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1. LEG 202 SYNTHESIS: SOUTHEAST
PACIFIC PALEOCEANOGRAPHY1
Ralf Tiedemann2 and Alan Mix3

ABSTRACT
Ocean Drilling Program (ODP) Leg 202 has opened a new window
into understanding late Paleogene and Neogene global environmental
change by providing high-quality sediment sequences from a previously unsampled region, the eastern South Pacific. Eleven sites (1232–
1242) that record variations on timescales ranging from decades to tens
of millions of years were drilled and investigated on transects of both
depth (489–4072 m) and latitude (41°S–8°N). Building on the shipboard
results presented in the Leg 202 Initial Reports volume, postcruise research has significantly improved the stratigraphic framework and provided new insights into climate-related processes, which operate on
different timescales and are relevant to hypotheses concerning the bipolar “see-saw” climate mechanism, orbitally driven changes in the
continent-ocean-ice-atmosphere system and tectonic processes associated with the uplift of the Andes, closure of the Central American Seaway, and major expansions of polar ice sheets.
Stable isotope records and refinements in bio- and magnetostratigraphy in combination with orbitally tuned cyclostratigraphy significantly
improved the Pleistocene stratigraphy at Sites 1233 and 1234, the Miocene–Pliocene stratigraphy at Sites 1236, 1237, 1239, and 1241, and the
Oligocene stratigraphy around the late Oligocene climate optimum at
Site 1237. Site 1233 filled a crucial gap in the stratigraphic and paleoceanographic archive of the South Pacific sector of the Southern
Ocean by providing an outstanding reproducible accelerator mass spectrometry (AMS) 14C-dated paleomagnetic record of centennial- and millennial-scale variability, representing regional variations in
environmental/climatic conditions for the past 70,000 yr. With regard
to the Cenozoic timetable, the continuous and complete sedimentary
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sequence of Site 1237, spanning the last ~31 m.y., has the potential of
becoming a stratigraphic reference section for the South Pacific. Postcruise work demonstrated the excellence of this record for producing a
stratigraphic framework that combines the biostratigraphy and terrific
magnetostratigraphy with orbitally tuned stable isotope records.
With respect to the bipolar see-saw hypotheses, Leg 202 studies on
high-resolution records changed the view of the global distribution of
millennial-scale climate change. These studies clearly demonstrate that
millennial-scale climate and biogeochemical systems of the southeast
Pacific and Chile closely align with those recorded in Antarctica and
the southern oceans and that these climate patterns extend to the equatorial Pacific, either transmitted directly by the eastern boundary current or indirectly by “the oceanic tunnel” (subsurface transport via
Antarctic Mode or Intermediate Water, Equatorial Undercurrent) injecting Southern Hemisphere extratropical water masses into the equatorial
upwelling system.
On orbital timescales, most spectacular was the finding that Earth’s
final transition into an “icehouse” climate ~13.9 m.y. ago, the middle
Miocene intensification of Antarctic glaciation, coincided with a striking transition from obliquity to eccentricity as the drivers of climate
change. Thus, the late Pleistocene 100-k.y. climate cycles are not unique
in Earth’s history, and although the examples from the Miocene and
Pleistocene are both associated with climate cooling, they occur under
significantly different global boundary conditions. This important contribution from Leg 202 issues a challenge to climatologists to understand multiple origins of 100-k.y. climate cycles that are now well
documented in the geologic record.
On timescales of millions of years, late Neogene upper ocean temperature reconstructions in combination with salinity assessments at selected sites from Leg 202 provide further insights into the
reorganization of ocean-atmosphere couplings that are linked to the
shoaling of the Central American Seaway (CAS), uplift of the Andes,
and Pliocene amplification of polar ice sheet expansion. Regional shoaling of the thermocline in the low-latitude eastern Pacific from 5.3 to 4.0
Ma most likely resulted from shoaling of the CAS, as suggested by
model experiments. Mixed-layer cooling and freshening in the tropical
northeast Pacific warm pool as well as declining sea-surface temperature
(SST) and increasing biological productivity off Chile parallel intensification of Northern Hemisphere glaciation from 3.6 to 2.4 Ma. The similarity of temporal changes in SST, upwelling, and dust flux between the
Benguela and Chile upwelling systems suggests that uplift of the Andes
was probably of secondary importance for generating the observed
changes in the southeast Pacific within the last 6 m.y., as the Benguela
upwelling system was not affected by mountain uplift. The expected atmosphere-oceanic response of the southeast Pacific to uplift of the
Andes probably played a larger role during the late Miocene, prior to 6
Ma.
A particular scientific challenge of future Leg 202 paleoclimate research is to better understand the transitions between these different
timescales with respect to couplings between global, regional, and local
processes.
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Fourteen papers appearing in this volume and sixteen papers published outside the Leg 202 Scientific Results volume add significant information about stratigraphy, continent-ocean-atmosphere couplings, and
associated biogeochemical interactions on a variety of timescales and
with different temporal resolutions. These contributions are briefly
summarized below.
Abe et al. (this volume) provide a data report on Miocene to Holocene organic carbon and biomarker variations at Sites 1237 and 1239.
Concentrations of organic carbon, carbonate, long-chain n-alkanes, and
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Four years of postcruise work have yielded substantial progress. Here
we present a summary of Leg 202 state-of-the-art science by (1) providing an overview of the papers that contributed to this Scientific Results
volume and (2) synthesizing the reports both in the volume and in the
external literature, and (3) evaluating the current state of progress toward meeting the overall leg objectives, recognizing that ongoing and
future efforts will continue to capitalize on these extraordinary materials
and add to these results over the coming decades.
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1. The evolution of the South Pacific Ocean as it responds to and
modulates the effects of major tectonic and climatic events, such
as uplift of the Andes Mountains, closure of the CAS, and major
expansion of polar ice sheets;
2. The linkage between climate and biogeochemical changes in the
high 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 Hemisphere; and
3. The timing of global and regional changes in climate, biota, and
ocean chemistry on scales of centuries to millennia.
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Ocean Drilling Program (ODP) Leg 202 was designed to study the
timing, nature, and processes of late Cenozoic climatic and oceanographic changes in the southeast Pacific. During Leg 202, we recovered
a total of 7081 m of sediment at 11 sites (Sites 1232–1241) in the southeast and equatorial Pacific, ranging in age from early Oligocene (~31.5
Ma) to Holocene (Figs. F1, F2, F3). At all sites, multiple holes were
drilled to ensure continuous recovery of the stratigraphic section. At
three sites (1238, 1239, and 1241), borehole logging operations produced data sets of remarkable quality, which allowed core-log integration. A complete description of Leg 202 recovered sediments and
performed shipboard analyses is given in the Leg 202 Initial Reports volume (Mix, Tiedemann, Blum, et al., 2003). We successfully achieved the
drilling goal of providing undisturbed and continuous sediment records
along a latitudinal transect from 41°S to 8°N and an intermediate- to
deepwater transect from 490 to 4070 m water depth that permit paleoceanographic studies on a variety of timescales, including centennial
to millennial (102–103 yr), orbital (104–105 yr), and tectonic (>105 yr)
time resolution.
These materials provide an excellent opportunity to test a broad set
of hypothesis on
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total alkenones, as well as alkenone-based sea-surface temperature (SST)
estimates are presented. The geochemical data can be used to evaluate
terrestrial sediment sources. Reconstruction of sea-surface temperatures
suggests a significant temperature drop at both sites after ~2.5 Ma, possibly in response to the intensification of Northern Hemisphere glaciation (NHG). The range of temperature variability (~7°–8°C in this lowresolution data set from Site 1237) is generally consistent with alkenone
temperatures reconstructed for the late Pleistocene at a nearby piston
core (Calvo et al., 2001; Prahl et al., 2006), with alkenone temperature
shifts between the late Pleistocene and mid-Pliocene warm period (3.0–
3.3 Ma) at Site 1237 (Haywood et al., 2005), but conflicts with Mg/Ca
temperature reconstructions of Wara and Ravelo (this volume), which
suggest no significant long-term temperature changes over the past ~6
m.y. For comparison, long-term variations of alkenone temperature estimates in the equatorial cold tongue (Site 846; Lawrence et al., 2006)
also document a temperature range of ~7°C, although unlike the data
from Site 1237, changes at Site 846 include a long-term “ramp” of cooling over the past 5 m.y. superimposed on shorter-term variations.
Abrantes et al. (2007) use core-top samples from throughout the region of Leg 202 to develop transfer functions for quantitatively predicting mean annual SST and primary productivity and qualitatively
assessing freshwater input to the marine realm, based on fossil diatom
assemblages. This calibration of paleoproxies with careful regional studies of modern sediments provides an important step toward future
quantification of oceanographic change in the downcore records.
Benway and Mix (2004) provide oxygen isotope and salinity data on
seawater and rainwater sampled during Leg 202 in the eastern tropical
Pacific region, providing a basis for reconstructing paleosalinity from
estimates of δ18O in seawater. Based on an isotope balance, they suggest
that about half of the rainfall in the Panama Bight comes from local
evaporation and precipitation and the other half comes from long-distance, cross-isthmus transport and intermittent large storm events.
Benway et al. (2006) provide high-resolution δ18O and Mg/Ca data
on planktonic foraminifers from Site 1242 and other sediment cores
and reconstruct substantial millennial-scale changes (but little glacial–
interglacial difference) in δ18O of seawater (and, by inference, upper
ocean salinity, corrected for sea level change) that are significantly
larger than those of the Caribbean (Schmidt et al., 2004). Such variations likely reflect the combination of changing location of the intertropical convergence and changes in net freshwater transport across the
Panama Isthmus. Surprisingly, millennial-scale changes in freshwater
transport across the Panama Isthmus appear to lead millennial-scale
changes in thermohaline overturn in the North Atlantic region, suggesting an active role for the tropics in generating such variations, either as an independent tropical trigger or as part of an integrated
feedback loop between the tropical and high-latitude climate systems.
Chun and Delaney (this volume) present a detailed examination of
particulate phosphorus composition, biogenic barium, manganese, and
uranium at Site 1237 in order to characterize the history of nutrient
burial and paleoproductivity in the context of major tectonic and climate changes during the past 31 m.y. A stepwise decrease in manganese
enrichment observed near 162 meters composite depth (mcd), or ~9
Ma, is consistent with a redox threshold associated with expected increases in paleoproductivity as tectonic drift carried the site under the
eastern boundary current system off western South America (Mix,
Tiedemann, Blum, et al., 2003).
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Flores et al. (this volume) provide a data report that significantly improves the Pleistocene calcareous nannofossil biostratigraphy at Sites
1237, 1238, 1241, and 1242. They confined 11 events of key biostratigraphic marker species (e.g., first occurrence [FO] and last occurrence
[LO] datums) using a sampling resolution of 10–30 cm for the last 0.5
m.y. and 75–150 cm for the time interval from 0.5 to 2.0 Ma.
Flower and Chisholm (this volume) present a late Oligocene stable
isotope record (Cibicidoides mundulus) from deepwater Site 1237 and tie
the onset of the late Oligocene climate optimum to the new geologic
timescale (GTS 2004) (Gradstein et al., 2004) by using magnetic polarity
stratigraphy and isotope data. Their results suggest an age of 26.35 Ma
for the final decrease in δ18O, marking the initiation of the late Oligocene climate optimum. This climatic shift is closely associated with
the LO of the planktonic foraminifer Paragloborotalia opima.
Grevemeyer et al. (2003) examine the thermal regime of the continental slope and downgoing slab in Chile between 32° and 41°S by
combining information from seismic reflection data (Empresa Nacional
del Petroleo Chilean oil company and Bundesministerium für Bildung
und Wissenschaft, Germany) and downhole temperature measurements obtained during Leg 202 at Sites 1233, 1234, and 1235. Their results suggest that the heat flow through the upper Nazca plate is low
with respect to the Eocene age of the incoming oceanic lithosphere.
Modeling shows that reduced heat flow can be accounted for by the
fact that the downgoing Nazca plate advects heat into the mantle and
hence acts as heat sink. The occurrence of bottom simulating reflectors
(BSRs) is interpreted to mark the thermally controlled base of gas hydrate layers. BSR heat flow over the accretionary prism is 60%–80% of
the regional conductive model and is suggested to reflect the initial
thickening of sediment as it is being incorporated into the accretionary
wedge. Heat flow over continental basement rocks, however, is generally in accordance with the regional model and may reflect steady-state
conditions. The seaward limit of the seismogenic zone is characterized
by the 100°C isotherm and occurs 60 km landward of the trench axis in
the north (33°S) and 30 km landward in the south. The seaward shift is
related to the subduction of younger lithosphere in the south.
Groeneveld et al. (this volume) present high-resolution Pliocene
Mg/Ca and δ18O records from tropical east Pacific Site 1241 that were
both measured on the planktonic mixed-layer species Globigerinoides
sacculifer. Their results suggest a freshening of the mixed layer from 4.8
to 2.4 Ma, which might be coupled with progressive closure of the CAS.
Mixed-layer temperatures commenced to decrease after 3.7 Ma, paralleling the Pliocene intensification of NHG that started at ~3.6 Ma, according to the recent work of Mudelsee and Raymo (2005). Groeneveld et al.
note, however, that Pliocene SSTs at Site 1241 are similar to modern values and colder than values estimated for the western Pacific warm pool,
providing no direct support for the idea of permanent El-Niño conditions during the early Pliocene (Ravelo et al., 2006).
Haywood et al. (2005) present new estimates of mid-Pliocene Pacific
SSTs from subtropical Site 1237 using alkenone paleothermometry.
These estimates, combined with other SST data from the Pacific and Atlantic, were used to verify model-predicted and fossil-based temperature
estimates in the PRISM2 data set that was produced by the Pliocene Research Interpretations and Synoptic Mapping (PRISM) Group. The
PRISM Group suggested that mid-Pliocene surface ocean temperatures
were the same as, or slightly cooler than, those found today in the tropics and at low latitudes and significantly warmer at higher latitudes.
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This change in the latitudinal pattern of SSTs has been attributed to enhanced meridional ocean heat transport generated by more vigorous
surface ocean gyres and/or thermohaline circulation. In contrast, alkenone and model-based SST estimates of Haywood et al. (2005) suggest
warmer SSTs during the mid-Pliocene in the tropics and subtropics. This
pattern of SSTs is not characteristic of that produced by enhanced meridional ocean heat transport or thermohaline circulation. Instead, the
pattern is similar to that which might be expected as a result of higher
concentrations of atmospheric CO2, which would act to warm the
oceans at the tropics and other latitudes. Furthermore, model diagnostics indicate that reduced sea ice and terrestrial ice sheet extent as well
as a strong ice-albedo feedback played a major role in forcing midPliocene warmth.
Heusser et al. (2006b) compile high-resolution pollen records from
Site 1233, providing a continuous, chronostratigraphically controlled
50-k.y. record of regional changes in vegetation from temperate South
America. Deposited 38 km west of the transition from northern deciduous lowland forest to southern evergreen rain forest, the pollen record
documents the comparatively brief Holocene development of thermophilous vegetation (Lowland Deciduous Beech Forest and Valdivian Evergreen Forest) and the expansion of glacial subantarctic vegetation
(North Patagonian Evergreen Forest–Subantarctic Parkland) during marine isotope Stages (MIS) 2 and 3. Systematic variability in these terrestrial climate proxies, which reflect latitudinal movement of the
