of
tilt (~41 k.y.) and precession (~23 and 19 k.y.) are well defined (Fig.
F19).

MILLENNIAL-SCALE CLIMATE CHANGES: POLAR, 
TROPICAL, OR EXTRATERRESTRIAL CAUSES?

A primary initiative for ODP is to understand the causes and conse-
quences of millennial-scale climate change. Such changes, including
the well-known “Heinrich” events at ~5- to 10-k.y. intervals and “Dans-
gaard-Oeschger” events of ~1- to 3-k.y. periods, are well documented in
rapidly accumulating North Atlantic sediments (e.g., Labeyrie and El-
liot, 1999; Clark et al., 2000). This regional expression of rapid climate
change has led to hypotheses that millennial-scale changes are driven
either by instabilities in Northern Hemisphere ice sheets that surround
the North Atlantic region (MacAyeal, 1993), by oscillations in the for-
mation of North Atlantic Deep Water (Broecker et al., 1990), or, in some
cases, perhaps by rhythmic solar forcing that is expressed in the chang-
ing climate of the North Atlantic (Bond et al., 1997, 2001). Similar mil-
lennial-scale climatic oscillations have been detected in the northeast
Pacific (e.g., Hendy and Kennett, 1999, 2000a, 2000b), suggesting the
transmission of rapid climate change events from their North Atlantic
origins into the Pacific (Mikolajewicz et al., 1997).

An alternative (but perhaps not mutually exclusive) hypothesis to ex-
plain the occurrence of millennial-scale climate change is that rapid cli-
mate oscillations may emanate from the tropics, where they originate
as unstable responses to insolation (McIntyre and Molfino, 1996). A
likely tropical source of rapid climate variability may be modulation of
interannual to decadal climate changes of the eastern tropical Pacific
(Cane and Clement, 1999), a region well known for El Niño Southern
Oscillation (ENSO) events. The tropical hypothesis is plausible, given
lake and ice core records from South America that suggest long-term
changes in the mean state of ENSO events (Thompson et al., 1998; Rod-
bell et al., 1999), glacial–interglacial sea-surface temperature changes
that mimic spatial patterns of change associated with modern La Niña
events (Pisias and Mix, 1997; Mix et al., 1999b; Beaufort et al., 2001),
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and model results suggesting the sensitivity of long-term average oce-
anic condition to changes in El Niño frequency forced by orbital insola-
tion (Clement et al., 1999). It remains unclear how changes in the high
latitudes and low latitudes interact, however.

On an interannual to decadal scale, Liu and Huang (2000) argue that
warming in the equatorial Pacific over the past 50 yr is related to reduc-
tion of the wind-driven advection of cool water from the eastern
boundary current and that such effects that dominate the eastern tropi-
cal Pacific extend even to the western Pacific and perhaps elsewhere.
On longer (glacial–interglacial) timescales, a similar linkage between
the equatorial Pacific and the eastern boundary current seems to be im-
portant (Pisias and Mix, 1997; Feldberg and Mix, 2002).

If the tropical hypothesis is true, we expect that millennial-scale cli-
mate events will be clearly recorded in sites with high sedimentation
rates from the eastern equatorial Pacific, particularly near the Galapagos
Islands, a region sampled at Site 1240. If the connection to the eastern
boundary current is important in driving such changes, we might also
expect to find similar patterns of variability in sites to the south, includ-
ing Sites 1233, 1234, and 1235.

We already know, based on continental paleoenvironmental records
in midlatitude Chile such as glacier advances in the southern Andes
correlated to Northern Hemisphere climate events (Lowell et al., 1995;
Denton et al., 1999), vegetation changes during both Termination 1
and marine isotope Stage 3 (MIS 3) (Heusser et al., 1999; Moreno et al.,
2001), and weathering activity in the Chilean Norte Chico (27°S) (Lamy
et al., 2000), that this region is very sensitive to rapid climate change.
However, so far it has proven difficult to compare such changes unam-
biguously to those of the Northern Hemisphere because of limitations
in dating.

Short marine cores from the region reveal that surface ocean proper-
ties also varied significantly within the southern Peru-Chile Current.
Sea-surface temperature reconstructions based on the Uk′37 method re-
veal pronounced millennial-scale oscillations during both the late gla-
cial period (Kim et al., 2002) and the Holocene (Lamy et al., 2002). Sim-
ilar variations in sea-surface salinity (SSS) reconstructed for the
Holocene at Site 1233 indicate close links to continental climate
changes, as SSS within this region is strongly influenced by freshwater
input in the southern Chilean fjord region (Lamy et al., 2002).

Recent data, especially from the northeast Pacific (Behl and Kennett,
1996; Mix et al., 1999a; Lund and Mix, 1998) also affirm the impor-
tance of understanding Pacific deep and intermediate water circulation
on millennial timescales. Broecker (1998) points to the existence of a
“bipolar seesaw” effect, in which millennial-scale changes in Antarctic
temperature are out of phase with (leading) Northern Hemisphere
events. This inference is buttressed by data from the Southern Ocean
(Charles et al., 1996) and by comparison of ice core δ18O or 2H data
from both hemispheres synchronized with the methane record (Blunier
et al., 1998). Because the patterns of change are significantly different
in the Northern and Southern Hemispheres, we can use the pattern of
ventilation events on the millennial scale as a “fingerprint” of their
source.

In the Pacific, Northern Hemisphere sites such as Site 893 from the
Santa Barbara Basin provide compelling evidence of millennial-scale
events of enriched oxygen content (i.e, unvarved sediments containing
oxic benthic foraminiferal assemblages), which are approximately cor-
related with cold events in the North Atlantic (Kennett and Ingram,
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1995; Behl and Kennett, 1996; Cannariato et al., 1999). Off Oregon, Site
1019 (980 m water depth) suggests that regional productivity effects
could contribute to variations in the oxygen minimum zone off Califor-
nia (Mix et al., 1999a) and that ventilation of intermediate water
masses is stronger during warm (e.g., Bølling-Allerød) climate events
than it is during cold (e.g., Younger Dryas) climate events. At greater
water depths, a possible Southern Hemisphere connection is found, as
variations in benthic foraminiferal δ13C appear linked to the Antarctic
Cold Reversal, which precedes Younger Dryas cooling of the Northern
Hemisphere (Blunier et al., 1997). With these data alone, the processes
responsible for millennial-scale climate changes in the Pacific remain
unclear.

Leg 202 sites will contribute to the understanding of millennial-scale
climate changes by providing records of high sedimentation rates from
sites off central Chile (Sites 1233, 1234, and 1235), within the equato-
rial cold tongue (Site 1240), and on the Costa Rica margin (Site 1242).

The sites drilled along the Chile continental margin at 41°S (Site
1233) and ~3°S (Sites 1234 and 1235) (Fig. F38) provide sediment se-
quences with the potential for unprecedented ultra-high-resolution
records of surface and deep-ocean conditions as well as continental
paleoclimates during the last two glacial–interglacial cycles.

Sites 1233–1235 are particularly well located for assessing variations
in the strength of AAIW through time (Fig. F39). Site 1235 monitors the
boundary between the GUC (the poleward undercurrent, a relatively
low-oxygen water mass), and AAIW (a relatively high oxygen water
mass). Site 1233 is located roughly in the core of AAIW and thus should
provide the best available record of AAIW properties relatively close to
its source in the Antarctic Subpolar Front. Finally, Site 1234 monitors
the deeper boundary of AAIW in its zone of mixing with PCW (a rela-
tively low oxygen water mass).

Together, these records will fill a crucial gap in the paleoceano-
graphic archive because there are no existing high-resolution cores ca-
pable of monitoring the intermediate waters that upwell at low lati-
tudes and influence productivity and carbon outgassing to the
atmosphere (Broecker and Peng, 1982). The temperature changes de-
duced from benthic foraminiferal oxygen isotopes at Sites 1233–1235
should provide a sensitive monitor for assessing the effect of intermedi-
ate-depth temperature changes on tropical climate over millennial to
decadal timescales. Thus, Sites 1233–1235 afford an excellent opportu-
nity to examine the role of chemical changes in high-latitude surface
waters that can be transferred to the tropics via AAIW (e.g., Oppo and
Fairbanks, 1989; Ninnemann and Charles, 1997).

Shipboard biostratigraphic data indicate that the bases of Sites 1233–
1235 are younger than 260 ka. Additional tentative stratigraphic mark-
ers are derived from analyses of paleomagnetic variations, such as the
Laschamp Excursion at ~41 ka, which is particularly pronounced at
Sites 1233 and 1234 (see “Cenozoic Biostratigraphic and Magneto-
stratigraphic Reference Sections (Sites 1237 and 1241),” p. 14, and
“Age Models and Mass Accumulation Rates of Leg 202 Sites,” p. 16.
These data indicate that sedimentation rates are generally >50 cm/k.y.
reaching >1 m/k.y. in major parts of the recovered sequences, particu-
larly at Sites 1233 and 1235. Such high sedimentation rates at key loca-
tions provide an outstanding opportunity to explore atmospheric and
oceanographic variability in the Southern Hemisphere on the relatively
short timescales from millennia to centuries and perhaps even decades.
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Sediments at all three sites are dominated by lithologically homoge-
neous fine-grained terrigenous material with very high magnetic sus-
ceptibilities (Fig. F40). Minor amounts of biogenic components, mostly
well preserved for paleoceanographic studies, are present throughout
nearly the entire recovered sequences. The high sedimentation rates
can be explained by extremely high terrigenous sediment supply due to
enhanced fluvial discharge in response to heavy continental rainfall
(Lamy et al., 2001). Probably in response to northward decreasing pre-
cipitation, sedimentation rates appear to be lower at Sites 1234 and
1235 when compared to Site 1233, particularly during MISs 2 and 3.
However, this pattern might have been different in the older parts of
the records, either indicating a different contribution of syndeposi-
tional sediment focused within the local basins or different rainfall pat-
terns during MISs 5 and 6.

The magnetic susceptibility records of all sites document pro-
nounced variability both on Milankovitch and sub-Milankovitch time-
scales. Higher magnetic susceptibility appears to be characteristic of gla-
cial intervals, which might indicate increased terrigenous sediment
input due to higher rainfall during regional cold phases. This is consis-
tent with findings from marine sediment cores off central and northern
Chile (Lamy et al., 1998, 1999).

Even as the Leg 202 cores were being analyzed at sea, we were able to
develop preliminary age models based on correlation of magnetic sus-
ceptibility data from Site 1233 and from a 14C-accelerator mass spec-
trometry (AMS)-dated gravity core taken previously at the site that
spans the last ~8000 yr (Lamy et al., 2001). In addition, shipboard
paleomagnetic data revealed a major excursion of Earth’s magnetic
field, which we correlated to the well-known Laschamp Excursion at
~41 ka. The shipboard chronologies do not yet allow us to link specific
variations in magnetic susceptibility at Sites 1233–1235 to climate
changes recorded in either the Northern Hemisphere or Southern
Hemisphere ice sheets. Nevertheless, it is already clear that such link-
ages are likely to be found. For example, within the interval of the last
~45 k.y., Site 1233 displays strong sub-Milankovitch variability with
general patterns similar to those observed in polar ice cores (Fig. F41).
By analogy to variations within the Holocene (Lamy et al., 2001) and to
longer-period glacial–interglacial variations in the region, we expect
that the variations in magnetic susceptibility at Site 1233 are related to
changes in continental rainfall, which probably reflect latitudinal shifts
of the southern westerly winds.

Shipboard data on diatom abundance and assemblage composition
reveal pronounced sub-Milankovitch variability, possibly reflecting
changes in upwelling and biological production at Site 1233. Further-
more, significant changes in continental freshwater input seem to be
indicated by the abundance of freshwater diatoms.

In the tropics, Site 1240 is ideally located to assess rapid variations in
equatorial upwelling, perhaps related to long-term stability of ENSO
events (Clement et al., 1999; Beaufort et al., 2001). Here, sedimentation
rates are near 10 cm/k.y., suggesting that climate changes on the scale
of centuries may be well recorded here.

Site 1242 will provide for analyses of sea-surface salinities in the Pan-
ama Basin, related to excess precipitation relative to evaporation near
the intertropical convergence. This region of the Panama Basin is noted
for its extreme warmth (often >30°C), exceptionally low salinity (near
32), and a strong, shallow pycnocline (typically centered near 20–40 m
depth). These features all reflect high rainfall relative to evaporation
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(Magaña et al., 1999), which stabilizes the water column and dimin-
ishes vertical mixing of heat and other properties. A portion of the net
freshwater flux to the Panama Basin originates in the Atlantic or Carib-
bean (Jousaumme et al., 1986), so low salinities here partially reflect the
transport of freshwater from the Atlantic to Pacific Basins via the atmo-
sphere. The dynamics of this transport are important because this rela-
tively small transport of freshwater helps to maintain the relatively
high salinity of the Atlantic Ocean—a key parameter in maintaining
the global thermohaline “conveyor belt” circulation dominated by
North Atlantic Deep Water production (Zaucker et al., 1994; Rahmstorf,
1995). Thus, a millennial-scale record of sea-surface salinity variation at
Site 1242 will help to test the tropical hypotheses of rapid climate
change and will evaluate a possible mechanism that would link climate
changes of the tropics via the hydrological cycle to those of the high
latitudes through the control of oceanic salinity budgets on deepwater
formation.

Variations in paleomagnetic secular variation and NRM intensity ob-
served at Sites 1233–1235 and 1240 will likely facilitate synchronization
of these important Southern Hemisphere sedimentary records to high-
resolution records from the Northern Hemisphere, and this will provide
a test of the phasing of millennial-scale climate changes between the
two hemispheres.

SUMMARY AND PERSPECTIVES

Leg 202 set out to study the oceanic, climatic, and biogeochemical
systems in the southeast Pacific. Drilling probed these systems on scales
that range from tectonic (millions of years) to orbital (tens of hundreds
of thousands of years), and centennial to millennial (hundreds of thou-
sands of years). The experiment addressed hypotheses on (1) the re-
sponse of the South Pacific to major tectonic and climatic events, such
as the opening of the Drake Passage, uplift of the Andes Mountains, clo-
sure of the Panama Isthmus, and major expansion of polar ice sheets;
(2) linkage between climate changes in the high latitudes and the equa-
torial Pacific related to rhythmic changes in Earth’s orbit and the rela-
tionship of such changes to known glacial events of the Northern
Hemisphere; and (3) regional changes in climate, biota, and ocean
chemistry on scales of centuries to millennia. The southeast Pacific is a
relatively unstudied area, so Leg 202 opened study of new regional ele-
ments of the global climate system.

A total of 7081 m of sediment was recovered at 11 sites that form a
latitudinal transect from 41°S to 8°N as well as a transect of intermedi-
ate to deep water masses at water depths of 490–4070 m. Sediments
range in age from early Oligocene (~31.5 Ma) to Holocene (Tables T1,
T2; Fig. F2). Operational successes during Leg 202 include the ability to
make real-time drilling decisions by using a rapid-scanning core logging
track. Based on the availability of these logging data, efficient planning
of operations made time for extensive drilling over of APC cores that
improved recovery. As a result, at all sites, we documented essentially
complete recovery in some of the longest APC-cored intervals in ODP
history (six holes >250 m and three holes >300 m). In some instances,
recovery was nearly complete in double XCB-cored intervals at even
greater depth. Other innovative operations included the use of a non-
magnetic core barrel, which significantly improved the quality of ship-
board paleomagnetic data. The combination of detailed magnetic strati-
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graphies with excellent biostratigraphies based on all major microfossil
groups provided a unified chronologic framework at sites that range
from cool subtropical to warm tropical settings.

The diversity of sites as a function of latitude, water depth, sedimen-
tation rate, and biological production of overlying waters yielded a
unique opportunity to understand the role of organic matter oxidation
on interstitial water chemistry. These findings provide significant
geochemical constraints on the interpretation of climate and bio-
geochemical changes from sedimentary records. For example, sites with
complete sulfate reduction (1232–1235, 1239, and 1242) are likely to be
influenced more heavily by authigenic carbonate remineralization.
Sites with little or no sulfate reduction (1236, 1237, and 1241) have
very little remineralization of carbonates and offer opportunities for de-
velopment of exceptionally long peleoceanographic records. Two shal-
lower sites on the Chile margin (1233 and 1235) gave clear evidence of
methane hydrates based on chloride decreases in interstitial waters,
whereas one site (1240) revealed active fluid flow in the underlying
basement.

The sedimentary imprint of the gradual plate tectonic drift of sites
relative to the continental margin is clear, but superimposed on these
long-term trends are substantial variations in local environments that
drive changes in the production and preservation of biogenic sediment
components and modify the supply of terrigenous sediments. For ex-
ample, the slow drift of Site 1237 (Nazca Ridge) toward South America
resulted in increasing terrigenous and opaline sediments at younger
ages. Noncarbonate sediments also generally increased at younger ages
at Sites 1238 and 1239 (Carnegie Ridge) as they approached South
America, but gradual changes were punctuated by high sedimentation
rates ~2–5 Ma. In contrast, Site 1241 (Cocos Ridge) recorded a long-term
decrease in noncarbonate sedimentation at younger ages, as this site
drifted to the northeast away from the productive equator.

An interval of low carbonate accumulation from 11 to 9 Ma has been
referred to in the equatorial Pacific as a carbonate-crash event of poor
preservation, perhaps related to deep-sea circulation. Our finding of low
carbonate accumulation within this interval at Site 1236, which occu-
pied relatively shallow paleo–water depths (<1000 m), suggests that low
production may also have contributed to the carbonate-crash event.