southern westerlies, is mirrored in Antarctic climate records and in coeval ocean conditions inferred from radiolarian census data (Pisias et
al., 2006).
Heusser et al. (2006a) present joint pollen and benthic oxygen isotope data from Site 1234 in the southeast Pacific. Their data provide the
first continuous, chronostratigraphically controlled record of changes
in temperate South American vegetation and climate for the last 140
k.y. Downhole changes in diagnostic pollen assemblages from xeric lowland deciduous forest, mesic Valdivian Evergreen, and Subantarctic Evergreen Rainforest reveal large rapid shifts that likely reflect latitudinal
movements in atmospheric circulation and storm tracks associated with
the southern westerly winds. During glacial maxima (MIS 2–4 and 6),
the prominence of hyperhumid vegetation (north Patagonian and subantarctic forests and parkland) implies sustained northward migration
of the southern westerlies. At the MIS 6/5e boundary, coeval with the
rapid shift to lower isotopic values, rainforest vegetation was rapidly replaced by xeric plant communities associated with Mediterranean-type
climate. An increased prominence of halophytic vegetation suggests
that MIS 5e was more arid and possibly warmer than MIS 1. Although
rainforest pollen rises again at the end of MIS 5e, lowland deciduous
forest pollen persists through MIS 5d and 5c, into MIS 5b. Comparison
to Antarctic ice core data suggests that glacial–interglacial advances of
the Chilean rainforests occurred in phase with Antarctic cooling. On
millennial scales, changes in vegetation lag Antarctic temperature
change, suggesting that southern Chilean ecosystems respond to regional climate change with an exponential response time of ~1000 yr.
Holbourn et al. (2005) develop an orbitally tuned age model for the
middle Miocene time interval from 12.7 to 14.7 Ma at Site 1237 and examine the impacts of orbital forcing and atmospheric CO2 on Miocene
Antarctic ice sheet expansion. Their studies are based on benthic foraminiferal oxygen and carbon isotope (4- to 5-k.y. resolution) and X-ray
fluorescence (XRF) scanning records (1-k.y. resolution). The new chro-
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nology was generated by initially matching 400- and 100-k.y. amplitude variations in the benthic δ18O record to the latest astronomical
solution of Laskar et al. (2004) and then fine-tuning obliquity-related
δ18O cycles to the orbital record. The major increase in mid-Miocene ice
sheet expansion at 13.91–13.84 Ma was marked by a striking transition
from high-amplitude 41-k.y.-paced δ18O variations (prior to 13.9 Ma) to
high-amplitude 100-k.y.-paced variations, which are paralleled by a
similar shift in the amplitudes of orbital obliquity and eccentricity. The
major steps of rapid ice sheet expansion occurred during an extended
interval of low seasonal contrast at low eccentricity and coincided with
a prominent increase in benthic δ13C that was interpreted as reflecting a
decrease in atmospheric CO2 contents, promoting global cooling.
Hostetler et al. (2006) assemble available SST data (modern and Last
Glacial Maximum [LGM]) from the tropical and subtropical Pacific (including data from Sites 1233 and 1242) and apply a statistical approach
to adjust hypothesized biases in the faunal based SST estimates of the
Climatic Long-Range Investigation, Mapping, and Prediction Project
(CLIMAP Project Members, 1981). The resulting SSTs are generally in
better agreement than CLIMAP with recent geochemical estimates of
glacial–interglacial temperature changes. In addition, they conduct a series of model experiments using the GENESIS (Global Environmental
and Ecological Simulation of Interactive Systems) general atmospheric
circulation model to assess the sensitivity of the climate system to their
bias-adjusted SSTs. Globally, the new SST field results in a modeled
LGM cooling of 6.4°C (1.9°C cooler than that of CLIMAP). Data model
comparisons indicate improvement in agreement relative to CLIMAP,
but differences among terrestrial data inferences and simulated moisture and temperature remain. Their SSTs result in positive mass balance
over the Northern Hemisphere ice sheets (primarily through reduced
summer ablation), supporting the hypothesis that tropical and subtropical ocean temperatures may have played a role in triggering glacial
changes at higher latitudes.
Kaiser et al. (2005) extend the alkenone-derived SST record at Site
1233 (Lamy et al., 2004) back to 70 ka. Comparison to other mid-latitude Southern Hemisphere records suggests that the Antarctic timing of
SST changes was probably a hemisphere-wide phenomenon. Gradient
reconstructions of SSTs over the complete latitudinal range of the Pacific eastern boundary current system suggest a displaced subtropical
gyre circulation toward the Equator during glacial MIS 2 and 4.
Kaiser et al. (in press) provide a continuous record of Patagonian ice
sheet (PIS) extent (Fe content) and alkenone-based SSTs off Chile during
the last 70 k.y. based on Site 1233. In particular, they focus on the millennial- to multicentennial-scale variability of the paleorecords. The
close relationship between Fe content and SST pattern in the southeast
Pacific (as described by Lamy et al. [2004] for the 50- to 19-k.y. time interval) extends into the older part of the records (70–50 ka). During MIS
4, a delay of ~500 yr of PIS retreats relative to SST increases has been
found, similar to that described for the coldest part of MIS 3 and 2. During early MIS 3 (~60–56 ka), synchronous variability in both records resembles the deglacial–Holocene time interval, reflecting either a
meltwater pulse or dominant control of Fe input by rainfall changes related to a rather small PIS. Results of spectral analysis on the detrended
records show three main periodicity bands at ~4.5–3.1, 2.4–2.2, and
1.2–1 ka. The possible origins of these bands are discussed in terms of
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stochastic resonance, solar forcing, and Northern Hemisphere highand/or low-latitude influences on the southeast Pacific, respectively.
Lamy et al. (2004) establish alkenone-derived SST, planktonic δ18O,
and Fe (XRF scanning) records at the Chilean continental margin Site
1233 and reconstruct millennial-scale changes in southeast Pacific surface water properties and PIS extent for the last 50 k.y. Their results suggest a clear Antarctic timing of SST changes, which appear to be
systematically linked to meridional displacements in sea ice, westerly
winds, and the circumpolar current system. The changing Fe contents
have been related to glaciofluvial sediment flux from the Andes to the
continental margin. The patterns of Fe and paleotemperature records
are very similar, but Fe changes lag variations in temperature by as long
as ~1000 yr. This was interpreted as reflecting the glacier response time
to rising SSTs and may explain some of the current discrepancies among
terrestrial records in southern South America.
Lund et al. (this volume a) compare detailed rock magnetic and
paleomagnetic records of the same age but from different holes of Site
1233 in order to assess whether this late Pleistocene–Holocene archive,
deposited at extremely high accumulation rates, contains reproducible
evidence for centennial-scale environmental, climatic, and geomagnetic field variability. Their rock magnetic results identify reproducible,
pervasive, and distinctive centennial- (~150–300 yr) and millennialscale variability, representing regional variations in environmental or
climate conditions.
Lund et al. (this volume b) summarize the complete paleomagnetic
record from Site 1233 and the paleomagnetic record for the uppermost
30 mcd from Site 1234. Their study identifies reproducible high-resolution records of paleomagnetic secular variation, which can be correlated between the two sites. These records provide evidence for three
magnetic field excursions. On the basis of high-resolution accelerator
mass spectrometry (AMS) radiocarbon stratigraphy, two of these excursions occurred at ~35,000 calendar years before present (cal. yr BP) and
the third at ~41,000 cal. yr BP.
Martinez et al. (2006) report a nitrogen isotope record of bulk organic
matter from southern Chile margin Site 1233. The site is located
slightly south of the Peru-Chile upwelling system and the associated
oxygen minimum zone. The δ15N values at Site 1233 are relatively high
throughout the record, varying between 9‰ and 13‰ during the last
50 k.y. The major features are a pronounced δ15N increase at the beginning of the deglaciation (~19.5 ka), a large decrease during the early Holocene after 10 ka, and a pattern of millennial-scale variability that
resembles the pattern of Antarctic climate change as recorded in the
δ18O Byrd ice core record. The timing of changes in δ15N appears to be
synchronous with Antarctic climate changes between 50 and 10 ka. The
Holocene drop in δ15N is a typical feature of Southern Ocean sites, as
suggested by comparisons with other δ15N records. The authors propose
that the interplay between nutrient demand in the Subantarctic Zone
and latitudinal shifts of hydrologic fronts controlled both the concentrations and the isotopic signature of the remaining nitrate delivered to
the Chile margin. At that time the glacial surface waters of the southern
Chile margin were likely lower in nitrate concentration and higher in
δ15N than during interglacial periods.
McManus (this volume) provides a data report on major (K, Ca, Mg,
Fe, and Ti) and trace (Mn, Cu, Ba, U, Cd, Mo, and V) element concentrations at Sites 1233 and 1234 as background for assessing terrigenous
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inputs and changes in the reducing nature of these sediments from the
Chilean continental margin. In particular, the ratio U/Mo may provide
a linear measure of bottom water oxygen concentration, with relatively
little local impact from diagenesis of organic matter within the sediment. Preliminary application of this new proxy to Sites 1233 and 1234
is consistent with modern bottom water gradients but suggests substantial variability of the oxygen minimum zone, which overlies Site 1233.
Pena et al. (2005) analyze the geochemical composition of foraminifer shells from Site 1240 (Panama Basin) with several analytical techniques (laser ablation inductively coupled plasma–mass spectroscopy
[LA-ICP-MS], ICP-MS, X-ray diffraction [XRD], scanning electron microscopy [SEM], and energy dispersive X-ray [EDX]) in order to identify
and evaluate the occurrence of contaminant phases that may bias
paleoenvironmental reconstructions. LA-ICP-MS results on uncleaned
tests indicate the presence of Mn-Mg–rich contaminant phases at the
inner surfaces of the foraminiferal shells. Different cleaning techniques
were applied to remove these contaminant phases. Satisfactory results
were only produced when a reductive step was included. XRD analysis
further revealed that the Mn-Mg–rich phase represents the Ca-Mn-Mg
carbonate kutnahorite (Ca[Mn,Mg][CO3]2). Their results demonstrate
that the presence of kutnahorite-like minerals can bias Mg/Ca ratios toward higher values (by 7%–36%) and lead to significant overestimation
of past seawater temperatures.
Pisias et al. (2006) accomplish multivariate statistical analyses on late
Pleistocene–Holocene radiolarian and pollen populations from Chilean
continental margin Site 1233. Their sampling intervals yield a temporal
resolution of 200–400 yr and provide a detailed record of marine and
continental climate change in the southeast Pacific and South American continent for the past 50 k.y. The authors concluded the following:
1. During the past 50 k.y., the region of the central Chilean coast was
not directly influenced by polar water from the Antarctic region;
2. Changes in ocean conditions off central Chile during this time
interval primarily reflect north–south shifts in the position of
the South Pacific transition zone;
3. Changes in Chilean vegetation reflect comparable latitudinal
shifts in precipitation and the position of the southern westerlies;
4. The first canonical variate of radiolarian and pollen records extracted from Site 1233 are remarkably similar to each other as
well as to temperature records from the Antarctic, which suggests that marine and continental climate variability in the region is tightly coupled at periods longer than 3000 yr; and
5. Phase coupling of these climate records, which leads to variations of continental erosion based on iron abundance at the
same site, is consistent with the hypothesis that erosion is linked
to relatively long response times (i.e., a few thousand years) of
the PIS and thus is not a direct indicator of regional climate.
Prokopenko et al. (this volume) compare ammonium and total nitrogen concentrations as well as nitrogen isotope composition of solid
phase and dissolved pore water ammonium from Pleistocene sediments
that accumulated rapidly at continental margin Sites 1234, 1235, and
1238 and discuss the impact of diagenesis on the δ15N preserved in organic matter. Their results suggest that the δ15N composition of organic
matter at Sites 1234 and 1235 is not significantly affected by diagenesis,
even though ~20% of organic nitrogen is lost to diagenesis. This is indi-
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cated by the strong similarity between δ15N of ammonium and δ15N of
organic matter, which implies that the process of organic matter decomposition is not associated with an intrinsic fractionation factor.
Robinson et al. (2007) generate high-resolution oxygen isotope and
bulk sediment 15N/14N records (Site 1234) in order to assess denitrification changes within the Peru-Chile upwelling system over the last ~70
k.y. Denitrification changes at Chilean margin Site 1234 are coherent
with Antarctic climate changes recorded by the Byrd ice core δ18O
record rather than with Northern Hemisphere climate change. The
Southern Hemisphere character of the Chile margin δ15N record suggests that episodes of reduced denitrification in the eastern Pacific represent times when more oxygen was supplied as the result of changes in
the chemical composition of Subantarctic Mode Water (SAMW), which
forms in the Subantarctic Zone of the Southern Ocean and ventilates
the low-latitude thermocline.
Steph et al. (this volume) provide Pliocene Mg/Ca temperature and
stable isotope records from shallow- and deep-dwelling planktonic foraminifers (Site 1241) that span the time interval from 5.5 to 2.5 Ma. The
combination of paired Mg/Ca and δ18O measurements allowed them to
differentiate between temperature and salinity changes and therefore
assess changes in upper ocean stratification. Their study indicates an
early Pliocene shoaling of the tropical east Pacific thermocline, marked
by a 6°C temperature decrease at the bottom of the photic zone between 5.4 and 4.0 Ma. The deviation of δ18O records and Mg/Ca temperature estimates from thermocline-dwelling planktonic foraminifers
suggests that local changes in salinity exerted a much stronger control
on Pliocene tropical east Pacific upper ocean water mass signatures than
previously assumed. Whether these variations are triggered by changes
in the configuration of low-latitude ocean gateways is being discussed.
Steph et al. (2006) compare Pliocene δ18O records of shallow- and
deep-dwelling planktonic foraminifers from the tropical east Pacific
(Sites 1241 and 851), Caribbean (ODP Sites 999 and 1000), and Atlantic
(Site 925, Ceara Rise, and Site 1006, western Great Bahama Bank) to assess Atlantic-Caribbean-Pacific atmospheric and oceanic linkages associated with progressive closure of the CAS. Comparisons suggest
development of an inner-Caribbean salinity gradient in the mixed layer
and salinity changes on precessional periodicities after 4.4 Ma (Site
1000) when Pacific-Caribbean throughflow became significantly restricted. Precession-induced variations in the volume transport of Pacific surface water masses through the Panamanian Seaway are
considered a main factor to explain the Caribbean salinity minima. Results from a coupled climate model point to changes in the El Niño
Southern Oscillation (ENSO) state as a potential trigger for changes in
the amount of Pacific inflow into the Caribbean.
Tiedemann et al. (this volume) present consistent high-resolution,
orbitally tuned age models for Sites 1237 and 1241 as well as benthic
δ18O and δ13C stratigraphies for Sites 1236, 1237, 1239, and 1241, which
cover the time interval from 2.5 to 6 Ma. The age models for Sites 1237
and 1241 were generated by correlating the high-frequency variations
in gamma ray attenuation (GRA) density, sand percentages of the carbonate fraction, and benthic δ13C to the orbital solution of Laskar et al.
(1993). The tuned ages of the Pliocene polarity reversals at Site 1237
agree well with those of GTS 2004 (Gradstein et al., 2004).
Wara and Ravelo (this volume) present a data report on geochemical analyses performed on planktonic and benthic foraminifers from
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Site 1237. Records of planktonic and benthic δ18O and δ13C as well as
planktonic Mg/Ca, Sr/Ca, and Mn/Ca concentrations were generated
for the time interval of the last 6 m.y. to provide critical information regarding the late Miocene to present history of climate and oceanographic variability in the southeast Pacific. These records can be used to
infer changes in SST and salinity.
Weber and Pisias (this volume) provide an initial radiolarian biostratigraphic framework for Site 1237 that is in agreement with the biostratigraphic zonation of Sanfilippo and Nigrini (1998) and Moore
(1995) and the shipboard magnetostratigraphy using the age assignments of Cande and Kent (1995). According to the Geomagnetic Polarity Timescale, the ages of 21 radiolarian datums are defined, covering
the time interval of the last 11.5 m.y.