A stepwise increase in terrigenous dust flux (Site 1237) and hematite
contents (Site 1236) since 8 Ma may reflect a critical threshold in the
history of Andean uplift, which strengthened the equatorward trade
wind circulation and enhanced coastal upwelling and productivity. At
approximately the same time, discrete ash layers began to appear at Site
1237, perhaps recording the onset of intense volcanism that accompa-
nied the tectonic uplift of the Andes. More than 200 volcaniclastic hori-
zons were deposited during the last ~9 m.y. at this site. Maxima in ash
layer frequency occurred at ~8–6 Ma and during the last 3 m.y.

An interval of distinctly high carbonate accumulation rates, with an
essentially synchronous onset near 7 Ma at Sites 1236–1239 and 1241
and at other equatorial Pacific sites (Legs 130 and 138), is thought to
represent a widespread Miocene interval of high production and is of-
ten referred to as a biogenic bloom. Our finding of this carbonate
bloom event at all water depths confirms production as the cause. Fur-
thermore, our discovery of the event in the southeast Pacific proves
that the event is not uniquely associated with equatorial upwelling as
some previous hypotheses suggested, but instead may be linked to sub-
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stantial changes in the eastern boundary current system or regional nu-
trient budgets.

The termination of the bloom event appears to be diachronous, as
early as 5 Ma at the deepwater sites (e.g., Sites 849 and 850 drilled dur-
ing Leg 138) but as late as 3 Ma at Site 1238 and, perhaps, even 2 Ma at
Site 1239, two relatively shallow sites on Carnegie Ridge. Such diachro-
neity associated with water depth points to the influence of decreasing
carbonate preservation through Pliocene time, perhaps a response to
shoaling and final closure of the Panama Isthmus and the development
of the global “conveyor belt” deep circulation between the Atlantic and
Pacific.

Most of the sequences recovered during Leg 202 reveal clear litho-
logic changes in meter and decimeter scales that are most likely related
to orbitally induced changes in precession and obliquity. If so, these cy-
cles provide a basis for (1) developing orbitally tuned age models and
(2) testing the phase relationships between major climate and oceano-
graphic components to assess the role of South Pacific oceanography
and biogeochemistry within a chain of climate forcing mechanisms re-
lated to orbital changes in the capture of insolation. An apparent ~400-
k.y. cycle of lithologic change at several sites, especially prior to 1 Ma, is
consistent with low-latitude climate oscillations driven by orbital pre-
cession, which can induce such long-period variations from responses
to shorter-period orbital changes.

An especially exciting result of Leg 202 was the successful recovery of
unprecedented ultra-high-resolution records from the Chile continen-
tal margin between 41° and 36°S at water depths between 490 and 1115
m (Sites 1233–1235). Shipboard stratigraphic data indicate that these
records have exceptionally high sedimentation rates of up to 160 cm/
k.y., apparently driven by extremely high terrigenous sediment supply
in response to heavy continental rainfall. Dominance of siliciclastic
sediments here also yielded a highly refined record of paleomagnetic
variations. The Laschamp magnetic event at ~41 ka is particularly pro-
nounced (e.g., covering an interval of ~2 m at Site 1233). These extraor-
dinary paleomagnetic records provide opportunities for high-resolution
regional and global correlation of marine and terrestrial records using
paleomagnetic secular variation and paleointensity variation. This syn-
chronization strategy will help to establish the relative phasing of mil-
lennial-scale climate changes in the Southern and Northern Hemi-
spheres and offer the potential for fundamental advances in
understanding the dynamics of Earth’s magnetic field. Together with a
rich array of well-preserved biogenic and mineralogic tracers of paleo-
climate utility, these sites provide a unique chance for understanding
the role of South Pacific oceanography and Southern Hemisphere cli-
mate in a global context on scales from millennia to centuries, and per-
haps even decades.

In the tropics, rapid climate change and oceanographic changes on
the scale of centuries and millennia are recorded at Site 1240 in the
Panama Basin and at Site 1242 on Cocos Ridge. Both sites provide a
complete stratigraphic sequence of the last ~2.6 m.y. with sedimenta-
tion rates varying in the range of at least 5–17 cm/k.y. Persistent deci-
meter- to meter-scale variability in core logging data (bulk density and
magnetic susceptibility) are mainly related to changes in the relative
supplies of carbonate, biosiliceous, and siliciclastic material and are ten-
tatively interpreted to reflect millennial-scale changes in equatorial pro-
ductivity and/or climate.
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As with most ODP legs that focus on paleoceanographic objectives,
rigorous tests of hypotheses must await detailed shore-based studies.
Isotopic, geochemical, magnetic, faunal, and floral studies are planned.
These studies will refine chronologies based on improved biostratigra-
phies, detailed tuning of lithologic and isotopic data to known changes
in Earth’s orbit, and linkage to radiometric dates via the paleomagnetic
record. With these high-resolution data, refined reconstructions of sedi-
ment mass accumulation rates will lead to better understanding of vari-
ations in production and preservation of biogenic sediments. Changes
in the input of terrigenous sediment components to the ocean will re-
veal new information about climatic and tectonic influences on conti-
nental erosion and explosive volcanism. Detailed studies or organic
components, and their nitrogen and carbon isotopic character, along
with biotic tracers of productive upwelling systems such as diatom spe-
cies, will yield insights into nutrient cycling in the region. Analysis of
subsurface water masses using isotopic, geochemical, and faunal
analyses will help us to understand the role of the South Pacific in the
global circuit of matter masses that is thought to influence global cli-
mate and biogeochemistry.

Leg 202 has opened a new window into understanding global envi-
ronmental change, by providing high-quality sediment sequences from
a previously unsampled region, by targeting sites that record variations
on timescales ranging from decades to tens of millions of years, and by
analyzing transects of both depth and latitude. We expect that this
strategy will establish the linkages between a broad range of systems
and will reveal the role of the southeast Pacific in global climate.

LEG 202 SITE SUMMARIES

Site 1232

Site 1232 (proposed Site SEPAC-09A) is located in the Chile Basin be-
tween the Mocha and Valdivia Fracture Zones ~50-km westward of the
Peru-Chile Trench (Fig. F1). The water depth of 4072 m is ideal to mon-
itor the influx of CPDW into the Chile Basin (Fig. F5) and variations in
terrigenous sediment transported from southern Chile. Crustal ages are
not well defined but are expected to be between 19 and 29 Ma based on
limited study of regional seafloor magnetic lineations. The total thick-
ness of the sedimentary section was estimated at 470 m based on site
survey seismic profiles that revealed well-stratified, moderately reflec-
tive layers in a style characteristic of hemipelagic sediments (Fig. F42).

The primary paleoceanographic objectives at Site 1232 were to re-
cover a nearly continuous sequence of Neogene hemipelagic sediments
for paleoceanographic investigations to (1) reconstruct variations in the
character of the Antarctic CPDW as it enters the Chile Basin from the
south and (2) assess variations in the southernmost reaches of the
northward-flowing Peru-Chile Current.

Three holes were drilled at Site 1232 (Table T2) during relatively high
swell following a force 8 storm. Hole 1232A was cored with the APC
from 0 to 112.5 mbsf and then was deepened with the XCB to 371.3
mbsf. Holes 1232B and 1232C included 10 APC cores to 90.1 mbsf and
four APC cores to 33.2 mbsf depth, respectively. A composite section
and splice documented nearly complete recovery for the upper 100
mcd.
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The 390.6-mcd-thick (371.3 mbsf) sequence recovered at Site 1232
represents an expanded upper Pleistocene section (<1 Ma) of silty clay
(inferred upper parts of turbidites and hemipelagic sediments) interbed-
ded with >800 graded layers of silty sand beds with sharp, sometimes
scoured, basal contacts (basal parts of distal turbidites) (Fig. F43). The
silty sand layers are marked by high magnetic susceptibility and GRA
bulk density, and low chroma (a* and b*) and reflectance (L*) values.
Over the entire cored interval, the sandy silt turbidite layers range from
a few millimeters to 118 cm in thickness (average = 3 cm) (Fig. F43) and
are present throughout the section between silty clay layers that range
from a few millimeters to 610 cm in thickness (average = 27 cm). The
thickness and frequency of the turbidites decrease downhole: recog-
nized sandy silt intervals account for ~22% of the section from 0 to 20
mbsf, 15% of the section from 20 to 200 mbsf, and 3% of the section
from 200 to 250 mbsf. Within both interbedded lithologies, clay miner-
als and feldspar are common, whereas amphiboles, pyroxenes, mica,
and quartz are present in minor amounts, consistent with a source area
dominated by andesitic volcanic rocks of the Andes Mountains. A plau-
sible transport path for turbidity currents is via the southernmost ex-
tent of the Chile Trench north of Chile Rise, where the trench has rela-
tively little bathymetric expression. Calcium carbonate contents are
typically low, less than a few weight percent, although isolated peaks
were found with values as high as 27 wt%. The sediments are poor in
organic carbon, typically <0.25 wt%. Organic carbon/organic nitrogen
ratios indicate dominance of marine organic matter.

The abundance of calcareous microfossils at Site 1232 is generally
low, and their preservation is generally poor to moderate. Diatom abun-
dance and preservation fluctuate significantly and deteriorate notice-
ably at depths >202 mcd. Reworking of microfossils is apparent in all
the fossil groups examined. In particular, freshwater diatoms such as
Aulacoseira granulata and shallow-water benthic species such as Eunotia
spp. are abundant in the intervals 43–69 and 193–241 mcd and indicate
reworking from continental or nearshore sources. Calcareous nannofos-
sils suggest an age of 0.26 Ma at 143 ± 5 mcd, 0.46 Ma at 259 ± 5 mcd,
and <1.7 Ma for the deepest core at 382 mcd.

NRM intensities at Site 1232 were extremely high both before (mean
= 1.41 A/m) and after alternating-field (AF) demagnetization (0.21 A/m)
at peak fields up to 20 mT. The large drop in remanence intensity after
demagnetization is due to the removal of a strong drill string overprint.
Aside from drilling disturbance and the drill string overprint, the NRM
after demagnetization is characterized by negative inclination (normal
polarity) throughout the sequence and therefore is interpreted to repre-
sent the Brunhes Chron (0–0.78 Ma).

Results from gas, interstitial water, and sedimentary composition
measurements at Site 1232 reflect the influences of organic matter dia-
genesis and the low biogenic content of sediments at this site. The sedi-
ments were moderately gassy, with methane dominating the gas com-
position throughout.

The seismic reflection profile indicates an unconformity between
acoustic basement (which may be lithified sediment) and the turbidite-
dominated Pleistocene sequence. Extrapolation of the high late Pleis-
tocene sedimentation rates (>450 m/m.y.) to the unconformity suggests
that much of the sediment accumulation here has occurred within the
last million years. A similar situation has been described on the Peru
continental margin, with a change from carbonate to terrigenous depo-
sition in the late Pleistocene (0.93–0.44 Ma). Whether these dramatic
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secular changes in sedimentation off western South America can be at-
tributed to changes in tectonics or climate remains a question. On the
fine scale, inferred sedimentation rates imply that the turbidite layers
observed at Site 1232, which have an average depth spacing of ~30 cm,
have an average recurrence time on the order of hundreds of years.
Great earthquakes associated with active tectonism of southern Chile,
as well as century- to millennial-scale climate changes, may serve as
possible triggers for large turbidity flows that transport continental
sands and silts to Site 1232. The primary postcruise opportunity at Site
1232 will be to understand this record of turbidity flows and the record
of terrigenous sediment components it provides. In addition, it may be
possible to extract a paleoceanographic record from the pelagic sedi-
ments that are preserved between the turbidite layers, although such a
record may be incomplete.

Site 1233

Site 1233 (proposed Site SEPAC-19A) is located 38 km offshore (20
km off the continental shelf) at 838 m water depth in a small forearc ba-
sin on the upper continental slope (Fig. F1). Predrilling survey data in-
cluded high-resolution Parasound profiles and 3.5-kHz profiles that im-
aged the site to a depth of 110 mbsf (Figs. F44, F45) and 8-m sediment
core (GeoB3313-3) that suggested continuous sedimentation at the site
at rates of 100 cm/k.y. during the Holocene.

The intent of drilling at Site 1233 was to recover a very high resolu-
tion hemipelagic record of upper Quaternary sediments for paleoceano-
graphic investigations to (1) reconstruct millennial- to century-scale
changes of climate related to latitudinal shifts of the westerly wind belt,
upwelling intensity, and productivity; (2) assess variations in terrige-
nous sediment components off south-central Chile to reconstruct cli-
mate variability on land; (3) reconstruct sea-surface salinity anomalies
that may record variations in river runoff or episodes of net glacier re-
treat in the fjord region of southern Chile; and (4) monitor changes in
the signature of AAIW (proxies related to temperature, salinity, nutri-
ents, and oxygen), which ventilates the South Pacific at intermediate
depths.

Five APC holes were drilled at Site 1233 (Table T2). Hole 1233A was
terminated after the first core was retrieved without a mudline. Hole
1233B provided a good mudline and was cored to 109.5 mbsf. Holes
1233C, 1233D, and 1233E were cored to depths of 116.3, 112.3, and
101.5 mbsf, respectively (Table T2). Seven downhole temperature mea-
surements were taken with the APCT tool, yielding a temperature gradi-
ent of ~4.5°C/100 m.

A 136.1-mcd-thick (116.8 mbsf) upper Pleistocene hemipelagic sedi-
ment sequence was recovered at Site 1233 (Fig. F46). A composite sec-
tion and splice based on high-resolution core logging data documented
continuous recovery to the bottom of the sequence (Fig. F46). The sedi-
ment consists primarily of clay and silty clay with varying amounts of
calcareous nannofossils. Interbedded minor lithologies include thin
silt-rich layers, which might represent distal turbidites, and five vol-
canic ash layers that will serve as regional stratigraphic markers. The rel-
ative paucity of turbidites in the basin suggests that sediment gravity
flows were mostly channeled away from the basin in the extensive sys-
tem of canyons that characterizes this portion of the Chile margin.
Mineral assemblages are consistent with a siliciclastic provenance in
both the Andes (relatively rich in feldspar) and the Coastal Range (rela-
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tively rich in quartz) in southern Chile. The quartz/feldspar ratio de-
creases downhole, indicating a change in provenance favoring Andean
sources during older intervals.

Calcium carbonate concentrations range between 1 and 11 wt% (av-
erage = 5.4 wt%). Calcium carbonate and TOC contents (range = 0.4–
2.5 wt%; average = 0.9 wt%) decrease downhole from the Holocene to
the glacial interval, consistent with either significant terrigenous dilu-
tion of the biogenic components or downhole diagenesis. C/N ratios of
TOC average 5.9, consistent with a marine origin of the organic matter.
Preliminary predictive relationships between color reflectance spectra
and carbonate and TOC, developed via a multiple linear regression, in-
dicate substantial millennial- to centennial-scale variability in these
biogenic components.

Calcareous nannofossils, foraminifers, and diatoms are abundant
and well preserved at Site 1233. The presence of Emiliania huxleyi to the
bottom of Hole 1233B indicates that the entire sequence is younger
than 0.26 Ma. The planktonic foraminiferal assemblage, including Glo-
bigerina bulloides and Globorotalia inflata, is typical of eastern boundary
settings in the transition from subtropical to the subpolar systems. The
benthic foraminiferal assemblage represents 15% to 50% of the total
foraminifers and indicates an upper to middle bathyal environment
with high carbon fluxes to the seafloor. The diatom flora includes Cha-
etoceros spores, bristles, vegetative cells, and Thalassiosira species and re-
flects intermittent upwelling conditions at Site 1233. Freshwater dia-
toms, mainly Aulacoseira granulata, are in low abundance throughout
the core. Silicoflagellates, radiolarians, sponge spicules, and phytoliths
are observed in most samples.

NRM intensities at Site 1233 were extremely high before and after AF
demagnetization at peak fields up to 25 mT. AF demagnetized inclina-
tions averaged approximately –52°, close to the expected inclination for
an axial geocentric dipole (–59°) at this site latitude (~41°S), indicating
that the drill string overprint was largely removed. The negative incli-
nations are consistent with normal polarity, and the entire sequence is
interpreted to lie within the Brunhes Chron (0–0.78 Ma). Fine-scale
variations in magnetic inclination and declination are consistent from
hole to hole, suggesting that a high-fidelity record of paleomagnetic
secular variation was recorded. Anomalous magnetic directions and low
remanence intensities over a 2-m interval between 65 and 70 mcd in
Holes 1233B, 1233C, and 1233D may represent the Laschamp geomag-
netic field excursion (~41 ka). Normalization of the demagnetized NRM
intensity by MST-derived magnetic susceptibility suggests that these
sediments may provide high-resolution records of relative geomagnetic
paleointensity. These extraordinary records should provide opportuni-
ties for high-resolution regional correlation of marine and terrestrial
records using paleomagnetic secular variation and, perhaps, global cor-
relation through paleointensity variations. Two intervals with excep-
tionally low remanence intensity (95–101 and 113–118 mcd) may re-
flect events of extreme sediment diagenesis.

A preliminary age model was constructed based on the correlation of
the magnetic susceptibility of the uppermost 9 mcd to the 14C-dated
sediment record of core GeoB 3313-1, recognition of the Laschamp geo-
magnetic excursion, and tentative constraints provided by correlation
of relative paleointensity to similar data from Site 1089 that has been
calibrated with oxygen isotope stratigraphy. MARs and LSRs estimated
from this age model are 80 g/cm2/k.y. and 110 cm/k.y., respectively, for
the Holocene and have maximum values of at least 150 g/cm2/k.y. and
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160 cm/k.y., respectively, for much of the last glacial interval (MIS 2–3).
Such high MARs and LSRs can be explained by extremely high fluvial
sediment discharge in response to glaciation, heavy rainfall associated
with the Southern Hemisphere westerly winds, and a dense drainage
system in mountainous southern Chile. Prior to the Laschamp excur-
sion, inferred sediment MARs and LSRs were 50 g/cm2/k.y. and 50 cm/
k.y., respectively, suggesting that either transport pathways of terrige-
nous material and/or local syndepositional sediment focusing was dif-
ferent in the older interval. However, no major change in sediment
composition accompanied this drastic shift in sedimentation rates.

Gas, fluid, and sediment geochemical profiles are dominated by the
influence of organic matter diagenesis, despite the relatively low TOC
contents at Site 1233. Sulfate reduction is complete by 5 mcd. Methane,
apparently of biogenic origin, is found in high concentrations at depths
>20 mcd. The zone of sulfate depletion is marked by a maximum in dis-
solved barium, possibly from barite dissolution. Dissolved calcium con-
centrations drop rapidly, consistent with the effects of authigenic min-
eralization reactions driven by the high alkalinity values. Interstitial
water chloride concentrations decrease by >10% over ~120 mcd, indi-
cating the possible presence of gas hydrates.

The combination of continuous recovery in a composite section to
~136 mcd, exceptionally high sedimentation rates apparently driven by
input of terrigenous silt and clay in a hemipelagic setting, an extraordi-
nary record of paleomagnetic field variations, clear geochemical signa-
tures of organic matter diagenesis and authigenic mineralization, and a
rich array of well-preserved biogenic and mineralogic tracers of paleo-
climatic utility suggest that Site 1233 will provide unprecedented op-
portunities for understanding Southern Hemisphere and global climate
changes and properties of Earth’s magnetic field on scales from millen-
nia to centuries, perhaps even decades.

Site 1234

Site 1234 (proposed Site SEPAC-13B) is located ~65 km offshore (5
km off the continental shelf) and 60 km shoreward of the Peru-Chile
Trench within the influence of the highly productive coastal upwelling
center near Concepción, Chile (Figs. F1, F38). It is positioned on a rela-
tively flat bench in the middle of the continental slope at 1015 m water
depth, ~526 m deeper than and 10 km to the southwest of Site 1235
(Figs. F47, F48). We expect that these two sites have been influenced by
similar surface water conditions, so major differences in physical,
chemical, and paleontological properties can be attributed to depth-
related effects. Precruise seismic survey data suggested mostly hemipe-
lagic sedimentation at Site 1234. The uppermost part of the seismic pro-
file shows flat-laying reflectors with undulating but continuous layers
farther below, possibly reflecting the original relief of the acoustic base-
ment (Fig. F48).

This site takes advantage of the high sedimentation rates on the con-
tinental margin that will allow reconstruction of regional climate and
oceanographic variability on millennial to centennial timescales for the
late Quaternary. Major objectives were to (1) assess late Quaternary his-
tory of productivity and coastal upwelling near Concepción, which is
sensitive to regional winds, (2) assess variations in terrigenous sediment
components off central Chile to reconstruct climate variability on land,
(3) monitor changes in the boundary between oxygen-rich (nutrient
poor) AAIW and oxygen-poor (nutrient rich) PCW, and (4) assess late
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Quaternary variations in paleomagnetic intensities and field directions
in the southeast Pacific as a stratigraphic tool for comparison with simi-
lar data from the Northern Hemisphere.

Three holes were drilled at Site 1234 (Table T2). Hole 1234A was initi-
ated with a mudline APC core, advanced to 100.3 mbsf, and deepened
with XCB coring to the target depth of 205.2 mbsf. Hole 1234B was
cored with the APC from the mudline to 93.8 mbsf and deepened with
the XCB to 182.4 m. Hole 1234C was cored with the APC to a depth of
79.1 mbsf to target remaining coring gaps. Four downhole temperature
measurements were taken with the APCT tool, yielding a temperature
gradient of ~4.2°C/100 m. Most cores were affected by expanding gas
during recovery. Holes were drilled in liners to relieve gas pressure to
the extent possible, and major voids were closed prior to core logging
operations.

A 239-mcd-thick (203.8 mbsf) upper Quaternary hemipelagic sedi-
ment sequence was recovered at Site 1234 (Fig. F49). A composite depth
scale and splice based on high-resolution core logging data document
complete recovery from 0 to 94.4 mcd and a nearly complete recovery
to 240.4 mcd. Sediments consist primarily of homogeneous dark olive-
gray to dark gray silty clay and clay. The dominant siliciclastic compo-
nent provides high magnetic susceptibility and natural gamma radia-
tion (NGR) values. The quartz/feldspar ratio decreases downhole, re-
flecting a change in the source region of siliciclastic sediment supply as
basaltic to andesitic rocks from the Andes are relatively rich in feldspar,
whereas the predominantly metamorphic rocks from the Coastal Range
province are rich in quartz. Recognizable turbidites in the form of thin
silt-rich layers are rare, indicating that major turbidity flows are con-
tained in the extensive channel system that characterizes this steep
continental margin. We recovered eight ash layers that may provide
useful stratigraphic markers in the region.

Calcium carbonate concentrations are low, ranging from 1 to 12 wt%
(average = 3.5 wt%). TOC concentrations are also low, ranging from 0.2
to 3.0 wt% (average = 1.1 wt%). TOC/TN ratios range between 5 and 10,
indicating a mostly marine origin of the organic matter, although a
positive correlation between C/N and TOC suggests that some contribu-
tion of terrigenous organic matter, or selective preservation effects, may
contribute to the observed variability. Biogenic material decreases
downhole, either indicating dilution of biogenic material with silici-
clastic detritus, a decrease in biogenic productivity, or an increase in
diagenetic dissolution of biogenic components.

Diatoms are abundant and are dominated by upwelling related taxa.
Despite the dominance of the coastal upwelling forms, warm water spe-
cies are present in higher abundance below 62 mcd, whereas cold-water
forms dominate the younger record. Benthic diatoms are present in
most of the samples, indicating relatively persistent redeposition from
the upper continental margin.

Calcareous nannofossils are abundant and moderately to well pre-
served, except for the core-catcher samples from the lowermost six
cores where recrystallization was significant. The presence of Emiliania
huxleyi suggests that the base of the cored interval has an age of <0.26
Ma. Planktonic foraminifers are present in all samples, but abundance
and preservation vary markedly. The generally good preservation of car-
bonate fossils in most samples confirms that the relatively low carbon-
ate contents result mostly from dilution by siliciclastic material rather
than from dissolution. The benthic foraminiferal assemblage represents
20% to 98% of the total foraminifers and is dominated by species asso-
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ciated with high carbon fluxes in coastal upwelling regions. Downhole
variations are interpreted to reflect shifts in bottom water oxygenation
related to either changes in water masses at the seafloor or changes in
surface production and the export of organic matter. For example, a dis-
tinct pronounced peak in the abundance of Bolivina spp. at ~175 to 223
mcd points to an intense episode of seafloor dysoxia.

NRM intensities at Site 1234 were extremely high before and after AF
demagnetization at peak fields up to 25 mT. AF demagnetized inclina-
tions averaged approximately –30°, far from the expected inclination
for an axial geocentric dipole (–55°) at this site latitude (~36°S), indicat-
ing that the drill string overprint was substantial. Patterns of paleosecu-
lar variation are apparent and include directional excursions in both in-
clination and declination in three holes from 21 to 23 mcd, which may
represent the Laschamp Excursion (~41 ka). If so, average sedimenta-
tion rates in the upper 23 mcd are ~50 cm/k.y. The basal nannofossil
age of <260 ka suggests higher sedimentation rates (average = >100 cm/
k.y.) prior to 41 ka. Site 1234 likely records at least the last two late
Pleistocene glacial–interglacial cycles at very high resolution.

Gas, fluid, and sediment geochemical profiles are dominated by the
influence of organic matter diagenesis, despite the relatively low TOC
contents. High amounts of methane and low amounts of ethane indi-
cate that the gas is biogenic in origin. High alkalinity and high concen-
trations of ammonium and phosphate in interstitial waters also result
from organic matter degradation by sulfate reduction and methanogen-
esis. Dissolved calcium concentrations drop rapidly below the sedi-
ment/water interface, consistent with the effects of authigenic mineral-
ization reactions driven by the high alkalinity values. Magnesium/
calcium ratios increase to >30 between 17.9 and 40.4 mcd, which is
consistent with authigenic precipitation of calcite in shallower sedi-
ments. At greater depths, magnesium/calcium ratios decrease to ~12 by
230 mcd, indicating that authigenic mineralization reactions such as
dolomite formation may take up magnesium deeper in the sediments.

With a nearly complete recovery to ~239 mcd, a rich assemblage of
biogenic fossils and terrigenous sediment components, promise of an
improved paleomagnetic record after further removal of overprints, and
sedimentation rates high enough to record millennial-scale climate
variability over at least one full (and perhaps several) glacial cycles, and
evidence for substantial variations in biogenic production and bottom
water properties all suggest that Site 1234 will provide an extraordinary
record of Southern Hemisphere climate and biogeochemical changes of
the late Quaternary.

Site 1235

Site 1235 (proposed Site SEPAC-14A) is located at a water depth of
489 m on a gently sloping terrace of the upper continental slope ~65
km shoreward of the Peru-Chile Trench and ~60 km offshore (Figs. F1,
F38, F47). This site underlies a highly productive coastal upwelling
zone off Chile, 526 m shallower than and 10 km to the northeast of Site
1234. We expect that these two sites have been influenced by similar
surface water conditions, so major differences in physical, chemical,
and paleontological properties can be attributed to depth-related ef-
fects. Predrilling surveys including gravity cores and seismic data point
to high hemipelagic sedimentation rates at the site. The upper part of
the seismic profile documents well-stratified, flat-lying reflectors. At
greater depths, deformed but continuous layers of moderate reflection
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appear to smooth the original relief of the acoustic basement, which is
likely to be continental crust (Fig. F50).

This site was chosen to take advantage of expected high sedimenta-
tion rates to decipher the late Quaternary history of regional continen-
tal climate and oceanography on millennial to centennial timescales.
Primary goals at Site 1235 were to (1) assess fluctuations in biological
productivity and coastal upwelling that is sensitive to regional winds,
(2) assess the late Quaternary history of terrigenous sediment compo-
nents off central Chile to reconstruct climate variability on land, (3) as-
sess variations in the boundary between oxygen-poor GUC water and
oxygen-rich AAIW, and (4) monitor centennial- to millennial-scale vari-
ations in paleomagnetic intensities and field directions as a strati-
graphic tool for comparison with similar data from the Northern Hemi-
sphere.

Three APC holes were drilled at Site 1235 (Table T2). Holes 1235A,
1235B, and 1235C were cored to 181.3, 176.2, and 152.5 mbsf, respec-
tively. A nonmagnetic core barrel, cutting shoe, and flapper valve were
deployed here for the first time on Leg 202, resulting in sediment
records with substantially less magnetic overprint than those retrieved
with regular steel barrels (see Lund et al., this volume). Eight downhole
temperature measurements were taken with the APCT tool, yielding a
temperature gradient of ~3.8°C/100 m. Most cores were affected by ex-
panding gas during recovery, and one core disintegrated entirely. Holes
were drilled in liners to relieve gas pressure to the extent possible, and
major voids were closed prior to core logging operations.

A 215.5-mcd-thick (181.3 mbsf) Pleistocene to Holocene hemipelagic
sequence was recovered at Site 1235 (Fig. F51). A composite section and
splice, constructed on the basis of high-resolution core logging data, in-
dicated that complete recovery was most likely achieved to ~171.45
mcd, although some correlations between holes were problematic, es-
pecially at ~45–49, 71–73, and 126–128 mcd.

Sediments consist primarily of homogeneous dark olive-gray to dark
gray silty clay and clay with a dominant siliciclastic component and
high magnetic susceptibility and NGR values. The silt fraction is domi-
nated by feldspars, with lesser amounts of quartz, pyroxenes, and vol-
canic glass, consistent with a sediment provenance in both the Andes
and the Coastal Range. The large supply of siliciclastic sediment onto
the upper continental margin of Central Chile is considered to result
mainly from rivers that drain the mountainous regions of the Andes
and the Coastal Range.

Calcium carbonate concentrations range from 0.3 to 15.5 wt% (aver-
age = 2.4 wt%). TOC contents range from 0.4 to 1.5 wt% (average = 0.6
wt%) and are dominated by marine organic matter (TOC/TN ratios of 5
to 9). The relatively low organic carbon and carbonate contents relative
to other continental margin settings indicate dilution with siliciclastic
material. Organic matter degradation and carbonate dissolution also
contribute to the observed variations of these components. Intervals of
abundant authigenic carbonate underlie zones of intense burrowing in
at least three repetitive sequences. Color reflectance data document the
presence of hematite and goethite near the top of these sequences, in
each case overlying green sediments (negative a* values).

Calcareous nannofossils, diatoms, and foraminifers vary from rare to
abundant and are typical of a productive coastal upwelling zone. Micro-
fossil preservation is moderate to good in the upper section but deterio-
rates downhole, especially for the calcareous nannofossils. Reworked
benthic diatoms and pre-Pleistocene calcareous nannofossil are fre-
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quently present. The planktonic foraminiferal assemblage is typical of
the upper Pleistocene Subzone Pt1b, and the continued presence of the
calcareous nannofossil species Emiliania huxleyi to the bottom of the se-
quence documents an age younger than 0.26 Ma. Sedimentation rates
are at least 80 cm/k.y. The ubiquitous presence of burrows and benthic
faunal assemblages does not reveal any episodes of bottom water an-
oxia. As at Site 1234, the benthic foraminiferal assemblage is dominated
by species associated with high carbon fluxes in an oxygen minimum
zone environment.

Initial NRM intensities were extremely high, ranging from 0.5 to 2.1
A/m, and were characterized by steep positive inclinations (averaging
+79°) associated with a drill string magnetic overprint. AF demagnetiza-
tion at peak fields up to 25 mT only partially reduced this overprint but
revealed discrete intervals of low NRM intensity that are likely associ-
ated with substantial reduction diagenesis. The application of the non-
magnetic core barrel substantially reduced the viscous magnetic over-
print. Paleomagnetic declinations are much less affected by overprints.
Coherent patterns of paleomagnetic secular variation in all holes may
provide a high-resolution regional stratigraphy at Sites 1234 and 1235.

Gas, fluid, and sediment geochemical profiles are dominated by the
influence of marine organic matter degradation associated with sulfate
reduction and methanogenesis. Sediments contained abundant meth-
ane and low amounts of ethane. A decrease in chlorinity with depth at
Site 1235, similar to that of Site 1233, indicates the presence of meth-
ane hydrates that dissociated either within subsurface sediments or af-
ter recovery. Authigenic pyrite and carbonate are present, especially in
deeper intervals. Conspicuous carbonate concretions are intermittent
downhole. Dissolved calcium concentrations drop rapidly with depth
to values <2 mM, consistent with the effects of authigenic carbonate
mineralization driven by high alkalinity.

Site 1235 will provide a long sequence of extremely rapidly accumu-
lating sediment for the study of century- to millennial-scale changes in
climate, biogeochemistry, and oceanography of subsurface water
masses, as well as variations in paleomagnetic declination. Preliminary
data on the fossil biota, geochemical composition of interstitial water
and sediment, and variations in the terrigenous sediment components
lead us to anticipate a rich record of paleoceanographic and paleocli-
matic change and chemical diagenesis, as long as the stratigraphic chal-
lenges associated with gassy and somewhat disturbed cores can be over-
come.

Site 1236

Site 1236 (proposed Site NAZCA-10A) is located at a water depth of
1323 m atop Nazca Ridge, a fossil hotspot track with its modern expres-
sion at Easter Island (Fig. F1). The total thickness of sediment at Site
1236 is ~200 m. Seismic data reveal a well-stratified pelagic sequence
with strong to moderately reflective layers from the sediment surface to
~120 mbsf. At depths from ~120 to ~200 mbsf, deformed but almost
continuous layers of moderate reflection appear to smooth the relief of
the acoustic basement (Fig. F52). Based upon a fixed hotspot model and
on magnetic anomalies of the surrounding oceanic crust, basement
ages are expected to be 30–35 Ma (Fig. F6). The ~20-km-wide plateau
occupied by Site 1236 is punctuated by small volcanic spires a few hun-
dred meters high that represent eroded remnants of an archipelago of
volcanic islands. About 20 km to the southwest of Site 1236, a flat-
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topped guyot, which is presumably younger than the plateau surface,
rises to within 350 m of present sea level. The existence of this rela-
tively well preserved shallow bathymetric feature adjacent to the
deeper, more eroded plateau surface suggests multiple episodes of volca-
nism in the region or the presence of a carbonate reef system that grew
atop the volcanic edifice. A tectonic backtrack path on the Nazca plate
moves Site 1236 ~20° westward, toward the center of the subtropical
gyre, by 30 Ma (Fig. F6). Thermal subsidence would predict that the site
was at shallower water depths during the early Miocene and, perhaps,
above sea level very early in its history.

Today, Site 1236 is situated near the western edge of the northward-
flowing Peru-Chile Current in an oligotrophic region of the subtropical
gyre and at depths suitable for monitoring intermediate-water chemis-
try in the open ocean (Figs. F5).