STRATIGRAPHY
The purpose of this chapter is to point the readers to the publications
that significantly complement shipboard biostratigraphic information
contained in the Leg 202 Initial Reports volume (Mix, Tiedemann, Blum,
et al., 2003) rather than discussing the details of postcruise stratigraphic
work.
Studies on calcareous nannofossil biostratigraphy (Flores et al., this
volume) and radiolarian stratigraphy (Weber and Pisias, this volume)
enhanced the Miocene–Pleistocene zonation of Leg 202 sites. Stable isotope records in combination with orbitally tuned cyclostratigraphy refined the Pleistocene stratigraphy at Sites 1233 and 1234 (Lamy et al.,
2004; Heusser et al., 2006a); the Miocene–Pliocene stratigraphy at Sites
1236, 1237, 1239, and 1241 (Tiedemann et al., this volume; Holbourn
et al., 2005); and the Oligocene stratigraphy around the late Oligocene
climate optimum at Site 1237 (Flower and Chishom, this volume).
The stratigraphies at Sites 1233 and 1237 deserve closer attention, as
they rank among the best hemipelagic and pelagic reference sections
from the South Pacific. Site 1237 provided a complete pelagic Oligocene
(~31 Ma) to Holocene sediment sequence that was relatively unmodified by burial diagenesis and was fully recovered using the advanced
piston corer (APC). Good preservation of calcareous microfossils to the
base of the Oligocene, the late Miocene–Holocene presence of siliceous
microfossils, and a nearly complete magnetostratigraphy provided an
excellent basis for postcruise stratigraphic refinements. Although the
completion of a high-resolution upper Paleogene and Neogene stratigraphy at Site 1237 will take several more years, substantial progress has
been made within particular time intervals. The work of Flores et al.
(this volume) significantly improves the Pleistocene calcareous nannofossil biostratigraphy by confining 11 events of key biostratigraphic
marker species using a sampling resolution of 10–30 cm for the last 0.5
m.y. and 75–150 cm for the time interval from 0.5 to 2.0 Ma. Weber
and Pisias (this volume) present a first radiolarian biostratigraphic
framework for the time interval of the last 11.5 m.y. that is consistent
with the biostratigraphic zonation of Sanfilippo and Nigrini (1998) and
Moore (1995). The ages for key radiolarian datums are derived from
shipboard magnetostratigraphy using the age assignments of Cande
and Kent (1995).
The goal to establish a complete stable isotope chronostratigraphy
for Site 1237 represents a joint effort of various groups and has not yet
been completed. So far, high-resolution benthic stable isotope records
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F4. Integrating radiolarian-,
magneto-, and isotope stratigraphy, p. 44.
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in combination with orbitally tuned cyclostratigraphy provide detailed
age control for the time intervals from 2.0 to 6.0 Ma (Tiedemann et al.,
this volume) and 12.7 to 14.7 Ma (Holbourn et al., 2005), although sedimentation rates were relatively low (1–3 cm/k.y.). Flower and Chisholm, this volume) established a benthic isotope record for the time
interval from 25.2 to 27.3 Ma.
Figure F4A provides an example of integrating bio-, magneto-, and
isotope stratigraphy on the basis of an orbitally tuned timescale for the
time interval 2–6 Ma. Tiedemann et al. (this volume) generated an orbitally tuned timescale by correlating the high-frequency variations
(precession- and obliquity-related cycles) in GRA density and benthic
δ13C and δ18O to the orbital solution of Laskar et al. (1993). The orbitally derived ages of Pliocene magnetic reversal boundaries between the
base of the Réunion and the top of the Thvera coincide with those of
the ATNTS2004 timescale (Lourens et al., 2004), except for the top of
Kaena and the base of Sidufjall. At Site 1237, the astronomical age for
the top of Kaena is about one obliquity cycle older. The base of Sidufjall
appears to be about one precession cycle younger. The astronomically
tuned isotope stratigraphy is in agreement with that from Atlantic Site
925/926 (Tiedemann and Franz, 1997; Shackleton and Hall, 1997) but
deviates from the orbitally tuned LR04 benthic δ18O stack (0–5.3 Ma)
(Lisiecki and Raymo, 2005) prior to MIS Si6 (4.9 Ma). The isotope nomenclature from MIS 96 to Si6, the stage identification and age assignments of recognized oxygen isotope stages are almost identical between
the LR04 benthic δ18O stack and the Leg 202 δ18O records from 2.4 to
4.9 Ma. However, the correlation of identical isotope stages is ambiguous in the time interval from 4.9 to 5.3 Ma, which comprises the
Thvera Chron, although the age models of Tiedemann et al. (this volume) and Lisiecki and Raymo (2005) provide nearly identical ages for
the top and base of Thvera. Within this interval, the LR04 δ18O stack
represents an average of five aligned (globally distributed) benthic δ18O
records, whereas three of them were aligned to an initially produced
transitional high-quality stack created from Sites 846 and 999. The
LR04 δ18O stack identifies MIS T7 (~5.05 Ma) as the most pronounced
δ18O minimum of the last 5.3 m.y (Fig. F4A). This minimum may correspond to MIS T5 or T3 at Sites 1237 and 1241, which are one or two
obliquity cycle(s) younger, respectively. At Sites 1237 and 1241, the
δ18O signal-to-noise ratio is relatively low between 4.8 and 5.3 Ma (except for MIS T5 and T3), and thus the benthic δ18O records are far from
being an excellent tuning medium. Spectral analyses in the depth domain (Tiedemann et al., this volume) suggest that the Leg 202 records
of benthic δ13C, GRA density, and sand content are better suited for orbital tuning. The benthic δ13C amplitudes provide a surprising clarity of
the 41-k.y. signal across this interval, in contrast to the δ18O records. In
addition, the GRA density record from Site 1237 and the sand content
record from Site 1241 provide significant variability at precessionrelated frequencies. Thus, Tiedemann et al. used a multi-proxy tuning
approach (taking priority over δ18O) to create the Leg 202 age model for
this interval. This may explain the possible deviation between the LR04
δ18O stack and the Leg 202 records, as the orbital tuning of the LR04
δ18O stack is solely based on oxygen isotope variability. The deviation
between the two age models becomes evident when comparing the δ13C
records from Leg 202 (Sites 1237 and 1240) with the δ13C record from
Site 846 (Fig. F4B), which was, in addition to that from Site 999, one of
the two key records used to create the LR04 δ18O stack. (As the δ13C
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record from Site 999 has no composite depth, it is not considered in Fig.
F4B). Within the critical time interval from 5.3 to 4.6 Ma, all δ13C
records are well correlated between ~4.9 Ma (MIS ST1) and 4.6 Ma (MIS
N8) and vary nearly in phase with orbital obliquity. Prior to ~4.9 Ma,
however, the δ13C record from Site 846 lacks correlation with both orbital obliquity and the Leg 202 δ13C records. This argues for a possible
mismatch between the LR04 δ18O stack and the orbital record prior to
4.9 Ma.
Holbourn et al. (2005) developed an orbitally tuned benthic isotope
stratigraphy for the middle Miocene time interval (12.7–14.7 Ma) at Site
1237, which marked the Earth’s final transition into an icehouse climate ~13.9 m.y. ago. The new chronology was generated by initially
matching the 400- and 100-k.y. amplitude variations in the δ18O series
to the latest astronomical solution (Laskar et al., 2004) and then adjusting individual obliquity-scale cycles. The most surprising feature of the
δ18O time series is the transition from high-amplitude obliquity-paced
variations dominant between 14.7 and 13.9 Ma to eccentricity-paced
fluctuations between 13.8 and 13.1 Ma. The timing of this change in
δ18O frequency parallels the mid-Miocene expansion of the Antarctic
ice sheet and is consistent with a change in the amplitudes of orbital
obliquity and eccentricity. Flower and Chishom (this volume) generated a benthic stable isotope record for the late Oligocene time interval
from 25.2 to 27.3 Ma and tied the onset of the late Oligocene climate
optimum to GTS 2004 (Gradstein et al., 2004) by using isotope data and
shipboard magnetostratigraphy. Their results suggest an age of 26.35
Ma for the final decrease in δ18O, marking the initiation of the late Oligocene climate optimum. This climatic shift is closely associated with
the LO of the planktonic foraminifer P. opima. These studies demonstrate the potential for completing a high-resolution, orbitally tuned
stable isotope chronostratigraphy for the upper Cenozoic and Neogene
that in addition includes a tight framework of bio- and magnetostratigraphy at a single site.
Although the 135.7-mcd composite sequence from Site 1233 only
spans the time interval of the last 70 k.y., it comprises a time resolution
that allows centennial-scale reconstructions of climate variability. This
in combination with an excellent and unprecedented high-resolution
magnetostratigraphy makes it an outstanding stratigraphic reference
section for the South Pacific (Lund et al., this volume a). Comparison
of detailed rock magnetic and paleomagnetic records from three different holes at Site 1233 clearly demonstrate reproducible, pervasive, and
distinctive centennial- (~150–300 yr) and millennial-scale environmental, climatic, and geomagnetic field variability (Lund et al., this volume
b). In addition, more than 20 AMS 14C age datings led to a detailed age
model (Fig. F5) (Lamy et al., 2004; Kaiser et al., 2005; Kaiser, 2005) that
suggests extremely high sedimentation rates, ranging between ~1.4 m/
k.y. in the Holocene to an average of ~2.2 m/k.y. during MIS 2–4.
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F6. Late Cenozoic climate evolution, tectonic events, and changes
in polar ice volume, p. 48.
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America, making these sequences particularly attractive for investigating the closure history of the CAS and the uplift history of the Andes
(Mix, Tiedemann, Blum, et al., 2003). These tectonic events undoubtedly influenced the environment of the southeast Pacific. However,
whether the paleoceanographic changes registered at Sites 1236–1242
reflect a response to the uplift of the Andes, closure of the CAS, paleodrift of the sites, or global climate change is difficult to separate, as their
dynamics overlap in time (Fig. F6). Several geologic lines of evidence
suggest that major uplift of the Andes was attained during the past 10
m.y. (Curry, Shackleton, Richter, et al., 1995; Gregory-Wodzicki, 2000),
which temporally overlaps with the tectonic closure of the CAS from 13
to 2.7 Ma (Dengo, 1985; Duque-Caro, 1990; Collins et al., 1996). Even if
the timing and identification of major changes in the sill depth and size
of the CAS or in the uplift history of the Andes are known, the sensitivity level for profound changes in ocean circulation and climate may occur at any time during the tectonic process. Moreover, the site’s
paleodrift (e.g., from pelagic to hemipelagic environments or across
oceanic fronts) has to be considered to distinguish the initial climaticoceanographic response from drift-induced effects (Fig. F7).
The studies of Steph et al. (this volume, 2006) and Groeneveld et al.
(this volume) at Site 1241 shed new light on closure-related variations
in the thermal structure of the tropical east Pacific upper water column.
These studies provide both high-resolution planktonic Mg/Ca temperature estimates (2- to 6-k.y. sampling distance) and oxygen isotope
records (2- to 4-k.y. sampling distance) that span the time interval from
5.5 to 2.5 Ma. The combination of these proxies permits isolation of the
δ18O water signal, which is a measure of changes in ice volume and local salinity.
The comparison of reconstructed SSTs with those inferred from
paleodrift of the sites provides an approach to assess whether the observed Pliocene temperature changes could be ascribed to plate tectonic
movement. For example, the plate tectonic backtrack would have localized Site 1241 at 12 Ma close to the Equator several hundred miles
southwest of its modern position (Fig. F7) (Mix, Tiedemann, Blum, et
al., 2003). Assuming that the overall oceanic conditions remained constant during the Pliocene (i.e., reflecting modern oceanic conditions),
we would expect a deepening of the thermocline and a rise of SSTs as
the site moved out of the equatorial upwelling region into warmer waters of the North Equatorial Counter Current (NECC). Significant differences from these predicted trends would imply substantial changes in
regional oceanographic conditions. Figure F8 provides a comparison
between predicted (drift-induced, assuming no changes in geographic
temperatures relative to modern oceanography) and reconstructed temperature changes for Site 1241 (Groeneveld et al., this volume). Planktonic Mg/Ca temperature reconstructions from the mixed-layer dweller
G. sacculifer suggest regional warming of 1°–1.5°C in the tropical northeast Pacific from 4.8 to 3.7 Ma. This temperature increase would be consistent with the plate tectonic movement of Site 1241 toward a more
northern position. However, the following cooling trend of 2°–3°C
from 3.7 to 2.4 Ma contrasts the predicted drift-related trend and
clearly points to regional long-term cooling. Assessment of salinity
changes suggests that the cooling was also accompanied by mixed-layer
freshening (Groeneveld et al., this volume). The timing and duration
of these trends suggest a close link to the intensification of NHG, which
started at ~3.6 Ma and ended at ~2.4 Ma with the buildup of large ice
sheets in the arctic realm (Mudelsee and Raymo, 2005).
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In comparison, recently reported SST reconstructions from Pacific
Sites 846 (Lawrence et al., 2006) and 847 (Wara et al., 2005), which are
positioned farther south of Site 1241 in the eastern equatorial upwelling region, also reveal significant Pliocene long-term cooling (Fig.
F8). However, the timing for the onset of the cooling deviates significantly, even though both sites are located in the equatorial cold tongue
within the influence of the South Equatorial Current (SEC). The SST
record from Site 847 (estimated from Mg/Ca measurements in G. sacculifer) suggests that equatorial cooling began at ~2.5 Ma, whereas the alkenone-based SST record from Site 846 suggests that the cooling started
at ~4.3 Ma, well before the intensification of NHG. This difference in
timing between sites cannot be ascribed to paleodrift, as both sites
drifted eastward toward the center of the cold tongue (if at all, this