The primary objectives at Site 1236 were to provide a continuous se-
quence of Neogene and Quaternary sediments to (1) improve on South
Pacific Neogene timescales by combining magnetostratigraphy, biostra-
tigraphy, and isotopic stratigraphy, (2) assess climate changes of the
subtropical South Pacific focusing on major intervals of changing cli-
mate (e.g., the early Miocene intensification of Antarctic glaciation [~24
Ma], the middle Miocene climatic optimum [14–15 Ma], the expansion
of the East Antarctic Ice Sheet [~13 Ma], and the mid-Pliocene intensifi-
cation of the Northern Hemisphere glaciation [3.1–2.6 Ma], (3) examine
the late Miocene to early Pliocene reorganization in South Pacific sur-
face and intermediate-water circulation in response to the closure of the
Isthmus of Panama (10–4 Ma), and (4) reconstruct changes in the
boundary between Pacific Deep Water and AAIW on orbital and tec-
tonic timescales.

Three holes were drilled at Site 1236 (Table T2). Hole 1236A was
APC-cored to a depth of 173.1 mbsf and advanced with the XCB to a to-
tal depth of 207.7 mbsf, where basement was reached. Hole 1236B was
piston cored and abandoned at 122.8 mbsf because of mechanical prob-
lems. In Hole 1236C, 13 APC cores were recovered to a refusal depth of
167.3 mbsf. The nonmagnetic core barrel assembly was deployed on
nearly every second APC core at this and all subsequent sites. Six down-
hole temperature measurements were taken with the APCT tool, yield-
ing a temperature gradient of ~3.9°C/100 m.

A 223.2-mcd-thick (207.7 mbsf) sequence of Neogene and upper Oli-
gocene (~28 Ma) mostly calcareous sediments was recovered at Site
1236 (Fig. F53). A composite section and splice, based on high-resolu-
tion core logging data, documented complete stratigraphic recovery to
~129.7 mcd (~17–18 Ma). Pelagic sedimentation is prevalent at Site
1236, but gravity flow deposits during the early–middle Miocene and
the impact of volcanic evolution of Nazca Ridge during the late Oli-
gocene are also clearly represented. Calcium carbonate concentrations
are >90 wt% throughout the section except for the lowermost (Oli-
gocene) interval. TOC content was not measurable with shipboard
techniques (<0.2 wt%).

Four major lithologic units are defined at Site 1236. Unit I (0–119.5
mcd) corresponds to the last 17 m.y. and contains primarily pelagic
nannofossil ooze. Two isolated layers at depths of ~65 and ~98 mcd
consist mostly of neritic grains and represent waning supply of gravity
flows from a nearby carbonate platform during the late Miocene. A mi-
nor siliciclastic fraction in the uppermost ~40 mcd, corresponding to
increased magnetic susceptibility values and containing goethite and
hematite according to reflectance spectrometry results, is considered to
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represent eolian material transported from South America during the
Pleistocene and Pliocene. Unit II (119.5–181.0 mcd; ~17 to ~23 Ma)
consists mainly of nannofossil ooze (Subunit IIA) and unlithified calcar-
eous mudstone (Subunit IIB), consistent with the presence of a pelagic
sedimentary environment at Site 1236 since the late Oligocene. Fre-
quent intercalations of well-sorted nonpelagic calcareous sediment
(neritic grains and micrite), which sometimes fine upward, were sup-
plied by gravity flows from nearby carbonate platforms. Micrite, which
becomes dominant in Subunit IIB, reflects in situ recrystallization of
nannofossils.

Allochthonous coarse-grained calcareous sediments in Unit III
(181.0–207.7 mcd), including recrystallized larger benthic foraminifers,
bryozoan fragments, and some remains and encrustations of red algae,
indicate proximity of Site 1236 to a carbonate platform from ~25 to 23
Ma. The presence of glauconite within Unit III sediments is consistent
with a shallow-water environment below the storm wave base. Volcani-
clastic constituents with relatively high magnetic susceptibility are
present through the upper Oligocene, suggesting proximity to volcanic
islands at that time. Unit IV (207.7–222.3 mcd; >25 Ma) is a fine-
grained chalk with abundant nannofossils and foraminifers overlying
basalt (inferred basement), with no evidence for input of nonpelagic
material. We infer, based on the presence of authigenic glauconite, a
relatively shallow open-ocean environment on the order of hundreds of
meters below sea level.

Calcareous nannofossils are generally abundant and moderately to
well preserved throughout the interval. Planktonic foraminifers are
common to abundant down to ~150 mcd (~20 Ma). Below this depth,
foraminiferal abundance decreases and preservation deteriorates mark-
edly. Calcareous nannofossil and planktonic foraminifer biostratigra-
phies indicate that the upper Pleistocene to upper Oligocene succession
is essentially complete. Benthic foraminiferal assemblages document an
oligotrophic, pelagic environment from Pliocene to middle Miocene
time. Older intervals from the early Miocene and late Oligocene con-
tain higher numbers of buliminids and nodosariids, reflecting shal-
lower water depth and proximity to the oxygen minimum zone. The
presence of poorly preserved larger benthic foraminifers, which have
modern equivalents that host algal endosymbionts, indicates redeposi-
tion from a nearby carbonate platform during the Oligocene and early
Miocene. Diatoms are only found close to the two ash layers and indi-
cate either increased diatom production near the time of ash deposition
or anomalous preservation as a result of the presence of ash. The pres-
ence of benthic and neritic diatoms at 82.3 and 206.7 mcd indicates re-
deposition from shallow-water environments.

NRM intensities are similar to the magnetic susceptibility profiles
and reflect the major lithologic changes at Site 1236. A preliminary
magnetostratigraphy was established for the upper 89 mcd (0–14 Ma)
based on correlation to the geomagnetic polarity timescale, and this sig-
nificantly augmented the biostratigraphy and provided a well-con-
strained chronology for the younger interval.

A long history of oligotrophic conditions with little input of nonbio-
genic sediments at Site 1236 resulted in generally low MARs and linear
sedimentation rates (LSRs) of <1.6 g/cm2/k.y. and <11 m/m.y., respec-
tively. Winnowing processes may have contributed to the overall low
MARs on this bathymetric rise. MARs are overwhelmingly controlled by
carbonate MAR throughout the record. Higher rates of 0.6–1.6 g/cm2/
k.y. (6–11 m/m.y.) in the lower to middle Miocene (>12 Ma) reflect the
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influence of nearby carbonate platforms and/or islands supplying sig-
nificant amounts of nonpelagic calcareous material and siliciclastic and
volcanic constituents. The lowest rates of ~0.4 g/cm2/k.y. (~4 m/m.y.)
are typical for the lower upper Miocene (12–8 Ma) and in the Pleis-
tocene (2–0 Ma). The uppermost Miocene to Pliocene (8–2 Ma, but es-
pecially 6–5 Ma) has a broad peak in MARs (0.5–0.9 g/cm2/k.y.) and
LSRs (5–9 m/m.y.). Given no detectable changes in fossil preservation,
these high MARs likely reflect an interval of increased productivity.
Similar events are recorded at other Leg 202 sites (1237, 1238, 1239,
and 1241) and at equatorial Pacific sites (846–853) during approxi-
mately the same time interval.

Interstitial water chemistry at Site 1236 is consistent with low input
of organic matter in an oligotrophic setting. Diagenesis of opal and cal-
cite is minimal, as reflected in silicate, calcium, and magnesium mea-
surements of interstitial waters.

Site 1236 provides an essentially complete Neogene to Quaternary se-
quence relatively unmodified by burial diagenesis and recovered with
the APC to 188 mcd (~23 Ma). The tight framework of bio- and magne-
tostratigraphic age controls together with good preservation of calcare-
ous microfossils extending to the late Oligocene will provide a solid
base for detailed studies that aim to reconstruct the long-term history
of sea-surface and intermediate-water characteristics and regional cli-
mate in the southeast Pacific.

Site 1237

Site 1237 (proposed Site NAZCA-17A) is located at a water depth of
3212 m on a relatively flat bench on the easternmost flank of Nazca
Ridge, ~140 km off the coast of Peru (Fig. F1). Nazca Ridge, a fossil
hotspot track with its modern expression at Easter Island, terminates
just outboard of the Peru-Chile Trench, where it is deformed and sub-
ducted beneath Peru. About 19 km to the west of Site 1237, an abrupt
scarp (probably and active normal fault) rises 600 m to the summit of
the ridge. Eastern Nazca Ridge is covered by a thick drape of pelagic sed-
iment to its shallowest reaches. The seismic record reveals well-stratified
reflective layers, which clearly drape the underlying bathymetry from
the sediment surface to acoustic basement (Fig. F54). The basement age
is expected to be between 40 and 45 Ma, based upon a hotspot model
and magnetic anomalies of the surrounding oceanic crust. Considering
the thermal subsidence over this time span, the site may have been
within several hundred meters of sea level in its early history.

The modern water depth of Site 1237 reflects the transition zone be-
tween the relatively oxygen-rich (nutrient poor) remnants of CPDW,
which enter the Peru Basin as bottom water through the Peru-Chile
Trench, and the relatively oxygen-poor (nutrient rich) PCW (Fig. F5).
During its early history, the site may have occupied depths of the mod-
ern PCW or its paleoequivalent. Today, Site 1237 is situated near the
eastern edge of the northward-flowing Peru-Chile Current, close to the
productive upwelling system off Peru, and underlies the path of eolian
dust that originates in the Atacama Desert of Chile (Fig. F33). Given the
tectonic backtrack ~20° westward toward the center of the oligotrophic
gyre (Fig. F6), and assuming there were no compensating changes in
the environment, we expect that accumulation rates of both biogenic
and eolian sediments at Site 1237 would have been lower in the past.

The primary objectives at Site 1237 were to provide a continuous and
complete sedimentary sequence from the late Cenozoic to (1) improve
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on regional chronological frameworks by combining magnetostratigra-
phy, biostratigraphy, isotopic stratigraphy, and orbital tuning methods;
(2) assess climate and biogeochemical changes of the subtropical South
Pacific, focusing on major intervals of changing global climate, such as
the early Miocene intensification of Antarctic glaciation (~24 Ma), the
middle Miocene climatic optimum (14–15 Ma), the expansion of the
East Antarctic Ice Sheet (~13 Ma), the mid-Pliocene intensification of
the Northern Hemisphere glaciation (3.1–2.6 Ma), and the transition
from early Pleistocene climate cycles dominated by ~41-k.y. rhythms to
those of the late Pleistocene that are dominated by ~100-k.y. rhythms
(~0.9 Ma); (3) examine the impact of tectonic events on regional cli-
mate, productivity, biogeochemical cycles, and ocean circulation, in-
cluding the opening of Drake Passage (~25 Ma), the major uplift of the
Andes (probably within the past 15 m.y.), and the closure of the Isth-
mus of Panama (10–4 Ma); and (4) reconstruct changes in the boundary
between PCW and Circumpolar Deep Water on orbital and tectonic
timescales.

Four APC holes were drilled at Site 1237 (Table T2). Hole 1237A was
terminated after retrieving the first core without a mudline. Hole 1237B
recovered the mudline, and piston coring advanced until refusal at
317.4 mbsf. This represented the deepest penetration with the APC
since Leg 162 and one of the five deepest APC penetrations in ODP his-
tory. Hole 1237C was cored to refusal at 315.3 mbsf. Hole 1237D was
spot-cored to cover coring gaps left in the previous holes in four inter-
vals to a total depth of 281.1 mbsf. The nonmagnetic core barrel was
used on approximately every second APC core. Ten downhole tempera-
ture measurements were taken with the APCT tool, yielding a tempera-
ture gradient of ~3.1°C/100 m.

A 360.6-mcd-thick (317.4 mbsf) Oligocene (~31 Ma) to Holocene pe-
lagic sediment sequence was recovered at Site 1237 (Fig. F55). A com-
posite depth section and splice, based on high-resolution core logging
data, document complete recovery for the entire sequence. The se-
quence was divided into two major lithologic units, and each unit was
divided into two subunits (Fig. F55). The upper ~100 mcd of the se-
quence (Unit I) reflects pelagic sedimentation with significant terrige-
nous (probably mostly eolian) and siliceous microfossil components. In
Subunit IA (0–41 mcd), calcium carbonate concentrations are <50 wt%
(and often just a few percent), and TOC contents are relatively high for
an open-ocean setting (0.3–1.9 wt%). The sediment gradually changes
downhole from nannofossil-bearing (silty) clay to nannofossil ooze in
Subunit IB (41–100 mcd). Below ~100 mcd (Unit II), the sedimentary se-
quence is dominated by nannofossil ooze, calcium carbonate values are
>90 wt%, and TOC values fall below detection limits (<0.2 wt%). Mi-
crite contents increase at depths >148 mcd (Subunit IIB) and are likely
associated with recrystallization of calcareous nannofossils. A marked
color change from more greenish younger sediment to reddish older
sediment containing goethite and hematite occurs at ~164 mcd (8–9
Ma). The abrupt color change appears to result from diagenetic reduc-
tion processes or analytical detection problems (i.e., matrix effects)
rather than from a possible change in the primary signal of dust source
areas, based on evidence from Site 1236 (l500 km southwest of Site
1237 and farther from the probably source region), where the reddish
color signal persists into the Pleistocene interval. At approximately the
depth where the color change occurs, discrete ash layers and dispersed
ash begin to appear in the sediment. Fifty-five ash layers were deposited
during the last ~9 m.y. The Pliocene to Pleistocene interval contains sig-
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nificant amounts of both terrigenous material and siliceous microfos-
sils.

Calcareous nannofossils and foraminifers are generally abundant or
common and well to moderately well preserved throughout, indicating
that a complete late Pleistocene to late Oligocene succession was recov-
ered. Calcareous nannofossils at the base of the hole indicate an age of
<31.5 Ma. Marked changes in the relative proportions of benthic fora-
miniferal species within the Pleistocene to late Pliocene assemblage in-
dicate variations in carbon fluxes at the seafloor that are probably re-
lated to temporal and spatial fluctuations of the coastal upwelling
system. At greater ages, the benthic foraminiferal assemblage is consis-
tent with an oligotrophic, pelagic environment. Diatoms are abundant
and are usually well preserved from 0 to 60 mcd, but abundance de-
creases and preservation deteriorates at greater depths, and diatoms are
essentially absent at depths >174 mcd. Diatoms provide additional bio-
stratigraphic control down to ~136.7 mcd (7 Ma). The diatom assem-
blage from 0 to 60 mcd is typical of a coastal upwelling zone on a conti-
nental margin. At greater depths, upwelling forms are present only
occasionally with some oceanic forms.

The paleomagnetic stratigraphy at Site 1237 is excellent with clear
definitions of all chrons and subchrons over the last 5 m.y. and from 7
to 13 Ma. Even fine-scale features and short polarity subchrons, such as
the “Cobb Mountain Event” within the Matuyama Chron, may be
present. Based on shipboard data, the polarity assignments for the in-
terval from 5 to 7 Ma and for the lowermost part of the sequence be-
tween 13 and 31 Ma are uncertain because the polarity sequence allows
for several possible interpretations.

Total MARs and LSRs range between 0.6 and 2.5 g/cm2/k.y. and be-
tween 5 and 23 m/m.y., respectively. Before 8 Ma (>150 mcd), the rates
are generally lower (<1.2 g/cm2/k.y. and <9 m/m.y., respectively) and
driven by the carbonate MAR, as is typical for oligotrophic settings far
from the continents. Between 8 and 4 Ma, MARs are higher and reach
maximum values at 6–5 Ma, most likely associated with anomalously
high production of carbonate-secreting plankton. The enhanced rain of
organic carbon that follows from high productivity would also support
the hypothesis of a diagenetic boundary that reduced the reddish ox-
ides at <150 mcd. The Miocene to early Pliocene biogenic bloom was
also found at Site 1236, as well as in the equatorial Pacific (6.7–4.5 Ma).
At ages <5 Ma, carbonate MARs decreased gradually at Site 1237 and
reached minimum values during the last 2 m.y.

Noncarbonate accumulation rates gradually increased from 12 Ma to
the Holocene, constituting about half of the total MAR at ~3 Ma and
dominating the total MAR during late Pliocene and Pleistocene. This
trend represents the tectonic drift of the Nazca plate eastward toward
both the eolian dust source in the Atacama Desert and the region of
coastal upwelling. Ash layers become more frequent after ~9 Ma and
may record the onset of intense volcanism and accompanying tectonic
uplift of the Andes. If so, the topographic barrier of an early mountain
range would have enhanced the steering of westerly and trade winds
along the coast, resulting in stronger meridional flow, enhanced eolian
transport, coastal upwelling, and biogenic productivity within the east-
ern boundary current.

Interstitial water chemistry reflects minor influence from organic
matter diagenesis, a limited degree of biogenic opal dissolution, and a
minor signature of biogenic calcite diagenesis. Dissolved silicate con-
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centrations have highest values in the depth range where diatoms are
reported to have the best preservation and abundance.

Site 1237 provides a complete upper Paleogene to Neogene sequence
relatively unmodified by burial diagenesis and fully recovered with the
APC. Good preservation of calcareous microfossils to the base of the
Oligocene and the tight framework of bio- and magnetostratigraphic
age controls will provide an excellent stratigraphic reference section for
the South Pacific, with opportunities for further refinement based on
an orbitally tuned timescale. Detailed studies will aim to reconstruct
the long-term history of Andean uplift and continental climate as well
as the evolution of upwelling, biota, biogeochemistry, and sea-surface
and intermediate-water characteristics in the southeast Pacific.

Site 1238

Site 1238 (proposed Site CAR-2C) is located ~200 km off the coast of
Ecuador on the southern flank of Carnegie Ridge at 2203 m water depth
(Fig. F1). The region is draped with pelagic sediment ~400–500 m thick
on a bench that slopes gently to the south (Fig. F56). Basement at Site
1238 likely consists of basalt formed at the Galapagos hotspot at ~11–
13 Ma. A tectonic backtrack path on the Nazca plate moves Site 1238
~600 km westward and slightly to the south relative to South America,
probably to shallow water depths by 10–12 Ma (Fig. F6).

Today, Site 1238 is situated under the eastern reaches of the equato-
rial cool tongue, in an open-ocean upwelling system near the equator.
The nutrient-rich Equatorial Undercurrent (EUC) supplies waters that
upwell here and along the coast of Peru and Ecuador, driving exception-
ally high primary productivity. Sediments at the site are likely to record
changes in upwelling and biological production, as well as long-term
changes in upper-ocean temperature and pycnocline depth. The mod-
ern water depth is appropriate to monitor PCW south of Carnegie
Ridge, roughly at the sill depth of Panama Basin (Fig. F5).

The primary objectives at Site 1238 were to provide a continuous sed-
imentary sequence of Neogene age to (1) assess the history of near-
surface water masses, including the eastern reaches of the equatorial
cold tongue, (2) assess changes in biogeochemistry and biota that are
linked to variations in nutrients, productivity, and fluxes of organic
matter and biogenic sediments to the seafloor, (3) monitor temporal
and vertical fluctuations of PCW, (4) assess oceanographic changes that
are related to the closure of the Isthmus of Panama, and (5) record
changes in the occurrence and frequency of volcanic ashes, which
might be associated with active tectonic phases of the northern Andes.

Three holes were drilled at Site 1238 (Table T2). Hole 1238A was
cored with the APC to 204.5 mbsf and then deepened with the XCB to
refusal at 430.6 mbsf. Holes 1238B and 1238C were APC cored to 201.0
and 167.5 mbsf, respectively, to cover coring gaps. The nonmagnetic
core barrel was used on approximately every second APC core. Hole
1238A was logged using the triple combo tool string with the Lamont
Multi-Sensor Spectral Gamma Ray Tool (MGT) on top, and then by the
FMS-sonic tool string. Downhole logging operations experienced
smooth borehole conditions and calm seas (peak heave of <2 m), and as
a result the data were of excellent quality from the density, porosity,
and FMS tools that require good borehole contact. Six downhole tem-
perature measurements were taken with the APCT tool, yielding an
anomalously high temperature gradient of ~12.7°C/100 m.

CAR-2 - line 6 
Bandpass
Carnegie Ridge 2 
Survey JD151

NE
Line 6 

SW

3 km

Change of speed at 10.06
from 10 to 8 kt Site 1238

T
w

o-
w

ay
 tr

av
el

tim
e 

(m
s)

1600

2200

2800

3400

4000

End line 5 Start line 6 

hr 9 10 10 10 10 10 10 11

min 50 54 57 0 4 7 10 14 17 20 24 27 30 34 37 40 44 47 50 54 57 0 4 7 10 14 17

11
X CAR-2 line 2 

Proposed CAR-2C drill site
X CAR-2 line 3 

F56. Seismic profile across Site 
1238, p. 131.



SHIPBOARD SCIENTIFIC PARTY
CHAPTER 1, LEG 202 SUMMARY 55
A 468.2-mcd-thick (430.6 mbsf) sequence of middle Miocene (~12
Ma) to Holocene pelagic sediment was recovered at Site 1238 (Fig. F57).
Based on high-resolution core logging data, a composite section and
splice documented complete recovery of the section cored with the APC
to a depth of 225.4 mcd. XCB cores from Hole 1238A were appended
onto the mcd scale, using a 10% growth rate of mcd relative to mbsf.
The dominant lithologies at Site 1238 are diatom nannofossil ooze and
nannofossil diatom ooze, reflecting primarily biogenic sedimentation
in a moderate- to high-productivity pelagic setting.

Calcium carbonate contents range between 17 and 94 wt% and gen-
erally increase with depth, but with substantial variability. TOC con-
tents range between 0.1 and 4.3 wt%, and vary inversely to calcium car-
bonate. Consistently low TOC/TN ratios (3.4–11.8) indicate the
dominant marine origin of organic matter. Color and lithologic band-
ing is pervasive on a scale of meters (104 to 105 yr, based on shipboard
age models) and provides evidence for regional variability associated
with Earth’s orbital cycles. Similar to the core logging data, the down-
hole logs document cyclic variations in sediment properties on the
scale of meters that reflect alternations between carbonate- and opal-
rich sediments. The downhole logs reveal that uranium concentration
predominantly drives variations in natural gamma measured in core
logs, and both properties are well correlated with TOC. Uranium varia-
tions likely reflect changes in sedimentary redox conditions in response
to fluxes of organic matter to the seafloor, meaning that the primary
lithologic variations at Site 1238 are probably driven by changing pro-
ductivity of surface waters.

One lithologic unit, divided into two subunits, was defined at Site
1238. Subunit IA (0–403 mcd) contains bioturbated nannofossil ooze,
diatom nannofossil ooze, and nannofossil diatom ooze with varying
abundance of clay and foraminifers. High productivity during this lat-
est Miocene to Pliocene interval is indicated by high concentrations of
diatoms, organic carbon, and organic pigments in the sediment. An
anomalous event of low calcium carbonate and high TOC and U con-
tents occurs from 85 to 104 mcd (~1.7–2.0 Ma). Similar coeval events
are found at Sites 1239 and 1240, and at other equatorial sites (e.g., 846
and 847), they are associated with high accumulations of opal. Several
ash layers occur within the upper ~300 m (<5 Ma), including the re-
gionally correlative ash layer L (~230 ka). The frequency of ash layers
increased during the past 3 m.y. and may represent a phase of intensi-
fied volcanism in the northern Andes.

Subunit IB (~403–467 mcd), the base of the recovered sequence, is
characterized by partially lithified diatom and nannofossil oozes inter-
bedded with chalk and occasional chert horizons. Increasing lithifica-
tion is documented by increases in bulk density and decreases in poros-
ity. The presence of chert and micrite indicates significant opal and
carbonate diagenesis, respectively, perhaps driven by the relatively high
heat flow at Site 1238.

Calcareous nannofossils are generally abundant, and planktonic and
benthic foraminifers are common to abundant, with good to moderate
preservation throughout the section, except in the lower Pleistocene
and middle Miocene. Diatoms are common to abundant, except at
depths >430 mcd (~9 Ma), where diatoms are essentially barren. This
absence of diatoms at depth is probably due to opal diagenesis and
chert formation. The various microfossil groups provide a well-
constrained biostratigraphy. The lower Pliocene–upper Miocene section
contains a minor component of reworked older microfossils. Calcareous
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nannofossils indicate a basal age of 10.4–11.6 Ma. However, considering
possible reworking of that indicator, and considering a planktonic fora-
minifer datum (11.7 Ma) at 423–437 mcd, a hiatus may be present at
~420 mcd, spanning the interval of ≥12 Ma to ~8 Ma. Paleomagnetic
measurements were compromised by drill string overprints, as well as
diagenesis of magnetic minerals, and thus did not provide useful infor-
mation for age control.

MARs and LSR are low at ages >8 Ma (<0.4 g/cm2/k.y. and <5 m/m.y,
respectively), although the lack of biostratigraphic datums precludes a
detailed assessment in the deepest 40 mcd. A broad peak in MAR and
LSR values is indicated between 6 and 3 Ma (lower part of Subunit IA),
with maximum values of 5 g/cm2/k.y. and 70 m/m.y., respectively. At
ages >4 Ma, the total MAR values are dominated by carbonate MARs. In
the interval 0–4 Ma, the noncarbonate MARs account for about half of
the total MAR. Peak noncarbonate MAR occurs at 3–4 Ma, somewhat
earlier than the peak carbonate MAR at 4–5 Ma. 

Moderate amounts of biogenic gas, mostly methane but also traces of
ethane, result from the limited effects of methanogenesis at this site.
Chemical gradients in the interstitial waters reflect the influence of or-
ganic matter oxidation by sulfate reduction, although not to complete
sulfate depletion. As a result, hydrogen sulfide was present. Silicate in-
creases to >1800 µM by ~350 mcd, indicating temperature control of
the solubility of biogenic opal. At greater depths, sharp decreases in sili-
cate concentrations are consistent with chert formation.

With the combination of a complete composite section and a spliced
record through the APC interval, excellent logging data to place XCB
cores into a true depth framework, and moderately high sedimentation
rates, Site 1238 will provide excellent opportunities for high-resolution
studies of Neogene climate and biogeochemical change. A well-
constrained age model provides great potential for the study of near-
surface water masses in the eastern reaches of the equatorial cold
tongue, including processes of upwelling and paleoproductivity off
Ecuador. A well-preserved benthic fauna will facilitate study of deepwa-
ter masses. Volcanic ashes are present, which opens opportunities for
tephrochronology and for establishing the history of major volcanic
events in the northern Andes.

Site 1239

Site 1239 (proposed Site CAR-1C) is located ~120 km off the coast of
Ecuador near the eastern crest of Carnegie Ridge at a water depth of
1414 m (Fig. F1). Just to the east, Carnegie Ridge slopes downward into
the Peru-Chile Trench. To the north, steep basaltic flanks of Carnegie
Ridge are mostly bare rock, so some downslope transport of sediment is
possible. Seismic profiles reveal stratified reflective sediments that fill
rough basement lows and drape the remaining basement topography to
form a bench that slopes gently to the south (Fig. F58). Basement at Site
1239 likely consists of basalt formed at the Galapagos hotspot at 15–18
Ma. The tectonic backtrack path on the Nazca plate moves Site 1239
~600 km westward over this time, almost parallel to the equator. Thus,
the site resided within the highly productive and climatically sensitive
region south of the equator throughout its history.

Today, Site 1239 is situated under the eastern reaches of the equato-
rial cold tongue, in an open-ocean upwelling system near the equator.
The site is close to the equatorial front that separates cool, relatively
high salinity surface waters south of the equator from the warm, low-
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salinity waters of Gulf of Panama. The EUC supplies the nutrient-rich
upwelling waters that fuel high surface productivity, although nitrate
and phosphate are not fully utilized by the phytoplankton, and pri-
mary productivity here is ~25% lower than it is 120 km to the south at
Site 1238.

The modern water depth of Site 1239 is within the range of PCW
south of Carnegie Ridge, but shallow enough that some mixing with
remnants of AAIW can be detected here, especially by its relatively low
salinity (Fig. F5). Thermal subsidence would predict that the site was at
shallower water depths during the Miocene and perhaps above sea level
very early in its history.

The primary objectives at Site 1239 were to provide a continuous sed-
imentary sequence of Neogene age (as old as 11–12 Ma) to (1) assess the
history of near-surface water masses, including the eastern reaches of
the equatorial cold tongue, upwelling, and paleoproductivity, (2) moni-
tor temporal and vertical fluctuations of intermediate water masses near
water depths of 1400 m and even shallower during its early history,
(3) assess oceanographic changes that are related to the closure of the
Isthmus of Panama, and (4) monitor changes in the occurrence and fre-
quency of volcanic ashes, which might be associated with active tec-
tonic phases of the northern Andes.

Three holes were drilled at Site 1239 (Table T2). Hole 1239A was
cored with the APC to 174.4 mbsf and then deepened with the XCB to
515.4 mbsf, where the last core contacted acoustic basement. This hole
was logged with the triple combo and the FMS-sonic tool strings. Hole
1239B was drilled with the APC to 171.3 mbsf and extended to 398.7
mbsf with the XCB. Hole 1239C was APC cored to 117.3 mbsf with the
objective to fill stratigraphic gaps left in the APC-cored intervals of the
first two holes. The nonmagnetic core barrel was used on approxi-
mately every second APC core. Five downhole temperature measure-
ments taken with the APCT tool indicated a thermal gradient of ~9.4°C/
100 m at Site 1239.

A 560.7-mcd-thick (515.4 mbsf) sequence of Miocene (~15 Ma) to
Pleistocene pelagic sediments was recovered at Site 1239 (Fig. F59). The
composite section constructed using cores from the three APC holes
documented complete recovery of the upper 188.9 mcd of the sediment
section. Density and NGR records from borehole and core logging data
(including the XCB-cored interval of Hole 1239A) exhibit strong corre-
lation of meter-scale variability and allowed construction of an eld scale
for the XCB-cored intervals. The recovered sediments are dominated by
foraminifer and nannofossil ooze with varying amounts of diatoms,
clay, and micrite. Siliciclastic components include clay minerals and
lesser amounts of feldspars and biotite. 

Carbonate contents range between 16 and 87 wt%, and TOC con-
tents are relatively high (up to 3.7 wt%) (Fig. F59). Almost the entire se-
quence is characterized by meter-scale cyclic changes in color reflec-
tance (particularly L*) and bulk density that likely reflect changes in
relative proportions of biogenic opal and carbonate. Preliminary evalu-
ation suggests that these features are related to the Earth’s orbital cycles
on the scale of 104 to 105 yr. Color banding on the FMS downhole log-
ging images occurs on the same scale, which clearly documents the po-
tential for developing an orbitally tuned timescale for this site. High
sedimentation rates and meter-scale rhythmic changes in density and
resistivity are encountered in the upper Miocene to Pliocene interval
and are interpreted to reflect orbital-scale changes in carbonate vs. bio-
genic opal in the sediment. The downhole logs reveal that uranium
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concentration predominantly drives variations in natural gamma mea-
sured in core logs, and both properties are well correlated with TOC.
Uranium variations likely reflect changes in sedimentary redox condi-
tions in response to fluxes of organic matter to the seafloor, meaning
that the primary lithologic variations at Site 1239 are probably driven
by changing productivity of surface waters. Volcanic ash deposition be-
gan in the late Miocene to early Pliocene (~5-4 Ma) and increased in fre-
quency over the last 3 m.y. The magnetic susceptibility signal increases
in both mean values and amplitude of high-frequency fluctuations
within the interval representing the last ~2.5 m.y. (0–140 mcd), suggest-
ing pronounced changes in the relative supplies of terrigenous and bio-
genic material.

Calcareous nannofossils are abundant and well preserved within the
top ~100 mcd, but both abundance and preservation decline slightly
below this interval. Planktonic foraminifers are common within the top
~100 mcd but decrease in abundance rapidly at greater depths. Diatoms
are also present throughout the sedimentary section although, in com-
parison to Site 1238, their abundance is relatively low in the Holocene
to middle Pleistocene and lower Pliocene to uppermost Miocene inter-
vals. A well-constrained biostratigraphy was obtained from all three mi-
crofossil groups.

A major hiatus was identified at ~530 mcd, encompassing the inter-
val from ~8 to ~15 Ma. MARs and LSRs display a broad peak from ~8 Ma
to the present, with maximum values (~8 g/cm2/k.y. and ~100 m/m.y.,
respectively) between ~4 and 3 Ma. The generally high sediment accu-
mulation rates between ~6 and ~1 Ma, high concentrations of diatoms,
nannofossils, and TOC, and the fossil assemblages and abundances at
Site 1239 reflect a moderate- to high-productivity pelagic environment,
similar to that at Site 1238. Near and below the hiatus at ~530 mcd (~8
to ~15 Ma), MARs and LSRs are presumably very low but cannot be esti-
mated accurately because of the uncertain age control.

Chemical gradients within interstitial water reflect the influence of
organic matter oxidation, the dissolution of biogenic silica and its re-
precipitation in authigenic phases, the effects of authigenic calcite pre-
cipitation, and the diffusive influence of basalt alteration processes. Sul-
fate is completely consumed by ~71 mcd, coincident with an increase
in methane, and near an interval of high organic carbon contents that
marks the final phase of a late Pliocene biogenic bloom. Authigenic
mineral precipitation is reflected by increased amounts of micrite
within the sediments at depths >100 mcd and a decrease in calcium
concentrations to minimum values at ~75 mcd. As at Site 1238, the in-
crease in dissolved silicate with increasing depth reflects enhanced dis-
solution of biogenic opal that is controlled by the anomalously high
temperature gradient at Site 1239.

Site 1239 combines a complete composite section through the APC
interval of 189 mcd, double XCB coring that may document complete
recovery to basement, and excellent logging data to place the deeper
APC cores and the XCB cores into a true depth framework. Moderately
high sedimentation rates combined with observations of rhythmic
shifts in sediment composition that probably represent orbital-scale
variability, and a rich array of well to moderately preserved biogenic
tracers offer opportunities for high-resolution studies of late Neogene
changes in equatorial East Pacific oceanography and biogeochemical
cycles. Volcanic ashes present an opportunity for tephrochronology
and for establishing the history of major volcanic events in the north-
ern Andes.
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Site 1240

Site 1240 (proposed Site PAN-2A) is located at 2921 m water depth in
the southern Panama Basin (Fig. F1). The site is in a small east-west–
trending trough of basaltic crust (Fig. F60) formed at the Cocos-Nazca
spreading center ~3 m.y. ago. The pelagic sediment cover at Site 1240
drapes the abyssal hills, with a slight thickening of the section within
the valleys. Total sediment thickness was estimated at 250–280 m based
on seismic survey data (Fig. F61). The tectonic backtrack path of Site
1240 over the past 3 m.y. moves the site from its current position (~2
km north of the equator) ~40 km to the south and 200 km to the west
(Fig. F6). Thus, the site persisted below the equatorial upwelling belt
during its Pleistocene to Pliocene history.