probably only predated the true regional cooling at the two sites). The
different timing of the Pliocene cooling in the equatorial east Pacific
(EEP) most likely resulted from a combination of global long-term cooling, regional changes in surface water conditions, and/or from differences in the depth habitat between species responsible for the SST
proxy measured (as the alkenone unsaturation index of the organic remains from coccolithophorids should reflect shallower water temperatures than those derived from the Mg/Ca ratio of the mixed-layer
dweller G. sacculifer). Hence, the present evidence makes it difficult to
define a simple mechanism for Pliocene EEP cooling and to evaluate to
which degree the cooling contributed to or resulted from NHG. However, the gradual and long-term character of Pliocene climate change
points to slow tectonic forcing such as the closing of gateways or mountain uplift. Cane and Molnar (2001) proposed that the restriction of the
Indonesian Gateway between 4 and 3 Ma probably reduced the atmospheric heat transport from the tropics to the higher northern latitudes,
thereby cooling the arctic regions. The shoaling of the CAS may have
increased the moisture supply to high northern latitudes via an intensification of the Atlantic meriodional overturning circulation (Driscoll
and Haug, 1998). Enhanced freshwater delivery to the Arctic Ocean via
Siberian rivers could facilitate sea ice formation, thereby increasing the
albedo and reducing the heat transfer from the ocean into the atmosphere. Mountain uplift (Tibetan Plateau and Andes) may have led to
weathering-induced CO2 removal and to changes in southeast Pacific
atmospheric circulation during the Miocene and Pliocene (Raymo and
Ruddiman, 1992; Hay 1996). Although the precise timing of when
these tectonic processes became climatologically efficient is not well
constrained, they have to be considered as an indirect cause of NHG
and tropical cooling in the east Pacific.
Although the link between tropical gateway closures and NHG is still
a matter of debate (Berger and Wefer, 1996; Haug and Tiedemann,
1998; Cane and Molnar, 2001; Ravelo et al., 2004; Haug et al., 2005),
paleoceanographic studies suggest a close link between the formation
of the Panama Isthmus and major oceanographic changes during the
early Pliocene between 4.7 and 4.2 Ma, when shoaling of the CAS
reached a critical threshold for upper ocean water mass exchange (Keigwin, 1982; Haug et al., 2001; Steph et al., 2006, this volume; Groeneveld et al., this volume). Restricted exchange of Pacific-Caribbean
surface water masses led to the establishment of the modern Atlantic/
Pacific salinity contrast that may be linked to the atmospheric net
freshwater transport from the tropical Atlantic and Caribbean into the
EEP (e.g., Jousaumme et al., 1986; Benway and Mix, 2004). In addition,
results from general circulation models as well as paleoceanographic
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studies suggest reorganization of equatorial Pacific surface circulation
and an increased volume transport of heat and salt into the North Atlantic via an intensified Gulf Stream, favoring North Atlantic Deep Water (NADW) formation and Atlantic carbonate preservation (MaierReimer et al., 1990; Farrell et al., 1995; Tiedemann and Franz, 1997;
Cannariato and Ravelo, 1997; Mikolajewicz and Crowley, 1997; Haug
and Tiedemann, 1998; Billups et al., 1999; Haug et al., 2001; Prange and
Schulz, 2004).
Site 1241 was drilled in an ideal position to monitor oceanographic
changes that may have resulted from the closure of the CAS, as it is
close to the gateway region and comprises a complete late Neogene sequence of carbonate-rich and well-preserved foraminifers (except during the late Miocene carbonate crash noted by Lyle et al., 1995) from
relatively shallow water depth (2000 m). Steph et al. (this volume) assessed changes in upper ocean stratification by comparing Mg/Ca temperature and δ18O records from shallow- and deep-dwelling planktonic
foraminifers (G. sacculifer and G. tumida) that span the time interval
from 5.5 to 2.5 Ma at Site 1241. Their study indicates an early Pliocene
shoaling of the tropical east Pacific thermocline that was marked by a
6°C temperature decrease (5.3–4.0 Ma) at the bottom of the photic
zone, associated with two major steps at 5.3 and 4.5 Ma (Fig. F8). This
decrease cannot be explained by the site’s tectonic drift (Fig. F8). Instead, the early Pliocene shoaling seems to be a regional phenomenon
of the tropical northeast Pacific, expanding to Sites 847 and 851, which
are located ~1000 and 2000 nmi southwest of Site 1241, respectively. At
Sites 847 and 851, planktonic δ18O records from G. tumida document an
increase in δ18O after ~4.5 Ma (Cannariato and Ravelo, 1997; Chaisson
and Ravelo, 2000; Wara et al., 2005; Ravelo et al., 2006), which has
been interpreted as a temperature decrease at the bottom of the photic
zone by assuming that the δ18O records primarily represent a temperature signal.
The timing of the thermocline rise suggests a causal relationship to
the shoaling of the CAS, as suggested by modeling experiments with
the UVic Earth System climate model (Steph, 2005; Schneider and
Schmittner, 2006). Model simulations for different sill depths suggest
subsurface cooling of ~3°C and thermocline shoaling at Site 1241 when
the sill depth rose from 700 to 130 m, as well as freshening in the tropical Pacific mixed layer when the sill depth rose to <130 m. Accordingly,
thermocline shoaling may have occurred prior to freshening. The study
of Groeneveld et al. (this volume) suggests significant freshening at
Site 1241 after 3.7 Ma. The general consent between model results and
proxy data corroborates a link to the progressive closure of the CAS
rather than linking the observed changes to a response that may have
resulted from the Pliocene constriction of the Indonesian Gateway
(Cane and Molnar, 2001) or from the uplift of the Andes.
The Neogene uplift of the Andes Mountains is likely to have caused
extensive changes in South American climate, wind-driven oceanic surface circulation, and biogenic productivity by reorganizing the pattern
of atmospheric circulation and the hydrological cycle. Sedimentological
and paleobotanical evidence from the Atlantic and the Pacific sides of
the Andes as well as the frequent occurrence of ash layers in Leg 202
sediment records point to major uplift phases since ~12 Ma that were
associated with intense volcanism and aridification of the Atacama
Desert (for details see Mix, Tiedemann, Blum, et al., 2003). Paleobotanical evidence as summarized by Gregory-Wodzicki (2000) suggests a different uplift history for the central and northern Andes. These data
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suggest that the central Andes had attained no more than half of modern elevation by ~10 Ma and imply surface uplift of ~2000–3500 m
since the late Miocene. Major uplift of the Colombian Andes has been
suggested to occur at a later stage, between 2 and 5 Ma, reaching no
more than 40% of modern elevation by ~4 Ma and modern height by
~2.7 Ma. Based on oxygen isotopes in lacustrine carbonates, Garzione et
al. (2006) infer rapid rise of the Bolivian Altiplano to its current elevation between ~10.3 and ~6.8 Ma (with a data gap from 10.3 to 7.6 Ma),
coincident with an abrupt increase in physically weathered chlorite and
oxide mineral evidence for increasing terrigenous aridity from 8 to 7 Ma
recorded in marine sediments off the Amazon (Harris and Mix, 2002)
and with sedimentological data from Atacama Desert that indicate that
desertification commenced at ~8 Ma (Hartley and Chong, 2002).
Uplift-induced paleoceanographic changes in the eastern South Pacific are expected to derive mainly from reorganizations in atmospheric
circulation. Progressive uplift of the Andes formed a barrier for the trade
winds, which forced the low-level high-velocity winds on the western
side to follow the coastline (Hay, 1996). The associated increase in trade
wind strength should have initiated a chain reaction of environmental
changes, including enhanced coastal upwelling, lower SSTs, reduced
evaporation, and increased onshore aridity (desertification of the Atacama). South Pacific Sites 1236 and 1237 are best suited to prove such
hypothesized climatic and oceanic changes as well as possible thresholds and feedbacks that might emerge from the uplift of the Andes.
At both Sites 1236 and 1237, eolian iron oxides are accompanied by
a significant eolian siliciclastic fraction since the late Miocene (Fig. F9).
After ~8 Ma, increases are evident in both hematite content at Site 1236
(especially after ~6 Ma) and total dust flux at Site 1237, indicating enhanced eolian deposition likely sourced from the Atacama Desert.
Moreover, the increases in eolian deposition and aridification are paralleled by a pronounced increase in productivity at Site 1237 (Fig. F9).
To characterize late Neogene variations in the thermal structure of
the upper water column at Site 1237, Abe et al. (this volume) and Wara
and Ravelo (this volume) reconstructed alkenone- and Mg/Ca-derived
SST records that span the time interval of the last 6 m.y. (Fig. F10). Assuming no changes in regional oceanography, tectonic drift of the site
would predict long-term cooling of surface waters and shoaling of the
thermocline (Fig. F10) over the past 6 m.y. as the site approached the
coastal upwelling area off Chile. In contrast, the alkenone-derived SST
record (Abe et al., this volume) suggests no marked trend and relatively
warm temperatures between 5 and 3 Ma. However, temperatures significantly declined by more than 5°C since 3 Ma, a trend that was possibly
amplified by the site’s paleodrift. This cooling trend is consistent with
that observed in other subtropical upwelling areas (e.g., Marlow et al.,
2000) (Fig. F10), and the range of late Pleistocene temperature variability agrees with alkenone temperatures reconstructed at a nearby piston
core (Calvo et al., 2001; Prahl et al., 2006). The alkenone-derived
Pliocene–Pleistocene cooling trend, however, conflicts with Mg/Ca temperature reconstructions of Wara and Ravelo (this volume), which suggest no significant long-term temperature changes over the past ~6 m.y
at Site 1237 (the conversion of Mg/Ca ratios determined at tests from G.
sacculifer was carried out by applying the equation of Anand et al.,
2003) (Fig. F10). Another peculiarity is that the Mg/Ca–based mixedlayer temperatures are at times warmer than the alkenone-based surface
temperatures, which is not very likely. Whether the absolute temperature estimates are biased by factors other than in situ temperature,
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which affected the alkenone unsaturation index (Uk′37), or the amount
of Mg2+ incorporated into foraminiferal tests during calcification, which
include, for example, diagenetic processes, selection of paleotemperature equations, and redistribution of sediment material, is difficult to
assess without further data. The application of species-specific Mg/Ca
temperature equations for G. sacculifer (Nürnberg et al., 2000; Dekens et
al., 2002) instead of the multispecies equation of Anand et al. (2003)
would have resulted in even warmer (~1°–2°C) mixed-layer temperatures (e.g., Steph et al., this volume). Effects such as preferential removal of Mg2+ in response to enhanced carbonate dissolution would
result in lower Mg/Ca temperature estimates (e.g., Dekens et al., 2002).
Another question is to what extent the Uk′37 signal is biased by seasonal
cycles in coccolithophorid production, as the Uk′37-SST calibration is
based on annual mean SSTs (Müller et al., 1998). If the Mg/Ca signal of
G. sacculifer and the sedimentary Uk′37 signal at Site 1237 both primarily
reflect that of the warm season, the alkenone-derived temperatures (Fig.
F10) might be too low. Assuming that the long-term trends in both
temperature records are reliable, at least, provides an interesting perspective. The habitat-related temperature gradient between both temperature records may point to enhanced stratification prior to ~2.5 Ma
and to an enhancement in upwelling over the past 2.5 m.y., when subsurface and surface temperatures were more similar. This interpretation
would be consistent with the observed increase in trade wind strength,
continental aridification (Atacama), and productivity as indicated by a
strengthened increase in dust, organic carbon, and biogenic opal accumulation rates (Fig. F9). The timing of these wind-induced changes between 3.0 and 2.5 Ma suggests amplification in atmospheric circulation
that may have been driven as a threshold response to a steeper pole–
equator temperature gradient, owing to the amplification of polar glaciation rather than to the uplift of the Andes.
This hypothesis is further constrained by paleoceanographic evidence from the Benguela upwelling system off the coast of southwest
Africa. The Benguela upwelling system is analog to the eastern boundary current and upwelling system off western South America, but along
a mountain range that experienced no significant uplift during the late
Neogene. Marlow et al. (2000) presented an alkenone-derived SST
record (0–7 Ma) from the Benguela upwelling system that is consistent
with the general evolution of SSTs at Site 1237 (Abe et al., this volume).
SSTs of the Benguela upwelling system remained warm and relatively
uniform during the late Miocene and the early Pliocene and significantly declined by ~10°C since 3.2 Ma (Fig. F10). The decrease in SST in
the Benguela system has been interpreted to reflect enhanced winddriven upwelling, consistent with increased trade wind strength and
aridification of Africa throughout the cooling transition (amplification
of NHG), as evidenced by records of eolian dust flux to marine sediments (Tiedemann et al., 1994; Ruddiman and Janecek, 1989; Hovan
and Rea, 1991). The similarity of temporal changes in SST, upwelling,
and dust flux between the Benguela and Chile upwelling systems suggests that the uplift of the Andes was probably of secondary importance
for generating the observed oceanic changes at Site 1237 during the last
6 m.y., as the Benguela upwelling system was not affected by mountain
uplift. Hence, the expected atmosphere-oceanic response of the southeast Pacific to the uplift of the Andes, if any, likely occurred prior to 6
Ma during the time of major uplift. A full test of this hypothesis must
await additional reconstructions of temperature and other oceano-
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graphic properties in the interval that spans the likely time of Altiplano
uplift near 8 Ma.

ORBITAL-SCALE CLIMATE VARIABILITY
The Milankovitch orbital hypothesis on the climate effects of orbital
precession, obliquity, and eccentricity is now generally accepted as a
primary pacing mechanism for late Pleistocene ice ages (e.g., Imbrie et
al., 1989, 1992, 1993). Based on this finding, tuning of climate records
to orbital variations provides a primary tool for chronology development over late Cenozoic time (e.g., Shackleton et al., 1995b). In an application of this method, Tiedemann et al. (this volume) developed
internally consistent orbitally tuned timescales for the interval 6–2.5
Ma from four Leg 202 sites (1236, 1237, 1239, and 1241), providing an
exceptional framework for further studies of regional climate change.
In spite of widespread agreement on the importance of Earth’s orbit
to climate change, the mechanisms that translate orbital changes in the
global and regional climate changes remain under debate (e.g., Maasch
and Salzman, 1990; Muller and MacDonald, 1997; Shackleton, 2000).
In particular, it is not clear to what extent climate varies internally in a
set of natural oscillations, or if on long timescales it responds directly to
external forcing, or if it rapidly switches between discrete modes, given
either random or systematic forcing. One likely path to illuminate such
mechanisms is to examine the evolution of the orbital climate cycles as
the sensitivity of response, relative to orbital forcing, rises and falls
through time (Pisias et al., 1990).
A particular puzzle is the 100-k.y. climate cycle, which arose most recently in mid-Pleistocene time, ~1 m.y. ago (Pisias and Moore, 1981).
The primary signature of this so-called Middle Pleistocene Transition
(MPT) is a frequency change in global ice volume oscillations from a
dominant 41-k.y. cycle to a 100-k.y. cycle recorded in benthic foraminiferal δ18O. This change in the frequency of primary climate rhythms
occurred in the absence of any significant changes in the pattern or amplitude of orbital forcing and thus required a fundamental change in
processes internal to the Earth system. Most hypotheses for the MPT invoke a threshold response to a gradual long-term cooling, which is often attributed to an assumed secular decrease in atmospheric pCO2
(e.g., Raymo, 1997; Raymo et al., 1997; Mudelsee and Schulz, 1997;
Paillard, 1998; Berger et al., 1999; Lea, 2004; Lisiecki and Raymo, 2005).
Further rhythmic variations in CO2 provide a likely feedback mechanism for sustaining the 100-k.y. climate cycle as a response to greenhouse feedbacks (Pisias and Shackleton, 1984; Shackleton, 2000; EPICA
Community Members, 2004).
McClymont and Rosell Melé (2005) demonstrated that the MPT was
not simply a development within the Northern Hemisphere ice sheets
and high-latitude climates but was preceded by a significant change in
the tropical Pacific circulation system, thereby identifying the tropics as
a potential driver of the MPT. They proposed that the development of
the modern zonal temperature gradient in the equatorial Pacific (1.2–
0.9 Ma) intensified Walker circulation and reduced heat flux but increased moisture transport to high latitudes, leading to the development of more extensive ice sheet growth and the shift toward the 100k.y. world.
Other ideas for long-term change in the sensitivity to orbital forcing
include mountain uplift (Ruddiman and Raymo, 1988) or erosion of to-
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pography and rise of plateaus (Berger and Jansen, 1994) that allowed
larger glaciers to survive through smaller cycles of orbital precession
(dominated by 23- and 19-k.y. cycles), eventually creating a 100-k.y. climate cycle (although this would also likely yield a 412-k.y. cycle, which
is not observed) (Imbrie and Imbrie, 1980). Gildor and Tziperman
(2001) also note long-term cooling of the deep sea at polar outcrops,
which influenced sea ice distributions. Ruddiman (2006) suggests that
the abrupt rise of the 100-k.y. cycle at the MPT results from greenhouse
feedback and the interaction of forcing from the 23- and 41-k.y. orbital
cycles (but note that nonlinear interaction of these two cycles yields
sum and difference tones of 14 and 52 k.y., so additional mechanisms
are still needed).
Clark and Pollard (1998) and Clark et al. (in press) propose an alternate mechanism for the origin of the 100-k.y. climate cycle, in which
gradual erosional exposure of crystalline Precambrian Shield bedrock
yielded a high-friction substrate that supported thicker ice sheets, with
an attendant change in their response time to orbital forcing. In this
scenario, 100-k.y. cycles arise as a natural consequence of the dynamics
of thick and extensive ice sheets.
A puzzle in this regard, however, is that 100-k.y. cycles have been
noted in various components of the Earth system at times prior to the
MPT (e.g., Mix, 1987; Mix et al., 1995a; Groeneveld et al., this volume,
Steph et al., this volume; Holbourn et al., 2005). Do these earlier 100k.y. climate cycles arise from mechanisms similar to the Pleistocene cycles, or are they fundamentally different? Do they provide precursor
“templates” in the climate system, which could then be entrained
through feedback mechanisms to grow a Pleistocene 100-k.y. ice sheet
cycle in a gradually cooling climate? Or are these other examples simply independent and unrelated features of the climate system?
Sites from Leg 202 that provide new opportunities for study of the
long-term evolution of orbital-scale climate variability include Sites
1236 and 1237 in the subtropical South Pacific (both exceptionally long
sequences sampled with the APC), Sites 1238–1240 in the eastern equatorial Pacific cold tongue (EEPCT), and Sites 1241 and 1242 in the eastern tropical north Pacific warm pool of the Panama Bight. At this stage
of Leg 202 studies, orbital-scale records of upper ocean and deep-sea
variability have focused on the time interval 2.5–5.0 Ma, including the
so-called early Pliocene “golden age” of global warmth (Sarnthein and
Fenner, 1988) that was characterized by relatively small polar ice sheets
and warmer deep-sea temperatures (Sarnthein and Tiedemann, 1989;
Shackleton et al., 1995b; Mix et al., 1995b), as well as the early stages of
cooling toward the Pliocene–Pleistocene ice ages of the past ~2.5 m.y.
(Fig. F6). This is a time generally found to be dominated by 41-k.y. climate cycles. In addition, other Leg 202 studies focus on the interval
from 12.7 to 14.7 Ma, an analogous time of cooling following the socalled Miocene climatic optimum (Fig. F6).
Groeneveld et al. (this volume) combined Mg/Ca paleotemperature
estimates with δ18O measurements of the near-surface dwelling foraminifer G. sacculifer over the interval 4.8–2.4 Ma at Site 1241 in order to
assess the sensitivity of orbital-scale climate variability in the eastern
Pacific warm pool (EPWP) to Pliocene global warmth, closure of the
Panama Isthmus, and global cooling during early development of the
Pliocene–Pleistocene ice ages from ~3.7 to 2.4 Ma (Fig. F8). The beginning of this interval is noted by the development of a strong and shallow thermocline from ~4.8 to 4.0 Ma and to an increasing gradient of
δ13C from the intermediate waters (at Site 1236) to the thermocline
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(Neogloboquadrina dutertrei at Site 1241) developing strongly after 3.3
Ma. This likely reflects a change in the high-latitude source waters that
feed the Equatorial Undercurrent (EUC) in response to polar cooling
and the intensification of NHG (Steph et al., this volume). The shallowing thermocline has little or no apparent effect on SST (Steph et al.,
this volume; Groeneveld et al., this volume).
During the early Pliocene time interval of 4.8–3.7 Ma, benthic foraminiferal δ18O is dominated by the well-known 41-k.y. (obliquity) cycle
with minor contributions from the 23-k.y. (precession) effect. In contrast, Mg/Ca surface temperatures at Site 1241 are dominated by the 23k.y. precession cycle, along with a ~100-k.y. cycle that is associated either with orbital eccentricity or a nonlinear response to precession
(Groeneveld et al., this volume). The δ18O of G. sacculifer at Site 1241
also includes strong variability in the precession and eccentricity bands,
as does the calculated paleosalinity record, which is consistent with
ideas of tropical origins of such cycles related to insolation and monsoon interactions with the continents (Crowley et al., 1992).
During the later interval of 3.7–2.4 Ma, Groeneveld et al. (this volume) find that benthic δ18O (presumed to reflect mostly ice volume)
and planktonic formaminiferal Mg/Ca paleotemperatures at Site 1241
are both dominated by ~41-k.y. cycles, reflecting the growing influence
of high-latitude processes on tropical climates. The δ18O of G. sacculifer
and estimates of ice volume–corrected paleosalinity contain more longperiod variability near the 100-k.y. cycle, however, suggesting continued variations in the tropical hydrologic cycle related to precession and
eccentricity. Such a result is consistent with the finding of Mix et al.
(1995a) of a persistent ~100-k.y. cycle in biogenic sedimentation at Site
846. At that site, the phase of the 100-k.y. cycle of sedimentation is synchronous with orbital eccentricity prior to the MPT (suggesting local or
regional responses to insolation as suggested by Crowley et al., 1992).
After the transition, however, the phase of the 100-k.y. cycle of sedimentation shifts and synchronizes with orbit-lagging ice volume and
polar temperatures (benthic δ18O).
The observed dominance of precession-paced SST variations in the
EPWP prior to ~3.7 Ma (Groeneveld et al., this volume), however, contrasts the cyclic temperature variability in the EEPCT as suggested by a
recently published alkenone-based paleotemperature record from Site
846 (Lawrence et al., 2006). The authors emphasize a dominant 41-k.y.
cycle of SST variability throughout the past 5 m.y. at Site 846 and an inphase relationship with benthic δ18O wherever the obliquity-related signals are coherent. These alkenone temperature estimates from the SEC
imply a tight coupling between SST variability in the equatorial Pacific
cold tongue and high-latitude-driven climate processes associated with
changes in global ice volume. In contrast, SST variability at Site 1241 in
the EPWP prior to ~3.7 Ma, based on the Mg/Ca proxy, suggests a dominant response to low-latitude changes in seasonal insolation (and associated processes) associated with variations in precession. The threshold
of the EPWP for a significant response to high-latitude obliquity forcing
was probably low during the early Pliocene, when the volume of polar
ice sheets and their variability were relatively small (Philander and Fedorov, 2003).
A number of mechanisms may explain the difference in cyclic SST
variability between Sites 1241 and 846, including different dynamics in
surface and subsurface currents, thermocline depth, wind field, and associated atmosphere-ocean couplings. Today, Site 1241 (~6°N) is posi-
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tioned within the Intertropical Convergence Zone (ITCZ) region and
reflects changes in surface water signatures of the NECC, which carries
the return flow of relatively warm, low-salinity surface waters eastward
out of the west Pacific warm pool. Site 846 (3°S) is positioned south of
the ITCZ in the EEPCT, whereas SST depends on wind-driven (southeast
trades) changes in upwelling and cold-water advection from the Humboldt Current. Lawrence et al. (2006) favor obliquity-driven changes in
atmospheric CO2 concentrations rather than vertical movements of the
thermocline as a possible mechanism to explain SST variations at Site
846. If so, the obliquity-related temperature variability at Sites 846 and
1241 should provide similar phasing and amplitudes, which is testable
by cross-spectral analyses. As variations in atmospheric CO2 would synchronize tropical SST changes, other mechanisms must be responsible
for the different dominance in cyclic SST variability between EPWP and
EEPCT. One possible explanation relates to the different origin of surface water masses. Site 856 is directly influenced by the SEC, which
sources Southern Ocean water masses. Site 1241 is influenced by surface
water masses, which originate from the western Pacific warm pool.
Modeling studies indicate that the western Pacific warm pool is not particularly sensitive to cooling of the EEPCT (e.g., Lee and Poulsen, 2005,
2006), mainly because of equatorial insolation. Therefore, the warm
pool may serve as a buffer preventing Southern Hemisphere signals
from appearing in the Northern Hemisphere at Site 1241.
Steph et al. (this volume) examined whether the difference in cyclic
SST variability could be explained by local changes in thermocline
depth. They demonstrate that planktonic Mg/Ca temperature and δ18O
of the deep-dwelling planktonic foraminifers are good indicators of
changes in thermocline depth, as both records match each other. Given
that the high-resolution δ18O records of G. tumida from Sites 1241
(warm pool), 851 (warm pool, west of Site 1241) (Cannariato and Ravelo, 1997), and 1239 (1°S, upwelling region off Ecuador) (Steph, 2005)
are almost identical in absolute values and orbital-scale variability during the early Pliocene, it is not very likely that changes in thermocline
depth led to the observed differences in cyclic SST between the cold
tongue and the warm pool in the tropical east Pacific. In this context,
however, it is important to note that changes in SST and thermocline
depth are not necessarily coupled. On a long timescale, Steph et al.
(this volume) document that the early Pliocene shoaling of the thermocline (at, e.g., Site 1241) has little or no apparent effect on SST. On a
shorter (late Pleistocene) timescale, Benway et al. (2006) present similar
findings for decoupling of pycnocline intensity and SSTs. At this stage
of Leg 202 data analyses and assessment, a possible explanation for the
apparent difference in early Pliocene cyclic SST variability between Sites
1241 and 846 is that the EPWP more likely responded to local insolation changes, whereas the EEPCT was more directly linked to high-latitude processes, wind-driven thermocline dynamics, or possibly
atmospheric CO2 variability. We expect that further information from
the west Pacific warm pool and the eastern boundary current and upwelling system off South America will help to assess whether these differences reflect true regional differences in climate response.
Steph et al. (2006) compare the planktonic foraminiferal δ18O and
Mg/Ca records from Pacific Site 1241 with Caribbean Site 1000 and
note the development of strong 23-k.y. cycles in the Caribbean related
to orbital precession, in the interval 4.4–3.0 Ma, as the two oceans start
to become isolated by the rise of the Central American Isthmus. These
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authors argue that precessional forcing of El Niño events, as predicted
for the late Pleistocene by Clement et al. (1999), may have modulated
flows of water between the Pacific and Atlantic, leading to a strong surface-ocean signal on the Caribbean side of the isthmus. Full closure of
this isthmus eliminated the sensitivity to this effect. In the latest Pleistocene, Benway et al. (2006) examine the sensitivity of surface-ocean
salinity to change at Site 1242, and although they find substantial millennial-scale changes, they find no significant changes from glacial to
interglacial time, supporting the idea that the presence of an restricted
but open CAS can change the sensitivity of low-latitude systems to orbital-scale changes.
Holbourn et al. (2005) examine the record of climate further back in
time, during the middle Miocene global cooling event (14.7–12.7 Ma)
(Fig. F6), to examine global climate changes in the orbital bands, pairing a new record from Site 1237 with a similar record from Site 1146.
Both records were continuously cored and provide unprecedented resolution of the evolution in orbital-scale climate changes, with stable isotopes analyzed at 4- to 5-k.y. intervals and XRF scanned at ~1-k.y.
intervals throughout the sequence. An orbitally tuned age model assumes that δ18O varies in phase with both orbital precession and obliquity, based on the orbital solution of Laskar et al. (2004). Within this
interval, a rapid increase in benthic foraminiferal δ18O from 13.91 to
13.84 Ma records an increase in continental ice volume (constrained
also by benthic foraminiferal Mg/Ca paleotemperature estimates at
other sites [Lear et al., 2000]). Associated with the growth of continental ice sheets, a striking transition from a high-amplitude cycle in the
41-k.y. band to one in the 100-k.y. band occurred between 14.1 and
13.8 Ma. The strong 100-k.y. cycle in δ18O is also recorded in the XRF
record of iron at Site 1237, although it is not clear whether this is related to iron input, dilution by varying biogenic production, or carbonate dissolution cycles.
Although qualitatively similar to the better-known development of
100-k.y. climate cycles in the MPT, the Miocene 100-k.y. cycles are of
lower amplitude and precede the development of the ice sheets by as
much as a few 100 k.y., whereas the Pleistocene 100-k.y. cycles develop
after a long interval of gradual cooling ice sheet expansion. Further,
lowering of marine carbon isotope values indicates a rapid transfer of
organic carbon to inorganic carbon in the ocean system during the
MPT (Raymo et al., 1997; Clark et al., in press), just the opposite of the
observed increase in δ13C across the mid-Miocene transition (Holbourn
et al., 2005). In both the Pleistocene and Miocene transitions, a significant ~400-k.y. cycle is found in benthic δ13C, which may be related to
eccentricity or precession control of the carbon cycle (Mix et al., 1995b;
Holbourn et al., 2005). Under the assumption that a positive shift in
δ13C implies increased burial of 13C-depleted organic matter, Holbourn
et al. (2005) infer that the growing 100-k.y. climate cycles of the Miocene were “primed” by decreasing atmospheric pCO2 and triggered by
increases in the amplitude of orbital eccentricity (noting that better
proxies for past CO2 variability are sorely needed). Thus, the late Pleistocene 100-k.y. climate cycles are not unique in Earth’s history, and although the examples from the Miocene and Pleistocene are both
associated with climate cooling, they occur under significantly different
global boundary conditions, different global mean temperatures, and
with different relationships to the carbon cycle. This important study
issues a challenge to climatologists to understand multiple origins of
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100-k.y. climate cycles that are now well documented in the geologic
record.