Today, equatorial upwelling driven by southeasterly trade winds is
strong over Site 1240, especially during the Southern Hemisphere win-
ter. The nutrient-rich EUC serves as primary source of upwelled waters
that maintain a high productivity, although modern productivity is
12% to 40% lower than it is to the east at Sites 1238 and 1239. The sur-
face-ocean properties of the eastern equatorial Pacific are sensitive to in-
terannual to decadal variability such as those of the well-known El
Niño Southern Oscillation (ENSO) events, as well as to longer-term
changes associated with the Pleistocene ice ages. Modern deep waters at
Site 1240 derive from mid-depth waters that enter the Panama Basin
from the north and south through passages above sill depths of ~2000–
2500 m (Fig. F5). Panama Basin deep waters are depleted in oxygen and
13C and enriched in nutrients relative to waters at equivalent depths
outside the basin, because of high organic carbon flux and in situ oxi-
dation of 13C-depleted organic matter.

The primary objectives at Site 1240 were to provide a continuous sed-
imentary sequence of upper Neogene sediment to (1) assess variability
of upper-ocean processes, including equatorial upwelling and produc-
tivity, as well as changes in upper-ocean temperature and pycnocline
depth at millennial to orbital timescales and (2) monitor changes in the
signature of Panama Basin deep water that combine global, regional,
and local effects.

At Site 1240, four APC holes were cored to 253.0, 248.2, 80.2, and
31.7 mbsf, with the objective to recover a complete stratigraphic se-
quence (Table T2). The nonmagnetic core barrel was used on approxi-
mately every second APC core. APCT downhole temperature measure-
ments yielded a low average thermal gradient of 2.6°C/100 m, about
half the normal gradient for sediments above oceanic crust.

A 282.9-mcd-thick (253.0 mbsf) sequence of Pliocene (~2.8 Ma) to
Holocene pelagic sediments was recovered at Site 1240 (Fig. F62). A
composite depth scale and splice document complete recovery to the
bottom of the sequence. Sediments consist mostly of nannofossil ooze
with varying amounts of diatoms. Siliciclastic components, primarily
clay, are rare. A single lithostratigraphic unit was defined and subdi-
vided into three subunits. Subunit IA (0–142.2 mcd) and IC (206.4–
282.93) are very similar and primarily consist of nannofossil ooze with
TOC contents of <1.5 wt% and carbonate concentrations ranging be-
tween 40 and 80 wt%. Subunit IB (142.2–206.4 mcd; ~1.7–2.0 Ma) has
lower carbonate contents (20–50 wt%) and is enriched in diatoms, sili-
ciclastic components and TOC (1.1–3.1 wt%). A similar event was re-
corded at Sites 1238 and 1239, as well as at Leg 138 Sites 846 and 847,
which span a modern depth range from ~1400 to ~3300 m. Color band-
ing is frequently present throughout Subunit IB. The change in the rela-
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tive supply of biogenic opal, carbonate, and TOC is clearly documented
in the core logging data, with distinctly lower values in bulk density
and lightness (L*) and higher reddish hue (a* > 0) and NGR values (Fig.
F62). These records separate Subunit IB by sharp transitions from Sub-
units IA and IC. Downhole logs at Sites 1238 and 1239 revealed that
high NGR is driven by high uranium content, a probably redox signal
associated with enhanced carbon flux. Eight ash layers were recorded at
Site 1240. Grain compositions of most of the ash layers can be associ-
ated with volcanism from northern South America. However, some ash
layers containing brown volcanic glass indicate that Central America is
a possible source region. In addition, the presence of an ash layer fully
composed of brown glass (~268 mcd; ~2.5 Ma) may indicate a different
source such as the Galapagos archipelago, which was nearby at the
time, based on a tectonic backtrack.

Calcareous nannofossils are generally abundant and well preserved at
Site 1240, but preservation declines between 20 and 46 mcd (0.2–0.5
Ma) and >120 mcd (>1.4 Ma). Foraminifers are common, with moderate
to good preservation, except between 163 and 194 mcd (1.7–1.9 Ma).
Diatoms are common throughout the section and are very abundant
but severely fragmented in the upper portions of Subunit IB. Persistent
reworking of late Miocene microfossils is noted throughout the se-
quence. A well-constrained biostratigraphy was obtained from calcare-
ous microfossils and diatoms. The paleomagnetic record provided addi-
tional age control points through the Gauss/Matuyama boundary that
are consistent with the biostratigraphic datums.

MARs and LSRs vary between 3 and 8 g/cm2/k.y. and 70–160 m/m.y.,
respectively. The highest MARs occur in upper Pliocene Subunit IB (2.0–
1.7 Ma), and the lowest MARs are estimated for the last 1 m.y. High
TOC contents and MARs as well as a high abundance of diatoms sug-
gest a late Pliocene interval of increased productivity between ~1.7 and
2.0 Ma, perhaps associated with enhanced equatorial upwelling and in-
tensified atmospheric and oceanic circulation.

Very low amounts of biogenic methane and ethane were detected.
Pore water chemical gradients reflect the influence of organic matter
oxidation and sulfate reduction to values about one-half that of sea-
water. Fluid flows of relatively unaltered seawater in the underlying
basement affect pore waters in the deeper section, for example with re-
turn to relatively high concentrations of sulfate and calcium at depths
>210 mcd. Pore water silicate increases to generally high values of
>1000 mM but never reaches the values observed at Sites 1238 and
1239, where downhole temperatures were significantly higher.

Site 1240 provides a continuous sedimentary sequence of upper Neo-
gene sediment to assess variability of upper-ocean processes, including
equatorial upwelling, at millennial to orbital timescales. Sedimentation
rates at this site are clearly high enough to record millennial scale vari-
ability, and the record is continuous as far back as ~2.8 Ma, encompass-
ing the Pliocene–Pleistocene interval associated with Northern Hemi-
sphere glaciation. The major changes in lithology at this setting of
equatorial divergence are between sediments rich in calcareous nanno-
fossils and those rich in diatoms and organic carbon, consistent with
control by variations in upwelling and productivity.

Site 1241

Site 1241 (proposed Site COC-2A) is located on a gently sloping sedi-
ment-covered ramp on the north flank of Cocos Ridge at a water depth
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of 2027 m in the Guatemala Basin (Fig. F1). Seismic survey data docu-
ment a ~400-m-thick sedimentary section (Fig. F63). The underlying
crust formed at the Galapagos hotspot ~11–13 m.y. ago. A tectonic
backtrack path on the Cocos plate moves Site 1241 southward and
slightly to the west relative to South America.

Today, Site 1241 is situated under the warm, relatively low salinity
surface waters of the Panama Basin. Nutrients at the sea surface are low,
and biological productivity is substantially lower than at the equator.
The site is likely to record changes in upwelling and biological produc-
tivity, from higher values early in its history (when it was close to the
equator and at relatively shallow depths) to relatively low values at
present. Furthermore, Site 1241 is expected to provide a record of sur-
face water salinity reduction that occurred in response to the closure of
the Isthmus of Panama, as well as shorter fluctuations associated with
variable rainfall under the intertropical convergence.

The water depth of Site 1241 is ideal to monitor changes in PCW that
originates in the North Pacific and is relatively depleted in oxygen and
enriched in nutrients (Fig. F5). Today, PCW enters the Guatemala Basin
through fracture zones in the East Pacific Rise above 3000 m water
depth (sill depth). Thermal subsidence would predict that the site was
at shallower water depths during late Miocene time, possibly monitor-
ing intermediate waters.

The primary objectives at Site 1241 were to provide a continuous sed-
imentary sequence over the Neogene to (1) assess variability of upper-
ocean processes, including the development of Atlantic to Pacific salin-
ity contrast associated with the closure of the Isthmus of Panama and
other late Neogene climate changes, (2) reconstruct changes in the sig-
nature of PCW, (3) monitor late Neogene changes in carbonate dissolu-
tion at the upper reaches of the lysocline depth, including processes
that are associated with the phenomenon of the Miocene carbonate
crash, and (4) provide a history of explosive volcanism in Mesoamerica,
as reflected in ash layers.

At Site 1241, three holes were cored with the APC to 314.2, 259.4,
and 143.5 mbsf (Table T2). The nonmagnetic core barrel was used on
approximately every second APC core. Holes 1241A and 1241B were ad-
vanced with the XCB to 394.4 and 307.6 mbsf, respectively. Several
short intervals were drilled without coring in Holes 1241B and 1241C
to adjust the coring depth and optimize stratigraphic overlap. Hole
1241B was logged with the triple combo, including the MGT and the
FMS-sonic tool strings. Downhole temperature measurements taken
with the APCT tool indicated a low thermal gradient of ~2.7°C/100 m.

A 447.8-mcd-thick (399.4 mbsf) upper Miocene (~12 Ma) to Ho-
locene pelagic sediment sequence was recovered at Site 1241 (Fig. F64).
Based on high-resolution core logging data, a composite section and
splice documented complete recovery of the upper 303.1 mcd. XCB
cores from Hole 1241A and 1241B were appended onto the mcd scale
using a 13% growth rate of mcd relative to mbsf. The recovered sedi-
ments are dominated by nannofossil ooze with varying amounts of for-
aminifers, diatoms, clay, micrite, and volcanic glass. Increases in bio-
genic silica are reflected by decreases in bulk density. Color reflectance
data (lightness L*) correlate well with changes in carbonate contents (R2

= 0.8) and increases in magnetic susceptibility data are associated with
increases in clay. Almost the entire sequence is characterized by meter-
scale cyclic changes in color reflectance (particularly L*) and bulk den-
sity. Downhole logging also provided evidence for high-frequency vari-
ability in density and resistivity throughout the sequence from 82 (the
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shallowest logging depth) to 395 mbsf. Color banding on the FMS im-
ages occurs on the same scale. These variations in the cores and logs are
interpreted to reflect orbital-scale changes in carbonate relative to bio-
genic opal in the sediment.

One lithologic unit is defined and divided into three subunits on the
basis of changes in sediment composition and associated changes in
core logging data (Fig. F64). Subunit IA (0 to ~52 mcd; 0–2 Ma) is
marked by moderate carbonate concentrations of 55–75 wt%, high
amounts of foraminifers, and low amounts of biogenic opal. Clay con-
tent and magnetic susceptibility values are higher from 0 to 15 mcd.
Subunit IB (52–318 mcd; 2–9 Ma) is characterized by generally high car-
bonate concentrations. Carbonate concentrations increase in Subunit
IB (52–120 mcd; 2–4.5 Ma) to ~85 wt% as nannofossil abundance in-
creases and foraminifer abundance decreases. As a result, NGR and mag-
netic susceptibility decrease and color reflectance (L*) increases, reflect-
ing an increasing carbonate/clay ratio. The lower part of Subunit IB
(120–318 mcd; ~4.5–9 Ma) is remarkably homogeneous with high car-
bonate concentrations (~70–90 wt%) reflecting high abundance of nan-
nofossils, moderate amounts of biogenic opal, and low abundance of si-
liciclastic grains. Subunit IC (318-447 mcd; 9–12 Ma) is characterized by
reduced carbonate concentrations (~40 wt%) and increased abundance
of diatoms, organic carbon, siliciclastic grains, and volcanic glass.

Calcareous nannofossils are abundant and generally well to moder-
ately well preserved throughout the sequence. Of taxonomic interest is
the observation of a new transitional form between Discoaster bellus and
Discoaster berggrenii at the site. This new form fills in the missing link
between the two species and has implications for biostratigraphy and
evolutionary studies. Planktonic foraminifers are abundant to common
in the interval from 0 to 217 mcd and generally rare at depths >217
mcd (~6.4 Ma). The percentage of benthic foraminifers relative to total
foraminifers is low (~1%) in the upper interval but high (~99%) in the
lower interval. Diatoms are rare to few and poorly preserved in the up-
per 184 mcd of the sequence. Diatom abundance increases and preser-
vation improves below ~195 mcd (~6 Ma).

The biostratigraphies of the three planktonic microfossil groups doc-
ument a continuous sequence of the early late Miocene through the
late Pleistocene. Calcareous nannofossils and planktonic foraminifers
constrain the basal age of the site at ~11.2–11.6 Ma. The uppermost part
of the sequence might be affected by a hiatus (or anomalously low sedi-
mentation rates) during the interval from 0 to 0.46 m.y. as indicated by
the absence of the calcareous nannofossils Emiliania huxleyi and Pseudo-
emiliania lacunosa. In contrast, the last occurrence datum of the plank-
tonic foraminifer Globigerinoides ruber (pink) between 2.35 and 3.86
mcd indicates an age younger than 0.12 Ma for the overlying interval
and suggests that sedimentation was continuous at least for the late
Pleistocene and possibly to the Holocene. Paleomagnetism provided a
magnetic stratigraphy for the upper 15 mcd indicating that the Brun-
hes/Matuyama and the upper and lower Jaramillo boundaries are
clearly recognizable from both inclination and declination records. Lit-
tle NRM was left below that interval.

Lithology as well as fossil assemblages and abundances at Site 1241
reflect the influence of the equatorial high productivity belt, the Mio-
cene to Holocene path of the site away from the equator toward its
modern more northeasterly position at ~6°N, and the vicinity of vol-
canic islands in the early history of the site. MARs and LSRs are 1–6 g/
cm2/k.y. and 18–60 m/m.y., respectively. The rates reflect mainly the
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variations in carbonate MARs and also show a clear trend of decreasing
noncarbonate MARs with time. A relative peak in MARs is indicated at
9–10 Ma, when a significant opal and TOC component amplified the
carbonate MAR. This interval corresponds to the time of the carbonate
crash (~8.6–11.2 Ma), characterized by low carbonate accumulation
rates and poor preservation of calcareous microfossils. Although Site
1241 was located well above the CCD during the middle Miocene, the
preservation of calcareous nannofossils, planktonic foraminifers, and
even benthic foraminifers was strongly affected by carbonate dissolu-
tion. The increase in biogenic opal (including laminated diatom oozes),
organic carbon, and MARs at depths >320 mcd reflects high surface pro-
ductivity and enhanced organic carbon rain when the site was near the
equator early in its history.

At ages <6 Ma, MARs and LSRs decrease gradually to minimum values
during the last 1 m.y. Considering the backtrack of Site 1241, this con-
tinuous decline probably reflects the slow drift away from the more
productive equator and subsidence to greater water depths, where car-
bonate dissolution increases. The main peaks in MARs and LSRs occur
at ~7–6 Ma and are mainly driven by the accumulation of calcareous
nannofossils; however, micrite also doubles (to ~15%) in this interval,
reflecting recrystallization. A high carbonate MAR was found for ap-
proximately the same time interval at Sites 1236 (~21°S) and 1237
(16°S) as well as in the equatorial Pacific at Sites 848–853 and is often
referred to as the late Miocene to early Pliocene biogenic bloom.

Abundant clay and volcanic glass in the lower upper Miocene inter-
val (Subunit IC) points to an enhanced supply of siliciclastic material,
possibly from a former island of Cocos Ridge. The early history of Site
1241 is marked by several ash layers enriched in brown glass and mafic
minerals as well as black lapilli-sized scoria, which may reflect the vol-
canic activity of the nearby Galapagos hotspot. The interval of 0–6 Ma,
and especially 0–2.5 Ma, is marked by ash layers enriched in clear
glasses, possibly originating from Central America.

Chemical gradients in interstitial water at Site 1241 reflect the lim-
ited influence of organic matter oxidation, the dissolution of biogenic
silica driven by the relatively low thermal gradient, and biogenic calcite
recrystallization. Many of the profiles are consistent with a flow of rela-
tively unaltered seawater in the underlying oceanic crust, but the lack
of major change in composition makes this more difficult to assess than
at Site 1240. Methanogenesis at this site is limited by the persistence of
dissolved sulfate and the low organic carbon contents ranging between
0.1 and 1.4 wt%.

Site 1241 recovered a complete 303-m-long composite section with
the APC and a double XCB-cored interval that may be correlated and
spliced later using downhole logs. An opportunity arises here to study
changes in biogeochemical cycles and oceanography associated with
the Miocene to Pliocene closure history of the Isthmus of Panama and
the Miocene carbonate crash. Sedimentation rates of 18–60 m/m.y.,
combined with observations of rhythmic shifts in sediment composi-
tion that probably represent orbital-scale variability, offer the opportu-
nity to integrate an excellent framework of biostratigraphy into an or-
bitally tuned isotope stratigraphy. Volcanic ashes present an
opportunity for tephrochronology and the study of linkages between
major ash layers from the Caribbean and Pacific to establish the history
of major volcanic events in Central America.
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Site 1242

Site 1242 (proposed Site COC-4A) is located at 1364 m water depth in
a shallow graben within the intersection between Cocos Ridge and the
Mesoamerican Trench (Fig. F1). The sediment cover at Site 1242 is ~460
m thick and fills a subsiding basin. The basin geometry is complex,
however, and is clearly affected by faulting (Fig. F65). The crust under-
lying the site was probably formed at the Galapagos hotspot ~15–16
m.y. ago. A tectonic backtrack path on the Cocos plate moves Site 1242
southward and to the west, placing it close to the equator and near the
ancestral Galapagos hotspot early in its history (Fig. F6).

The present location of Site 1242 within the pool of warm, low-salin-
ity surface waters north of Panama Basin is strongly influenced by
heavy rainfall under the ITCZ. Nutrients at the sea surface are low, and
biological productivity is relatively low for a continental margin set-
ting.