MILLENNIAL-SCALE CLIMATE VARIABILITY:
POLAR OR TROPICAL CAUSES?
Understanding the mechanisms and patterns of millennial-scale climate changes has until now lacked high-resolution and precisely dated
marine records from the Southern Hemisphere, particularly from the
Pacific sector. Therefore, one of the major goals of Leg 202 was to improve the knowledge of pattern and causes of millennial-scale climate
variability in the southeast Pacific, with a particular focus on the last
glacial–interglacial cycle.
Modeling studies have shown that the southeast Pacific may play a
crucial role for the transmission of temperature anomalies from high
southern latitudes to the tropical Pacific both through intermediate water masses (e.g., Gu and Philander, 1997; Schmittner et al., 2003) and
perhaps also via the surface currents along western South America. The
latter linkage between the eastern boundary current system and the
equatorial Pacific seems to be important on longer glacial to interglacial
scales (Feldberg and Mix, 2003; Pisias and Mix, 1997) and appears to be
at least partly valid likewise on millennial scales (Lea et al., 2006).
Traditionally, it has been thought that millennial-scale changes during the last glacial interval are driven either by instabilities in the
Northern Hemisphere ice sheets (MacAyeal, 1993) or feedback related
to Atlantic thermohaline circulation (e.g., Rahmstorf, 2002), driven by
anomalous input of meltwater into the North Atlantic (e.g., Clark et al.,
2001, 2004). In spite of extensive efforts, however, attempts to track all
the sources of meltwater and mechanisms for thermohaline oscillations
remain controversial (Broecker, 2006). Other ideas for the origin of millennial-scale climate changes may involve rhythmic solar forcing (Bond
et al., 2001, 1997) or internal resonant oscillations of the coupled
ocean-atmosphere system (e.g., Alley et al., 2001; Ganopolski and
Rahmstorf, 2002; Schulz et al., 2002).
Millennial-scale climatic oscillations, in particular during MIS 3,
have been detected in many places around the globe (e.g., recent compilations by Clark et al., 2001, and Voelker, 2002) and have been primarily explained by oceanic and atmospheric responses to North Atlantic
climate change (Schmittner et al., 2003). However, other studies suggest
an important role of both the tropics (including long-term properties of
ENSO) and the Southern Ocean (Clement et al., 1999; Koutavas et al.,
2002; Stott et al., 2002). For example, changes in SSTs in the tropical Pacific may have large impacts on the global hydrological cycle (Clement
et al., 1999) and perhaps on greenhouse gases (Palmer and Pearson,
2003; Visser et al., 2003) and are thus of global significance. A model
study of the last glacial climate, which includes calibration with SST estimates from Leg 202 and other studies (Hostetler et al., 2006), suggests
that relatively small sea-surface warming in tropical and subtropical
oceans can shift Northern Hemisphere ice sheets from positive to negative, meaning that the low-latitude oceans could trigger early phases of
deglaciation or interstadial climate oscillations within the ice age. In
addition, the high latitudes of the Southern Hemisphere (including sea
ice around Antarctica) (Tziperman and Gildor, 2003) may provide controls of greenhouse gases and for resumption of Atlantic thermohaline
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circulation after previous reductions (Knorr and Lohmann, 2003;
Weaver et al., 2003).
Several Leg 202 sites reveal sedimentation rates high enough to resolve millennial-scale or even centennial- to decadal-scale variations
(Figs. F11, F12). These include the Chilean margin Sites 1233–1235 that
contain very high sedimentation rate sequences (often >100 cm/k.y.)
(Fig. F12) as well as two sites from the eastern tropical Pacific and the
Panama Basin (Sites 1240 and 1242) (Fig. F11), where sedimentation
rates are on the order of 10–20 cm/k.y. Taken together, these sites provide
a unique paleoceanographic north-south transect to track millennialscale variability from the northern margin of the Antarctic Circumpolar
Current (ACC) (Site 1233) along the Humboldt Current northward (Sites
1234 and 1235) toward the tropics (Sites 1240 and 1242).
The initial published studies on millennial-scale climate variability
based on Leg 202 focus on the southernmost Site 1233 located on the
Chilean continental margin at ~41°S (Heusser et al., 2006b; Kaiser et al.,
in press, 2005; Lamy et al., 2004; Pisias et al., 2006) because the ~70k.y.-old sequence recovered continuously with the APC extends over
~135 mcd, resulting in unprecedented high sedimentation rates, at least
for the South Pacific (Fig. F5). In addition, the site is well located to
compare both surface and deep ocean millennial-scale patterns to high
southern latitudes. Today, SST gradients within the northernmost ACC
are very large and intimately linked to the northern margin of the westerly wind belt, making this region very sensitive to latitudinal shifts of
atmospheric and oceanographic circulation associated with the southern westerly winds. Site 1233 is located close to the southern Chilean
coast (~40 km) and close to the northwestern margin of the PIS, which
occupied a large area of southernmost South America during the last
glacial. Thus, this unique location allows detailed comparison of various continental climate and paleoceanographic proxy records within
the same archive and therefore avoids problems linked to age model
uncertainties.
An important result from Site 1233 is the Antarctic timing and pattern shown in millennial-scale oscillations of alkenone-based SST
(Lamy et al., 2004), as well as in radiolarian faunas and pollen assemblages (Pisias et al., 2006; Heusser et al., 2006b) that strongly support
the concept of hemispheric asynchrony as seen in the ice records from
Greenland and the Antarctic (Blunier and Brook, 2001; Lynch-Stieglitz,
2004) (Fig. F11). Other land-based records of glacier and vegetation
changes from the Southern Hemisphere have not presented a clear picture, and some have been previously interpreted to support hemispheric synchrony with climate oscillations of Greenland, such as the
Younger-Dryas climate interval (Denton et al., 1999; Lowell et al., 1995;
Moreno et al., 2001). Many of these land-based studies have been performed in southern Chile directly onshore of Site 1233. Based on the
high-resolution Fe content record from Site 1233 taken as a proxy
record for glacial activity on land (Fig. F12), Lamy et al. (2004) suggested that part of these discrepancies might be due to a lagged response of PIS extent changes to SST changes offshore. Modeling studies
show that southeast Pacific SSTs exert the dominant control on ice
sheet extents in this region (Hulton et al., 2002). The Fe content record
indeed shows a pattern that is very similar to that of the SST record,
however with a lag of several hundred years.
Kaiser et al. (2005) extended the alkenone-derived SST record at Site
1233 back to 70 ka. They compared the Site 1233 record to the available
SST records from the Southern Hemisphere mid-latitudes and conclude
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that the Antarctic millennial SST pattern was probably a hemispherewide phenomenon. Furthermore, they performed SST gradient reconstructions over the complete latitudinal range of the Pacific eastern
boundary current system. This reconstruction suggests strengthened
and equatorward displaced subtropical gyre circulation during cold
stages (MIS 2 and 4). Conversely, oceanic circulation was probably
weakened, and the ACC, and associated westerly wind belt, moved
southward during relatively warm periods (early MIS 3 and Holocene
Climate Optimum).
For Termination 1, Lamy et al. (2004) further presented a paleosalinity record that supports these findings, as it shows a major meltwater
input from the PIS ~1000 yr after initial deglacial warming. Kaiser et al.
(in press) show that the close relationship of the Fe record and the SST
pattern extends into the older part of the records (70–50 ka). During
MIS 4, a delay of ~500 yr of PIS retreats relative to SST increases has
been found, similar to that described for the coldest part of MIS 3 and 2
(Lamy et al., 2004). During early MIS 3 (~60–56 ka), synchronous variability in both records resembles the deglacial–Holocene time interval,
reflecting either a meltwater pulse or a dominant control of Fe input by
rainfall changes related to a rather small PIS.
At Site 1234 (1015 m water depth), the benthic foraminiferal stable
isotope record clearly records changes in subsurface ocean temperature
(and/or salinity) that are in phase with temperature changes in Antarctica (Mix et al., unpubl. data; Heusser et al., 2006a; Robinson et al.,
2007; Blunier and Brook, 2001). Site 1234 is also particularly well suited
for study of vegetation changes, as it is offshore the modern transition
zone between the rainforest-dominated systems to the south and the
Mediterranean (semiarid, summer dry) climate systems to the north.
Pollen assemblages at Site 1234 reveal high-amplitude oscillations of
rainforest vegetation, although lagging the benthic δ18O and Byrd ice
core record by a few hundred years, suggesting either a ~1000-yr exponential response time that may reflect the time constant of vegetation
response to regional climate change (Heusser et al., 2006a) or perhaps
the influence of lagging ice sheets as noted by Lamy et al. (2004). However, some pollen assemblages from Site 1233 (Heusser et al., 2006b), interpreted as indicative of latitudinal shifts of the westerly wind belt, in
general follow SST changes as reconstructed by radiolarian census data
(Fig. F12). Pisias et al. (2006) performed statistical analyses suggesting
that both the radiolarian and pollen data co-vary with Antarctic temperature, at least on timescales >3000 yr. They also confirm the systematic lag of changes in ice sheet extent based on the Fe content data
(Kaiser et al., in press; Lamy et al., 2004).
Thus, the land-based studies that previously suggested linkage to
Northern Hemisphere climate oscillations may be explained as Southern Hemisphere climate responses; however, some areas experienced a
small local lag due to the response times of forest and ice systems. These
studies highlight the importance of studying terrestrial proxies in the
marine cores, thereby avoiding potential offsets induced by age model
uncertainties.
These surface ocean data suggest a close coupling of the high southern latitudes and the tropical Pacific, which is consistent with the previous conclusions of Feldberg and Mix (2003) and Pisias and Mix (1997).
Furthermore, Lea et al. (2006), based on a high-resolution Mg/Ca SST
record from the Galapagos region, show that parts of the millennialscale SST pattern of the eastern equatorial Pacific appear to be similar to
the southern record from Site 1233. SST records currently being con-
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structed at Site 1240 in the eastern tropical Pacific seem to confirm this
finding (Cacho et al., 2006). The “Antarctic pattern” appears to be
clearer in subsurface ocean records. Cacho et al. (2006) present preliminary data that suggest a clear Antarctic signal in an oxygen isotope
record of a thermocline foraminifer species that primarily reflects variations within the EUC fed by Antarctic Intermediate Water (AAIW) (Fig.
F11). These data support the concept of an “oceanic tunnel” mechanism for transmission of high-latitude climate changes to the tropical
oceans (Liu and Yang, 2003), rather than solely by atmospheric forcing
associated with greenhouse gases (Lea et al., 2006), at least on millennial scales.
Similarly, δ15N from Site 1234 suggests that denitrification in the
southeast Pacific oxygen minimum zone follows an Antarctic climate
pattern (Robinson et al., 2007; De Pol-Holz et al., 2006). Episodes of reduced denitrification recorded at Site 1234 represent times when more
oxygen was present in the subsurface ocean. An increase in oxygen can
be achieved through (1) lower temperatures, (2) higher ventilation
rates, and/or (3) reduced oxygen demand in the low-latitude subsurface. Mechanisms that may account for the observations include
changes in the chemical composition of SAMW, formed in the Subantarctic Zone of the Southern Ocean and ventilating the low-latitude
thermocline (Robinson et al., 2007), or by local salinity control of Eastern South Pacific Intermediate Water (De Pol-Holz et al., 2006).
These preliminary data show that variability of Southern Ocean
properties may play an important role in the transfer of climate signals
in the Pacific realm during the last glacial. Sites 1233–1235 are particularly well located for assessing variations in the strength of AAIW
through time (Fig. F3). Site 1235 monitors the boundary between the
Gunther Undercurrent (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 Pacific Central
Water (PCW) (a relatively low oxygen water mass). Preliminary benthic
and planktonic oxygen isotope records from Site 1233 show that
changes in intermediate water properties closely track those of the surface water masses even on centennial to millennial timescales, albeit
with a reduced amplitude (Ninnemann et al., 2006). These changes
generally follow Antarctic timing as shown by alkenone SST records
(Kaiser et al., 2005; Lamy et al., 2004). However, some of these changes,
in particular during MIS 3, appear to be more abrupt in the ultra-highresolution isotope records.
Sea-surface salinities in the EPWP off the west coast of Central America are closely coupled with excess precipitation relative to evaporation
near the ITCZ (Benway and Mix, 2004). This region 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). A
portion of the net freshwater flux to the Panama Basin originates in the
Atlantic or Caribbean (Jousaumme et al., 1986), so low salinities here
partially reflect 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 freshwater helps to maintain the relatively high salinity of the Atlantic Ocean—a key parameter
in maintaining the global thermohaline “conveyor belt” circulation

27

R. TIEDEMANN AND A. MIX
LEG 202 SYNTHESIS: SOUTHEAST PACIFIC PALEOCEANOGRAPHY

-3.0

-2.0

-1.0

Mg/Ca temperature (°C)

28

-0.0

26

24

22

-0.5

Lower
Salinity

0.0
0.5
1.0

Higher

Sea-level correction
14C

1.5

-33

-36

-39

-42
8.2 ka
0

5

YD B A H 1
10

19 ka

15

Calendar age (ka)

20

H2

H3
25

30

GISP2 δ18Oice (‰ VSMOW)

G. ruber δ18Oc (‰ VPDB)

F13. Stable isotope and Mg/Ca,
Site 1242 and Core ME0005A43JC, p. 56.

IV-corr. δ18Osw (‰ VSMOW)

dominated by NADW production (Zaucker et al., 1994; Rahmstorf,
1995).
Indeed, millennial variations in paleosalinity with amplitudes as
high as ~4 psu are documented at Site 1242 off Costa Rica, with a dominant period of ~3–5 k.y. during the glacial–deglacial interval and ~1.0–
1.5 k.y. during the Holocene (Benway et al., 2006) (Fig. F13). Paleosalinity variations recorded at Site 1242 mimic Northern Hemisphere climate variability such as that in the Greenland ice core and North
Atlantic (McManus et al., 2004). Similar Northern Hemisphere climate
patterns have also been documented on the Pacific margin of Mexico
(Ortiz et al., 2004) and North America (e.g., Behl and Kennett, 1996;
Hendy et al., 2002; Mix et al., 1999).
In the EPWP, paleosalinity changes correspond to millennial-scale
climate changes in the surface and deep Atlantic and the high northern
latitudes, with generally higher (lower) paleosalinity during cold
(warm) events (Fig. F13). The covariance of paleosalinity between the
EPWP (Benway et al., 2006) and Caribbean (Schmidt et al., 2004) from
the same latitudinal band suggests that ITCZ dynamics play a role in
tropical hydrologic variability. There appears to be no significant
change in paleosalinity of the EPWP in glacial relative to interglacial
times, suggesting that changes in the tropical system do not respond
passively to events of the high northern latitudes. Following the LGM,
higher than average interbasin salinity contrast occurs during warmer
intervals such as the Bølling/Allerød and early Holocene climatic optimum, and lower than average interbasin contrast corresponds to colder
periods such as the Younger Dryas and Heinrich event H1, although the
timing of abrupt changes is not identical to the high-latitude events.
Phase calculations suggest the possibility of a lead of interbasin salinity
contrast over Atlantic meridional overturning circulation by as much as
~1 k.y. The EPWP paleosalinity and interbasin contrast records are also
coherent with Atlantic δ13C records (McManus et al., 1999, 2004; Oppo
et al., 2003) at periods of 3–5 k.y. The lack of glacial–interglacial contrast in the hydrologic system and the possibility that tropical changes
may lead high-latitude climate and circulation changes suggest that
North Atlantic circulation is in part influenced by changes in westward
vapor transport in the tropics, via control of the North Atlantic salinity
budget and thermohaline overturn, as originally suggested by Weyl
(1968).
Although much work on high-resolution climate changes continues,
already the new materials recovered during Leg 202 have changed the
view of the global distribution of millennial-scale climate change. It is
now clear that millennial-scale climate and biogeochemical systems of
the southeast Pacific and Chile are closely aligned with those recorded
in Antarctica and the southern oceans. These climate patterns extend to
the equatorial Pacific, with pathways along the eastern boundary current system and properties of SAMW being transmitted either directly
through eastern boundary upwelling or indirectly via the EUC or via
AAIW. Just north of the equatorial front, the climate pattern of nearsurface waters shifts to that of the Northern Hemisphere. Remaining
puzzles include sorting out the ultimate causes of these dominant
northern and southern climate signals. One possibility is that the primary variability is initiated by North Atlantic freshwater anomalies, via
thermohaline circulation influence on heat transport and a north-south
“see-saw” effect, which is in turn propagated into the South Pacific via
intermediate and mode waters (Schmittner et al., 2003) and biogeochemical responses of upper-ocean nutrients (Schmittner, 2005).
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Another allows for tropical triggering of climate change, via ENSO dynamics and influences on the hydrologic system (Clement et al., 1999).
Another possibility is that the primary variability emanates from the
Southern Ocean via transmission through the thermocline circulation
to the tropics (Lee and Poulsen, 2006).