The bottom water mass at Site 1242 is associated with the lower
reaches of an anomalously thick oxygen minimum zone between PCW
and remnants of NPIW. These waters of North Pacific origin are rela-
tively depleted in oxygen and enriched in nutrients. The region has one
of the deepest and strongest oxygen minimum zones in the world and
is, thus, an important site for denitrification. Given the relatively shal-
low depth of Site 1242 above the regional lysocline, variations in car-
bonate dissolution should be controlled by the flux rates of carbonate
vs. organic carbon and subsequent organic carbon degradation within
the sediments.

The primary objectives at Site 1242 were to provide a continuous sed-
entary sequence of Pliocene to Holocene age to (1) assess variability of
upper-ocean processes at high time resolution, including variations in
the Atlantic to Pacific salinity contrast and climate-related dynamics of
the ITCZ, (2) study long-term changes associated with denitrification in
low-oxygen subsurface water masses, and (3) reconstruct changes in
ventilation and nutrients in the transition zone between PCW and
NPIW.

We drilled four holes at Site 1142 with APC penetration depths of
176.0, 169.9, 166.5, and 91.5 mbsf (Table T2). The nonmagnetic core
barrel was used on approximately every second APC core. Holes 1242A
and 1242B were advanced with the XCB to 250.8 and 256.0 mbsf, re-
spectively. Downhole temperature measurements indicated an anoma-
lously high thermal gradient of ~20°C/100 m.

A 288.9-mcd-thick (256.0 mbsf) middle Miocene to Holocene se-
quence was recovered at Site 1242 (Fig. F66). A composite depth scale
and a splice document complete recovery for the upper 196.4 mcd. A
major hiatus at ~280 mcd encompasses the interval from ~2.5 to 13 Ma.
The sequence was subdivided into two lithologic units, Unit I (0–281
mcd) above the hiatus and Unit II (281–287 mcd) below the hiatus.
Unit I consists of fine-grained, homogeneous hemipelagic sediments.
Core logging data vary significantly on decimeter to meter scales
throughout this sequence, indicating changes in the relative supplies of
terrigenous and biogenic material to Site 1242. These changes likely re-
flect millennial to orbital scale changes in productivity and/or climate.
Siliciclastic material is the dominant sediment component and gradu-
ally decreases downhole except for the top 20 mcd, where it increases
downhole. TOC decreases downhole in the top 10 mcd, from 3.5 to 2.2
wt%, and then also decreases gradually downhole to ~1.4 wt% at
depths >150 mcd. Calcium carbonate concentrations increase gradually
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downhole from values <20 wt% in the top 40 mcd to values >35% in
the interval 250–280 mcd.

Unit II, representing the middle Miocene sediments below the hia-
tus, consists of diatom-bearing nannofossil ooze. The southward tec-
tonic backtrack path of Site 1242 and the relatively high abundance of
siliceous microfossils suggests that the site was close to the equatorial
upwelling and high productivity belt in its early history.

Calcareous nannofossils are relatively rare and moderately preserved
at Site 1242. Planktonic foraminifers are abundant to common in the
upper ~70 m, but abundance decreases markedly downhole. Planktonic
foraminifers are rare from 269 to 277 mcd, just below the major uncon-
formity. Preservation is moderate to good in the upper 99 mcd but dete-
riorates markedly below this depth. Diatoms are generally rare at Site
1242, with higher abundance from ~208 to 215 mcd and below the hia-
tus. The combination of biostratigraphic markers yields a relatively well
constrained age model over the past 2.5 m.y. Shipboard paleomagnetic
measurements showed promise of a detailed stratigraphy based on geo-
magnetic paleointensity and declination variations; however, these re-
sults were limited by time constraints at the end of the cruise.

Ash layers are most frequent between 30 and 120 mcd and between
160 and 210 mcd, suggesting intervals of increased volcanic activity
from ~0.4 to 1.1 Ma and from ~1.3 to 1.6 Ma. Clear platy and vesicular
glass and intermediate accessory mineral compositions suggest an
andesitic volcanic source, most likely in Central America.

MARs and LSRs are generally high above the hiatus (<2.4 Ma), with
maximum values of 13 g/cm2/k.y. and 165 m/m.y., respectively. Non-
carbonate MARs are two to three times higher than carbonate MARs in
this interval. MARs and LSRs display a broad peak over the upper
Pliocene to Pleistocene sequence, with maximum rates between 1.6 and
1.2 Ma. Carbonate accumulation rates are thus highest in the lower
Pleistocene and lower in the Pliocene and upper Pleistocene to Ho-
locene interval. The observed changes in sediment composition and
MAR may reflect vertical tectonic movements associated with the sub-
duction of Cocos Ridge under Central America during the past few mil-
lion years, which may result in focusing of terrigenous material and en-
vironmental changes affecting both continental rainfall and marine
productivity.

Chemical gradients in the interstitial waters at Site 1242 reflect the
influence of organic matter oxidation by sulfate reduction, authigenic
mineralization, the dissolution of biogenic silica, and the diffusive in-
fluence of basalt alteration reactions at greater depth.

Site 1242 provides a continuous sedimentary sequence of Pliocene to
modern sediments to assess variability of upper-ocean and subsurface
water mass processes at high resolution. The relatively high sedimenta-
tion rates of up to 138 m/m.y. and an abundant fossil record suggest
that this site will provide an excellent history of climate and geochemi-
cal changes near the ITCZ.
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Figure F1. Leg 202 drill sites span a broad latitudinal range from southern Chile to Central America. Site
1232 is in the Chile Basin; Sites 1233–1235 are on the Chile margin; Sites 1236 and 1237 are on Nazca
Ridge; Sites 1238 and 1239 are on Carnegie Ridge; Site 1240 is in the Panama Basin; and Sites 1241 and
1242 are on Cocos Ridge.
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Figure F3. Schematic of upper-ocean currents off the west coast of South America. NECC = North Equatorial
Countercurrent, EUC = Equatorial Undercurrent, CC = Coastal Current, GUC = Gunther Undercurrent.
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Figure F4. Site locations on modern annual average values of (A) sea-surface temperature (°C), (B) sea-sur-
face phosphate (µM), and (C) sea-surface salinity. (Continued on next two pages.)
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Figure F4 (continued).
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Figure F4 (continued).
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Figure F5. Cross section of subsurface water masses in a transect through the drilling sites, characterized by
(A) dissolved oxygen, (B) dissolved phosphate, and (C) salinity. AAIW = Antarctic Intermediate Water,
NPIW = North Pacific Intermediate Water, PCW = Pacific Central Water, GUC = Gunther Undercurrent,
CPDW = Circumpolar Deep Water.
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Figure F6. Plate tectonic backtrack of Leg 202 drill sites. Large circles = the modern location, and successive
circles = the backtrack position relative to South America at 1-m.y. intervals. Number at the end of each
backtrack path = oldest age of recovered sediment at each site in millions of years.
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Figure F7. Core-log integration. Pervasive meter-scale rhythmic variations were observed in borehole resis-
tivity and core density logs at Sites 1238, 1239, and 1241. Such variability is likely associated with fluctua-
tions in the fractions of carbonate and biogenic opal in the sediments. The Formation MicroScanner (FMS)
image of the borehole at Site 1241 is shown to the right of the 64-button average (5-point smoothing) in
red. The similarity of the smoothed FMS and the lower-resolution gamma ray attenuation (GRA) bulk den-
sity record (blue) in cores from Hole 1241B suggests that borehole logs will provide a relatively continuous
proxy record of lithologic variability and will provide for detailed integration of depth scales between the
borehole and core logs. eld in mbsf = equivalent logging depth in meters below seafloor.
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Figure F8. Comparison of Site 1238 natural gamma radiation (NGR) data from core (multisensor track
[MST]-NGR) and downhole (Hostile Environment Natural Gamma Ray Sonde–standard gamma radiation
[HSGR] and Multi-Sensor Spectral Gamma Ray Tool [MGT]) measurements. Data from cores and downhole
tools correlated very well at (A) the meter scale throughout and (B, C) the submeter scale over most intervals.
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Figure F9. Comparison of gamma ray attenuation (GRA) bulk density data from core logging and downhole
logging density. Note the excellent correlation of variations in magnitude and depth at meter scale. Minor
discrepancies at the submeter scale may be the result of core disturbance or borehole irregularities.
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Figure F10. Relative changes in apparent depth offsets (in the mcd scale) of sequential cores vs. time of
coring operation compare well with predictions of tidal sea level oscillations at Site 1240.
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Figure F11. Reflectance spectroscopy–derived calcium carbonate and total organic carbon (TOC) contents
compared to directly measured quantities at Site 1237.
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Figure F12. Paleomagnetic secular variation (PSV) at Site 1233, illustrating replication of declination vari-
ability in different holes and the assembly of a spliced PSV record with named events from 0 to 30 mcd.
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Figure F13. Paleomagnetic secular variation (PSV) at Site 1234, illustrating replication of declination vari-
ability in different holes, and the assembly of a spliced PSV record, with named events from 0 to 15 mcd.
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Figure F14. Variations in paleomagnetic declination (top), inclination (middle), and normalized relative
paleointensity (bottom) from 0 to 136 mcd at Chile margin Site 1233 (inferred ~0–140 ka). Note the in-
ferred Laschamp Excursion (~41 ka) near 68 mcd, which implies an average sedimentation rate of nearly
170 cm/k.y. from the core top to this level. PSV = paleomagnetic secular variation, BP = before present. Big
D = interval of anomalously high declination.
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Figure F15. Variations in paleomagnetic declination (top), inclination (middle), and normalized relative
paleointensity (bottom) from 15 to 65 mcd at Chile margin Site 1233 (inferred ~11–40 ka). Note the well-
defined rhythmic variations in all parameters. PSV = paleomagnetic secular variation, BP = before present.
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Figure F17. Age models for Leg 202 sites. FO = first occurrence, LO = last occurrence. AMS = accelerator
mass spectrometry. (Continued on next page.)
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Figure F17 (continued).
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Figure F18. Linear sedimentation rates (LSRs) and total mass accumulation rates (MARs) at Leg 202 sites
averaged at (A) 1.0-m.y. intervals for longer records, (B) 0.4-m.y. intervals for shorter records, and (C) 10-
k.y. intervals for ultra-high-resolution records. 
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Figure F19. Cyclic variation in gamma ray attenuation (GRA) density at Site 1237. A. Fluctuations in GRA
density between 60 and 80 mcd (red curve) and the Gaussian weighted smooth (blue curve). The detrended
record (green) represents the difference between blue and red records and was used in spectral analysis.
Ages and depths of magnetic reversal boundaries are indicated as well as intervals of major changes in sed-
imentation rates. B. Results from spectral analyses. Cycle lengths are given in meters. Considering the sed-
imentation rates shown in A, cycles of 0.35–0.43 m reflect precession cycles (22 k.y.) and cycles of 0.74–
0.98 m are related to obliquity cycles (41 k.y.).
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Figure F20. Carbonate (solid lines) and noncarbonate (dashed lines) mass accumulation rates at (A, B) Leg
202 sites and (C) selected Leg 138 sites. Averaged time intervals are 1 m.y. in (A) and (C) and 0.4 m.y. in (B).

0

2

4

6

8

10

2

4

0 1 2 3 4

1

2

3

4

5

0

1

2

3

4

5

1

2

3

0

1

2

3

1

0 5 10 15

0

0

0

0

0

1

2

3

0 5 10 15

0

1

0

1

2

3

4 0

1

2

30

1

2

3
0

1

2

Site 1236

Site 1237

Site 1238

Site 1239

Site 1241

Site 846

Site 848

Site 849

Site 850

Site 851

Site 852

M
as

s 
ac

cu
m

ul
at

io
n 

ra
te

s
(g

/c
m

2 /
k.

y.
)

M
as

s 
ac

cu
m

ul
at

io
n 

ra
te

s
(g

/c
m

2 /
k.

y.
)

M
as

s 
ac

cu
m

ul
at

io
n 

ra
te

s
(g

/c
m

2 /
k.

y.
)

A C

B

Site 1240

Site 1242

Age (Ma)

Age (Ma)



SHIPBOARD SCIENTIFIC PARTY
CHAPTER 1, LEG 202 SUMMARY 96
Figure F21. Biogenic opal and terrigenous sediment mass accumulation rates (MARs) as components of the
noncarbonate MAR at (A) selected Leg 138 sites and (B) Site 1237, for which total organic carbon (TOC)
MAR is also plotted. Note that opal and TOC MARs are plotted at a different scale (on right) than noncar-
bonate and terrigenous MAR (on left) in (B).
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Figure F22. Modern annual-average properties of the upper ocean at paleolocations of Site 1236, based on
plate tectonic backtracking and an assumption of no temporal changes in regional oceanic properties. Atlas
data on physical and chemical properties are from WOA98 (Ocean Climate Laboratory, 1999). Primary pro-
ductivity (PP) is from satellite measurements of sea-surface color (Behrenfeld et al., 2001). Pycnocline depth
is calculated to the nearest 5 m, based on the shallowest maximum in the vertical density gradient. Symbols
are average values extracted from the nearest 1° latitude-longitude box in each atlas. Lines = smoothed
trends of each property along the backtrack path. SST = sea-surface temperature, SSS = sea-surface salinity.  
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Figure F23. Modern annual average properties of the upper ocean at paleolocations of Site 1237, based on
plate tectonic backtracking and an assumption of no temporal changes in regional oceanic properties. Atlas
data on physical and chemical properties are from WOA98 (Ocean Climate Laboratory, 1999). Primary pro-
ductivity (PP) is from satellite measurements of sea-surface color (Behrenfeld et al., 2001). Pycnocline depth
is calculated to the nearest 5 m, based on the shallowest maximum in the vertical density gradient. Symbols
are average values extracted from the nearest 1° latitude-longitude box in each atlas. Lines = smoothed
trends of each property along the backtrack path. SST = sea-surface temperature, SSS = sea-surface salinity. 
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Figure F24. Modern annual-average properties of the upper ocean at paleolocations of Site 1239, based on
plate tectonic backtracking and an assumption of no temporal changes in regional oceanic properties. Atlas
data on physical and chemical properties are from WOA98 (Ocean Climate Laboratory, 1999). Primary pro-
ductivity (PP) is from satellite measurements of sea-surface color (Behrenfeld et al., 2001). Pycnocline depth
is calculated to the nearest 5 m, based on the shallowest maximum in the vertical density gradient. Symbols
are average values extracted from the nearest 1° latitude-longitude box in each atlas. Lines = smoothed
trends of each property along the backtrack path. SST = sea-surface temperature, SSS = sea-surface salinity.
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Figure F25. Modern annual-average properties of the upper ocean at paleolocations of Site 1238, based on
plate tectonic backtracking and an assumption of no temporal changes in regional oceanic properties. Atlas
data on physical and chemical properties are from WOA98 (Ocean Climate Laboratory, 1999). Primary pro-
ductivity (PP) is from satellite measurements of sea-surface color (Behrenfeld et al., 2001). Pycnocline depth
is calculated to the nearest 5 m, based on the shallowest maximum in the vertical density gradient. Symbols
are average values extracted from the nearest 1° latitude-longitude box in each atlas. Lines = smoothed
trends of each property along the backtrack path. SST = sea-surface temperature, SSS = sea-surface salinity.
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Figure F26. Modern annual-average properties of the upper ocean at paleolocations of Site 1241, based on
plate tectonic backtracking and an assumption of no temporal changes in regional oceanic properties. Atlas
data on physical and chemical properties are from WOA98 (Ocean Climate Laboratory, 1999). Primary pro-
ductivity (PP) is from satellite measurements of sea-surface color (Behrenfeld et al., 2001). Pycnocline depth
is calculated to the nearest 5 m, based on the shallowest maximum in the vertical density gradient. Symbols
are average values extracted from the nearest 1° latitude-longitude box in each atlas. Lines = smoothed
trends of each property along the backtrack path. SST = sea-surface temperature, SSS = sea-surface salinity.
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Figure F28. Total nitrogen (TN) vs. total organic carbon (TOC) concentrations in sediments from all Leg
202 sites.
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Figure F29. Total organic carbon/total nitrogen (TOC/TN) ratios vs. TOC concentrations in sediments from
all ODP Leg 202 sites.
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Figure F31. Interstitial chloride vs. depth for Chile margin sites (1233, 1234, and 1235).
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Figure F32. Interstitial profiles of sulfate, alkalinity, phosphate, and ammonium vs. depth for Panama
Basin Site 1240. 
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Figure F33. A. Quartz distribution in surface sediments of the subtropical southeast Pacific, expressed as
weight percentage (carbonate- and opal-free basis, reproduced from Molina-Cruz, 1977). Arrows indicate
trade winds. Sites 1236, 1237, 1238, and 1239 are shown with their plate tectonic backtracks. B. Siliciclastic
accumulation rates and hematite peak height at Sites 1236 and 1237. The accumulation rates of siliciclastics
were estimated as (100% – wt% CaCO3 – wt% organic matter – wt% biogenic opal) × sedimentation rate ×
dry bulk density. The shipboard magnetostratigraphy and biostratigraphy were used to calculate sedimen-
tation rates that were smoothed to avoid overinterpretations of the preliminary age model. Siliciclastic ac-
cumulation rates at Site 1237 are used as a proxy for dust flux. The hematite peak height is derived from
color reflectance spectra and serves as a proxy for changing concentrations of hematite. MAR = mass accu-
mulation rate. 
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Figure F34. A. Mean calcium carbonate accumulation rates vs. age for sites from Legs 138 and 202. Shaded
time intervals mark maxima in carbonate accumulation rates. B. Annual chlorophyll-a concentrations (in
milligrams per cubic meter) (see seawifs.gsfc.nasa.gov), site locations, and tectonic backtrack (Pisias et al.,
1995). Red dots = paleoposition of sites from ~4 to 8 Ma.
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Figure F36. Calcium carbonate concentration, foraminifer abundance (R = rare, F = few, C = common, A =
abundant) and preservation (P = poor, M = moderate, G = good), benthic foraminifer percentage, and total
organic carbon concentration at Site 1241. The orange box indicates the time interval of the Miocene car-
bonate crash observed in the eastern equatorial Pacific.
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Figure F37. Evolutive spectra of the lightness parameter L* at Site 1239 (which tends to mimic calcium car-
bonate content of the sediments) using preliminary shipboard age models. Warm colors indicate greater
concentrations of variance within a frequency band.
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Figure F38. Sites 1232–1235 are located at the southernmost reaches of the Peru-Chile Current system, in
the transition between the subtropical and subpolar gyres. A. Contours of annual mean surface water tem-
peratures in degrees Celsius. Arrows indicate surface water currents. ACC = Antarctic Circumpolar Current,
PCC = Peru-Chile Current, PCCC = Peru-Chile Countercurrent, CFW = Chilean Fjord Water, CC = Coastal
Current. B. Salinity contours showing influx of Chilean Fjord Water (CFW). Site 1233 is best located to
monitor low-salinity surface waters that advect northward, a measure of the strength or location of the
westerly winds. Sites 1234 and 1235 are located to the north, within the eastern boundary current setting,
in an upwelling center off of Concepción.
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Figure F39. Locations of Sites 1233–1235 on subsurface oxygen contours. Circles mark the current site lo-
cations relative to the oxygen-poor Gunther Undercurrent (GUC) and the relatively oxygen-rich Antarctic
Intermediate Water (AAIW). Vertical bars on the sites indicate the likely effect of last glacial maximum sea
level fall of ~130 m on the position of the sites relative to the sea surface. PCW = Pacific Central Water.

1

2

0

Site 1235
AAIW

GUC

PCW

Site 1234
Site 1233

50°S 40° 30°

D
ep

th
 (

km
)

6

4

2 O
xy

ge
n 

(m
L/

L)



SHIPBOARD SCIENTIFIC PARTY
CHAPTER 1, LEG 202 SUMMARY 115
Figure F40. Shipboard correlation of Sites 1233, 1234, and 1235 based on biostratigraphic (<260 ka for all
sites) and magnetostratigraphic (e.g., location of Laschamp Event at ~41 ka) evidence as well as long-term
patterns in magnetic susceptibility, total organic carbon (Corg), and calcium carbonate concentrations.
These data indicate that all three sites will contain viable records of century- to millennial-scale climate
change.
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Figure F41. Millennial-scale variability at Site 1233. Magnetic susceptibility and diatom abundance plotted
on a preliminary age scale for the interval 0 to 45 ka. The age scale is based on Holocene age control points
derived from a correlation of the magnetic susceptibility records between Site 1233 and AMS-14C dated core
GeoB 3313-1 (Lamy et al., 2001) and the location of the Laschamp Event. All ages are calendar years BP and
are linearly interpolated between the dates. The data are compared to the GISP2 ice core in Greenland
(Grootes et al., 1993) and the Byrd ice core in Antarctica (Bender et al., 1999). SMOW = oxygen isotopic
composition of standard mean ocean water. D = dominant, A = abundant, C = common. 
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Figure F42. Seismic profile across Site 1232 (Mix et al., 1997).
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Figure F43. Lithology and physical and chemical data summary, Site 1232. GRA = gamma ray attenuation.  
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Figure F44. Digital Parasound profile for Site 1233 (Hebbeln et al., 1995). A. East-west profile. B. North-
south profile.
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Figure F45. Analog 3.5-kHz profile acquired with the JOIDES Resolution during the approach to Site 1233
on 12 April 2002. Depths are represented at 1500 m/s. Reflector numbers appear in boxes.
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Figure F46. Lithology and physical and chemical data, Site 1233. GRA = gamma ray attenuation. 
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Figure F47. Swath bathymetry of a Chile margin segment, including Sites 1234 and 1235 (Wiedicke-Hom-
bach et al., 2002).
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Figure F48. Seismic profile across Site 1234 (Mix et al., 1997).
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Figure F49. Lithology and physical and chemical data, Site 1234. GRA = gamma ray attenuation.
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Figure F50. Seismic profile across Site 1235 (Mix et al., 1997). 
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Figure F51. Lithology and physical and chemical data, Site 1235. GRA = gamma ray attenuation.
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Figure F52. Seismic profile across Site 1236 (Mix et al., 1997). 
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Figure F53. Lithology and physical and chemical data, Site 1236. GRA = gamma ray attenuation.
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Figure F54. Seismic profile across Site 1237 (Mix et al., 1997).
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Figure F55. Lithology and physical and chemical data, Site 1237. GRA = gamma ray attenuation, MAD = mois-
ture and density, TOC = total organic carbon.
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Figure F56. Seismic profile across Site 1238 (Lyle et al., 2000).
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Figure F57. Lithology and physical and chemical data, Site 1238. GRA = gamma ray attenuation, TOC =
total organic carbon.
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Figure F58. Seismic profile across Site 1239 (Lyle et al., 2000). Reflector numbers appear in boxes.
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Figure F59. Lithology and physical and chemical data, Site 1239. GRA = gamma ray attenuation, TOC =
total organic carbon.
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Figure F60. Swath bathymetry of a Panama Basin segment, including Site 1240 (Mix et al., 2000).
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Figure F61. Seismic profile across Site 1240 (Lyle et al., 2000).
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Figure F62. Lithology and physical and chemical data, Site 1240. GRA = gamma ray attenuation, VP = P-
wave velocity, TOC = total organic carbon.
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Figure F64. Lithology and physical and chemical data, Site 1241. GRA = gamma ray attenuation, TOC =
total organic carbon.
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Figure F66. Lithology and physical and chemical data, Site 1242. GRA = gamma ray attenuation.
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Table T1. Leg 202 coring summary by site.

Site
Number
of holes

Average
latitude

Average
longitude 

Average
water depth

(m)

 Maximum
penetration

(mbsf)
 Interval

cored (m)

Sum of core
recovered

(m)

 Core
recovered

(%)

 Time
on site
(days)

1232 3 39°53.45′S 75°54.08′W 4072 371.3 494.6 416.75 84 4.52
1233 5 41°0.01′S 74°26.99′W 838 116.3 411.0 422.23 103 1.76
1234 3 36°13.15′S 73°40.90′W 1015 205.2 461.6 435.15 94 1.67
1235 3 36°9.59′S 73°33.98′W 489 181.3 509.5 513.42 101 1.80
1236 3 21°21.54′S 81°26.17′W 1323 207.7 495.0 490.07 99 2.64
1237 4 16°0.42′S 76°22.69′W 3212 317.4 744.7 771.05 104 5.28
1238 3 1°52.31′S 82°46.93′W 2203 430.6 791.1 787.12 99 4.67
1239 3 0°40.32′S 82°4.86′W 1414 515.4 1026.1 1042.07 102 4.27
1240 4 0°01.31′N 86°27.76′W 2921 253.0 603.7 622.54 103 3.34
1241 3 5°50.57′N 86°26.68′W 2027 395.0 799.0 810.14 101 4.67
1242 4 7°51.35′N 83°36.42′W 1364 256.0 743.8 770.45 104 2.83
Total: 7080.1 7080.99 100
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Table T2. Leg 202 coring summary by hole. 

Note: APC = advanced piston corer, XCB = extended core barrel.

Site Hole Latitude Longitude

Water
depth
(m)

 
Penetration 

(mbsf)

 Interval 
cored
(m)

 Core
recovered

(m)

 Core
recovered

(%)
APC
cores

XCB
cores

 Time
on site
(days)

1232 A 39°53.470′S 75°54.082′W 4078.6 371.3 371.3 288.77 78 12 27
B 39°53.453′S 75°54.079′W 4069.5 90.1 90.1 96.30 107 10
C 39°53.440′S 75°54.082′W 4068.9 33.2 33.2 31.68 95 4

1232 totals: 3 holes 39°53.45′S 75°54.08′W 4072.3 371.3 494.6 416.75 84 26 27 4.52

1233 A 41°0.001′S 74°26.998′W 837.5 12.0 9.5 9.94 105 1
B 41°0.001′S 74°26.998′W 837.5 109.5 100.0 102.01 102 11
C 41°0.003′S 74°26.992′W 837.7 116.3 116.3 121.75 105 13
D 41°0.009′S 74°26.991′W 839.2 112.3 110.3 114.88 104 13
E 41°0.013′S 74°26.983′W 838.1 101.5 74.9 73.65 98 8

1233 totals: 5 holes 41°0.01′S 74°26.99′W 838.0 116.3 411.0 422.23 103 46 0 1.76

1234 A 36°13.153′S 73°40.909′W 1015.6 205.2 205.2 189.02 92 11 11
B 36°13.150′S 73°40.904′W 1014.0 182.4 180.4 169.71 94 10 9
C 36°13.156′S 73°40.894′W 1014.4 79.1 76.0 76.42 101 8

1234 totals: 3 holes 36°13.15′S 73°40.90′W 1014.7 205.2 461.6 435.15 94 29 20 1.67

1235 A 36°09.591′S 73°33.990′W 489.7 181.3 181.3 182.78 101 20
B 36°09.592′S 73°33.983′W 488.5 176.2 176.2 178.81 101 19
C 36°09.599′S 73°33.976′W 488.5 152.5 152.0 151.83 100 16

1235 totals: 3 holes 36° 9.59′S 73°33.98′W 488.9 181.3 509.5 513.42 101 55 0 1.80

1236 A 21°21.539′S 81°26.160′W 1323.7 207.7 207.7 197.23 95 20 4
B 21°21.541′S 81°26.165′W 1322.5 122.8 122.8 125.10 102 13
C 21°21.538′S 81°26.170′W 1322.5 167.3 164.5 167.74 102 18

1236 totals: 3 holes 21°21.54′S 81°26.17′W 1322.9 207.7 495.0 490.07 99 51 4 2.64

1237 A 16°0.420′S 76°22.680′W 3212.7 10.5 9.5 9.95 105 1
B 16°0.421′S 76°22.681′W 3212.7 317.4 317.4 331.35 104 34
C 16°0.422′S 76°22.685′W 3211.9 315.3 313.3 323.70 103 33
D 16°0.421′S 76°22.693′W 3211.9 253.0 104.5 106.05 101 11

1237 totals: 4 holes 16°0.42′S 76°22.69′W 3212.3 317.4 744.7 771.05 104 79 0 5.28

1238 A 1°52.310′S 82°46.939′W 2202.2 430.6 430.6 409.77 95 22 24
B 1°52.310′S 82°46.934′W 2202.2 201.0 198.0 209.50 106 21
C 1°52.310′S 82°46.928′W 2203.2 167.5 162.5 167.85 103 18

1238 totals: 3 holes 1°52.31′S 82°46.93′W 2202.5 430.6 791.1 787.12 99 61 24 4.67

1239 A 0°40.320′S 82°04.850′W 1414.7 515.4 515.4 515.10 100 19 36
B 0°40.321′S 82°04.860′W 1413.3 398.7 396.7 407.32 103 18 24
C 0°40.320′S 82°04.870′W 1413.3 117.3 114.0 119.65 105 12

1239 totals: 3 holes 0°40.32′S 82°4.86′W 1413.8 515.4 1026.1 1042.07 102 49 60 4.27

1240 A 0°01.311′N 82°27.750′W 2922.4 253.0 253.0 264.03 104 28
B 0°01.311′N 82°27.756′W 2920.2 248.2 246.2 254.80 103 26
C 0°01.311′N 82°27.760′W 2920.2 80.2 76.0 75.30 99 8
D 0°01.311′N 82°27.766′W 2920.2 31.7 28.5 28.41 100 3

1240 totals: 4 holes 0°01.31′N 86°27.76′W 2920.7 253.0 603.7 622.54 103 65 0 3.34

1241 A 5°50.570′N 86°26.670′W 2027.3 394.4 394.4 404.86 103 34 9
B 5°50.570′N 86°26.681′W 2025.8 395.0 303.6 302.23 100 27 5
C 5°50.570′N 86°26.692′W 2027.2 143.5 101.0 103.05 102 11

1241 totals: 3 holes 5°50.57′N 86°26.68′W 2026.8 395.0 799.0 810.14 101 72 14 4.67

1242 A 7°51.352′N 83°36.402′W 1363.4 250.8 250.8 260.11 104 19 8
B 7°51.353′N 83°36.413′W 1365.2 256.0 250.5 259.24 103 18 9
C 7°51.352′N 83°36.424′W 1363.1 172.0 166.5 170.95 103 18
D 7°51.353′N 83°36.435′W 1363.1 91.5 76.0 80.15 105 8

1242 totals: 4 holes 7°51.35′N 83°36.42′W 1363.7 256.0 743.8 770.45 104 63 17 2.83
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Table T3. Summary of APC drilling over.

Notes: APC = advanced piston corer, XCB = extended core barrel. Reason for APC termination: A1 = Pollution Prevention and Safety Panel
approved depth is reached, A2 = mission accomplished, B1 = incomplete stroke is indicated, B2 = excessive pull out force >100 klb, C =
mechanical. * = average from holes with APC refusal.

Hole

Depth of first
excess force

(mbsf)

Maximum APC
penetration

(mbsf)

Added APC
penetration by
overdrilling (%)

Reason 
for APC

termination

Number 
of overdrilled
APC barrels

APC
cores

XCB
cores

 Total
penetration

(mbsf)

1232A 103 112.5 9 B2 2 12 27 371.3
1232B A2 10 90.1
1232C A2 4 33.2
1233A A1 1 12.0
1233B A1 11 109.5
1233C A1 13 116.3
1233D A1 13 112.3
1233E A1 8 101.5
1234A B1 11 11 205.2
1234B B1 10 9 182.4
1234C A2 8 79.1
1235A B1 20 181.3
1235B B1 19 176.2
1235C A2 16 152.5
1236A A2 20 4 207.7
1236B C 13 122.8
1236C 154.8 167.3 8 A2 1 18 167.3
1237A A2 1 10.5
1237B 148 317.4 114 B1 16 34 317.4
1237C 163.3 315.3 93 B1 15 33 315.3
1237D 234 253 8 A2 3 11 253.0
1238A 90.5 204.5 126 B1 10 22 24 430.6
1238B 87 201 131 B1 8 21 201.0
1238C 139 167.5 21 A2 3 18 167.5
1239A 88.9 174.4 96 B2 6 19 36 515.4
1239B 152.3 171.3 12 B2 3 18 24 398.7
1239C A2 12 117.3
1240A 174.5 253 45 B1 6 28 253.0
1240B 162.7 248.2 53 B1 8 26 248.2
1240C A2 8 80.2
1240D A2 3 31.7
1241A 184.4 314.2 70 B1 13 34 9 394.4
1241B 200.4 259.4 29 B2 7 27 5 395.0
1241C A2 11 143.5
1242A B1 19 8 250.8
1242B B1 18 9 256.0
1242C A2 18 172.0
1242D A2 8 91.5
Average* (%): 77
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Notes: * chemistry is discussed separately in the text as a consequence. BDL = below detection limit. Sulfate detection
limit

epth
cd)

Phosphate
concentration

maximum
(µM)

Depth
(mcd)

Ammonium
concentration

maximum
(mM)

Depth
(mcd)

Methane
concentration

maximum
(ppmv)

Shallowest
depth
(mcd)

Calcium
concentration

minimum
(mM)

Depth 
(mcd)

Limited t
Nazca — 2 3 <0.005 — BDL Increases with depth

–20 9 5 >0.25 9–33 8 42–63 Increases with depth
Cocos 3–95 5 3 >0.4 53–106 13 189 Increases with depth

Intermed
Carneg 3–93 >15 10–64 3 82–386 <100 6.1 54
Panam 7–190 >30 147–190 >2 147–200 57 147 <3.5 104–179

Complet
Chile B –159 >50 Throughout >2 37 >10,000 >60 <6 27

<4 93–105
Chile m 1–44 >210 11–55 >5 11–77 High 23 <2 5–11

8–52 >120 10–52 >11 40–88 High 9 <2 10–112
1–42 >200 20–42 >8 31–42 High 20 <2 20–109

Carneg –123 >20 61–113 >6 133–378 Moderate–high 100 5.5 71–82
Cocos 3–94 60 34 >7.5 94–170 High 35 2.5 34
 T4. Summary of Leg 202 geochemistry.

 = Site 1240 is influenced by fluid flow in the underlying basalt, and its geo
 was typically 1 mM or lower.

Region Site

Water
depth
(m)

Sulfate
concentration

minimum
(mM)

Depth
(mcd)

Alkalinity
concentration

maximum
(mM)

D
(m

o no sulfate reduction
Ridge 1236 1323 <26 170–191 2.2

1237 3212 <26 5–63 >5 9
Rise 1241 2027 Little depletion — >5 6

iate sulfate reduction
ie Ridge 1238 2203 <10 75 >17 8
a Basin* 1240 2921 <15 135–200 >17 14

e sulfate reduction
asin 1232 4072 <2 26 >30 26

argin 1233 838 BDL 21 >60 2
1234 1015 BDL 10 >63 1
1235 489 BDL 20 >60 3

ie Ridge 1239 1414 BDL 71 >28 92
Rise 1242 1364 BDL 23 >25 2
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