CONCLUSIONS
Leg 202 set sail in 2002 with the goal of probing the climate system
at three different scales: tectonic (millions of years), orbital (tens to
hundreds of thousands of years, and millennial (thousands of years). In
all three time frames, the expedition focused on three goals:
1. Document climate responses to major tectonic and climate
events such as uplift of the Andes, closing of the Central American Isthmus, and late Cenozoic expansion of polar ice sheets.
2. Define linkages between high- and low-latitude climate changes
in the Southern Hemisphere.
3. Assess the role of biological production and physical ventilation
of water masses on the geochemical systems related to oxygen,
nutrients, and carbon.
In 4 years of postcruise study, a large group of scientists has made substantial progress toward these goals. Significant results now, that set the
stage for further efforts, include establishment and refinement of stratigraphies on all scales.
On the tectonic scales, it appears that the dominant regional response of southeast Pacific eastern boundary current postdates the rise
of the Andes prior to 7 Ma. Instead, major cooling occurs roughly synchronously with expansion of polar ice sheets younger than ~3 Ma. The
approximate hemispheric symmetry of such cooling implies a global
mechanism, such as greenhouse forcing, rather than a purely regional
response to Andean uplift. An exception to this finding is that terrigenous dust, most likely from the Atacama Desert, does appear to increase
following uplift and then increase further as the ocean cooled.
The primary eastern Pacific response to tectonic closing of the Central American Isthmus is shoaling of the tropical thermocline between
5.3 and 4.0 Ma, followed by significant reduction of sea-surface salinity
after 3.7 Ma. We infer that these sequential changes in the eastern Pacific system reflect sequential responses to a gradual (and perhaps not
monotonic) restriction of the CAS. The thermocline rise most likely occurred in response to partial restriction, whereas the sea-surface salinity
response awaited final closure, when surface waters were no longer able
to flow eastward.
On orbital scales, Leg 202 provided dramatic evidence for the growth
of 100-k.y. climate cycles during middle Miocene cooling (14.7–12.7
Ma), which in some ways mirrors the reestablishment of similar climate
cycles during the MPT (1.2–0.7 Ma). As with the late Pleistocene cycles,
greenhouse gas forcing may play a role in the onset and maintenance of
these striking climate oscillations.
Within the Pliocene–Pleistocene interval, preliminary results provide
some unresolved puzzles in which variability south of the Equator appears to be dominated by 41-k.y. climate cycles related to orbital obliquity, whereas variability north of the Equator tracks 23-k.y. cycles
related to orbital precession. One possible scenario is that the SEC is
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sensitive to high-latitude climate effects, via regional subsurface circulation and upwelling (the so-called oceanic tunnel effect), whereas the intertropical convergence north of the Equator responds more directly to
local insolation, with a precessional rhythm. Firm conclusions on these
climate cycles await further data that will confirm the regional patterns
of change around the Equator.
Leg 202 provided exciting new materials for study of millennial-scale
climate change and provides an unambiguous result that climate oscillations of central Chile tracked changes in Antarctica. This finding refutes past results that suggested climate linkages of Chile to the North
Atlantic. Direct correlation of land and marine systems, through terrigenous sediments, iron, and pollen at the ODP sites, shows that some of
the terrigenous markers lag the regional marine and polar climate
shifts, and this may explain why fragmentary land-based data failed to
identify unambiguously the Antarctic climate pattern.
Nitrogen isotope data provide key insights into the biogeochemical
system and argue for linkage to the high southern latitudes via subsurface circulation, which influences the oxygen minimum zone off Peru
and controls the rate of denitrification in the southeast Pacific.
To be sure, this synthesis can only provide a progress report, rather
than final conclusions. Although more than 30 publications have been
produced so far, much more research is in progress, and the conclusions
we make here may be amplified with greater detail, or modified by new
results, as work progresses over the coming decade.
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Figure F1. Site locations of Leg 202. 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 F2. Summary stratigraphic columns document cored intervals, ages, and water depths at Sites 1232–
1242. B. = Basin.
Chile Basin
Site
Water depth

1232
4069 m

Chile Margin
1233
838 m

1234
1015 m

Nazca Ridge

1235
489 m

1236
1323 m

1237
3212 m

Pt
lPl

Pt

0

Carnegie Ridge
1238
2203 m

1240
2921 m

lPl

Pt

Pt

ePl

Pt

1241
2027 m

lPl

mM

Pt
lPl

<0.26 Ma

eM

1242
1373 m

Pt

lM
Pt

100

1239
1414 m

Cocos Ridge

Pt

ePl
Pt

Panama B.

ePl

lM
lPl

Pt

<0.26 Ma

200

mM

<0.26 Ma

Depth (mcd)

Ol
lPl
ePl

? lPl

eM

Hiatus

300

Epoch
Pt

Pleistocene

lPl

late Pliocene

ePl

early Pliocene

lM

late Miocene

lM

Ol
ePl

<1.69 Ma

400

mM

middle Miocene

eM

early Miocene

Ol

Oligocene

lM

mM

mM

lM
?

500
mM

Hiatus

R. TIEDEMANN AND A. MIX
LEG 202 SYNTHESIS: SOUTHEAST PACIFIC PALEOCEANOGRAPHY

43

0
AAIW

6.0

NPIW
Site 1242

PCW

Site 1241

Site 1238
Site 1240

3
Site 1232 CPDW

4.0

2.0

Site 1237

0
1 AAIW

Depth (km)

Site 1239

2

4

B

Site 1233

Site 1235 GU
Site 1234
Site 1236

Site 1233

Site 1235 GU
Site 1234
Site 1236

Site 1239

NPIW
Site 1242

PCW

2

Site 1241

Site 1238

3.0
2.0

Site 1240

3
Site 1237

Site 1232 CPDW

1.0

4

C

0
1

Depth (km)

Phosphate (µmol/kg)

Depth (km)

1

AAIW

Site 1233

Site 1235 GU
Site 1234
Site 1236

35.0

NPIW
Site 1239
PCW

2

Site 1242
Site 1241

Site 1238

34.0

Site 1240

3
Site 1232 CPDW

4

34.5

Site 1237
33.5

50°

40°

30°

20°

Latitude

10°S

0°

10°N

Salinity

A

Dissolved oxygen (mL/L)

Figure F3. 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 F4. A. Example of integrating radiolarian-, magneto-, and isotope-stratigraphy on the basis of an
orbitally tuned timescale for the time interval from 2.4 to 6 Ma (Weber and Pisias, this volume; Tiedemann et al., this volume). The benthic δ18O stack of Lisiecki and Raymo (2005), which is also based on an
orbitally tuned age model (LR04), is shown for comparison. The chronologies of assigned oxygen isotope
stages between Leg 202 records and the δ18O-LR04 stack agree within their error ranges of a few thousand
years, except for the time interval older than 4.9 Ma, where the structure of Leg 202 isotope stages deviate
from those presented by Lisiecki and Raymo (2005). Oxygen and carbon isotope stages are numbered following the numbering scheme of Shackleton et al. (1995a), which is firmly linked to the underlying 41-k.y.
isotope cycles. Even numbers indicate cold stages and odd numbers indicate warm stages. Letters in front
of marine isotope stages identify the magnetic polarity interval. For example, the first cold stage of the
Sidufjall Chron is called Si2 and the first cold stage occurring in the magnetic interval between the Sidufjall
and Thvera is called ST2. FO = first occurrence, LO = last occurrence. PDB = Peedee belemnite. (Figure
shown on next page.)
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Figure F4 (continued). (Caption shown on previous page.) (Continued on next page.)
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Figure F4 (continued). B. Records of orbital obliquity and δ13C from Sites 1237 and 1240 in comparison
with the δ13C record from Site 846, which was one of the key records used to create the LR04 δ18O stack (see
A). The two age models deviate from each other prior to 4.9 Ma.
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Figure F5. Age model of the 135.7-mcd-long composite sequence at Site 1233 covering the last ~70 k.y. as
published in Lamy et al. (2004) and Kaiser et al. (2005). The uppermost ~9 mcd has been correlated to the
AMS 14C dated gravity Core GeoB 3313-1 from the same location (Lamy et al., 2001). Age control for the
~10- to ~70-mcd interval is provided by 17 AMS 14C dates on mixed planktonic foraminifer samples and
the record of the Laschamp magnetic field excursion (Lund et al., this volume b). All AMS 14C dates were
calibrated with CALPAL software using the CALPAL 2004 January calibration curve (www.calpal.de).
Downcore, the initial stratigraphy (“old” stratigraphy as in Lamy et al., 2004) was based on a preliminary
definition of MIS 4.2. The age model of this interval was refined by tuning to the Byrd ice-core oxygen isotope record (Blunier and Brook, 2001), as published in Kaiser et al., 2005.
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Figure F6. Summary of late Cenozoic δ18O climate evolution, major tectonic events, and changes in polar ice volume (modified from Zachos et
al., 2001). Studies on orbital-scale climate variability by Steph et al. (this volume), Groeneveld et al. (this volume), Tiedemann et al. (this volume), and Holbourn et al. (2005) considered the highlighted time intervals. Modifications to the figure of Zachos et al. (2001): first occurrence of
ash layers at Site 1237 (~9 Ma) and frequency of ash layers according to Mix, Tiedemann, Blum, et al. (2003); uplift of the Andes (Gregory-Wodzicki, 2000), aridification of the Atacama Desert (Hartley, 2003), closure history of the Central American Seaway (CAS, Haug and Tiedemann, 1998);
timing for the opening of the Drake Passage (Scher and Martin, 2006). FO = first occurrence.
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Figure F7. Plate tectonic backtrack of Leg 202 and Leg 138 drill sites (Mix, Tiedemann, Blum, et al., 2003).
Large circles = modern location, successive circles = backtrack position relative to South America (t = 1-m.y.
intervals). EQ = Equator, NECC = North Equatorial Counter Current, EUC = Equatorial Undercurrent, SEC
= South Equatorial Current, HC = Humboldt Current, SST = sea-surface temperature.
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Figure F8. A. Modern annual-average temperatures at 0 and 100 m water depth at paleolocations of Site
1241, based on plate tectonic backtracking and the assumption of no temporal changes in regional oceanic
properties since today (Mix, Tiedemann, Blum, et al., 2003). B. Planktonic Mg/Ca temperature reconstructions from the mixed-layer-dweller G. sacculifer and the deep-dweller G. tumida at Site 1241 (Groeneveld
et al., this volume; Steph et al., this volume). Reconstructed alkenone-based SSTs from Site 846 (Lawrence
et al., 2006) and planktonic Mg/Ca-derived temperatures (G. sacculifer) from Site 847 (Wara et al., 2005) are
shown for comparison.
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Figure F9. A. Quartz distribution in surface sediments of the subtropical southeast Pacific, expressed as weight percentage (carbonate- and opalfree basis, reproduced from Molina-Cruz, 1977). Arrows indicate trade winds. Sites 1236 and 1237 are shown with their plate tectonic backtracks.
B. Hematite peak height at Sites 1236 and 1237. The hematite peak height is derived from color reflectance spectra and serves as a proxy for changing concentrations of hematite. Mass accumulation rates (MAR) of total organic carbon (TOC), biogenic opal, and terrigenous material (terrigenous
MAR was estimated as 100% – wt% CaCO3 – wt% organic matter – wt% biogenic opal/sedimentation rate dry bulk density). Shipboard magnetostratigraphy and biostratigraphy were used to calculate sedimentation rates that were smoothed to avoid overinterpretations of the preliminary
age model. Terrigenous MAR is used as a proxy for dust flux; biogenic opal and TOC MAR are used as a proxy for paleoproductivity.
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Figure F10. A. Modern annual-average SST at paleolocations of Site 1237, based on plate tectonic backtracking and the assumption of no temporal changes in regional oceanic properties (Mix, Tiedemann, Blum, et
al., 2003). B. Planktonic Mg/Ca temperature reconstructions from the mixed-layer-dweller G. sacculifer
(Wara and Ravelo, this volume) and alkenone-derived Uk′37 SSTs (Abe et al., this volume; Prahl et al., 2006)
for the last 6 m.y. at the position of Site 1237. Uk′37 SSTs from Sites 958 (off the coast of northwest Africa)
and 1084 (Benguela upwelling system) are shown for comparison (Marlow et al., 2000).
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Figure F11. A. Map of millennial-scale sites and surface currents at equatorial Sites 1240 and 1242. NECC
= North Equatorial Countercurrent, EUC = Equatorial Undercurrent, SEC = South Equatorial Current, CC =
Columbian Current, PCC = Peru Chile Current, PCCC = Peru Chile Countercurrent, GU = Gunther Undercurrent, CFW = Chilean Fjord Water, ACC = Antarctic Circumpolar Current. (Continued on next page.)
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Figure F11 (continued). B. Map of millennial-scale sites and surface currents at southern Chile Sites 1233,
1234, and 1235.
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Figure F12. Comparison of different proxy records from Site 1233 to the Antarctic climate record from the
Byrd ice core: nitrogen isotope record (Martinez et al., 2006), iron content record as a proxy for the extent
of the Patagonian ice sheet (Lamy et al., 2004; Kaiser et al., in press), exemplary pollen record (ferns) recording terrestrial climate change (Heusser et al., 2006b), first canonical variates from radiolarian multivariate data sets used as a proxy for sea-surface temperatures (SSTs) (Pisias et al., 2006), alkenone SSTs (Lamy et
al., 2004; Kaiser et al., 2005), and oxygen isotope record from the Byrd ice core (Blunier and Brook, 2001)
as a proxy for temperature changes over Antarctica. SMOW = Standard Mean Ocean Water. ACR = Antarctic
Cold Reversal.
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Figure F13. Stable isotope and Mg/Ca data from Site 1242 (open symbols), and site survey Core ME0005A43JC (solid symbols, data from Benway et al., 2006). δ18OC of planktonic foraminifer G. ruber. Mg/Ca-based
temperature estimates for G. ruber: Mg/Ca was analyzed using the method of Benway et al. (2003) and converted to temperature using Mg/Ca = 0.38Exp(0.090T) (Anand et al., 2003). δ18Osw estimates calculated from
G. ruber Mg/Ca and δ18OC (Bemis et al., 1998; Thunell et al., 1999) and corrected for ice volume (IV) changes
(Clark and Mix, 2002; Waelbroeck et al., 2002): solid line = scaling of 0.01‰/m, dashed line = scaling of
0.0075‰/m decrease in relative sea level. For the combined records of the two sites a Gaussian smoothing
function (time step = 0.2 k.y.; filter width = 0.8 k.y.) was applied. Calendar-corrected radiocarbon dates are
shown with ±1σ error bars. GISP2 δ18Oice (Grootes and Stuiver, 1997), indicating high-latitude air temperatures: cold (blue bars) and warm (or sea level rise) events (red bars) of the last 30 k.y. are indicated. 8.2 ka
cold event; YD = Younger Dryas cold event; BA = Bølling-Allerød cold event, H1, H2, H3 = Heinrich events;
19 ka = earliest postglacial sea level rise. VSMOW = Vienna Standard Mean Ocean Water, VPDB = Vienna
Peedee belemnite.

