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[1] We reconstructed changes of temperature, salinity, and productivity within the southern Peru-Chile Current
during the last 8000 years from a high-resolution sediment core recovered at 41�S using alkenones, isotope
ratios of planktic foraminifera, biogenic opal, and organic carbon. Paleotemperatures and paleosalinities reached
maximum values at �5500 years ago and thereafter declined to modern values, whereas paleoproductivity
continuously increased throughout the last 8000 years. We ascribe these long-term Holocene trends primarily to
latitudinal shifts of the Antarctic Circumpolar Current (ACC). The concurrence with shifts in the position of the
Southern Westerlies points to a common response of atmospheric and oceanographic circulation patterns off
southern Chile. Millennial- to centennial-scale fluctuations of paleotemperatures and paleosalinities, on the
other hand, lag displacements in the position of the Southern Westerlies but reveal a significant correlation to
short-term temperature changes in Antarctica, indicating a high-latitude control of the ACC at these
timescales. INDEX TERMS: 3344 Meteorology and Atmospheric Dynamics: Paleoclimatology; 4267 Oceanography: General:

Paleoceanography; 9355 Information Related to Geographic Region: Pacific Ocean; 1050 Geochemistry: Marine geochemistry (4835,

4850); 1040 Geochemistry: Isotopic composition/chemistry; KEYWORDS: SE Pacific, paleoceanography, paleoclimate, alkenones,

paleosalinity

1. Introduction

[2] Eastern boundary currents (EBC) play a major role in
the surface circulation of the global ocean. Besides being
the biologically most productive oceanic regions of the
world, the strong advection and upwelling of cold water
also significantly control the climate conditions on the
adjacent continents. Among the EBCs the Peru-Chile Cur-
rent (PCC) stands out with an extension of over 40� of
latitude (�4500 km) and an exceptionally high productivity
supporting an intensive pelagic fishery [Alheit and Bernal,
1993]. In order to understand the functioning of this EBC
system and, in turn, past and future climate changes in
South America, a profound knowledge of the paleoenvir-
onmental history of the PCC is a major prerequisite.
[3] As yet, the forcing mechanisms of past oceanographic

changes within the PCC system are not well known because
paleoceanographic proxy records from this ocean region are
rare. Recent studies concentrate on the central Chilean part
of the PCC (33�S) where significant paleotemperature [Kim
et al., 2002], paleoproductivity [Marchant et al., 1999;
Hebbeln et al., 2002; Klump et al., 2001], and continental
rainfall changes [Lamy et al., 1999] occurred during the last
33,000 years. Low paleotemperatures and increased paleo-
productivity generally paralleled more humid conditions in
the continental hinterland, e.g., during the Last Glacial
Maximum, pointing to a strong link of atmospheric (i.e.,
the position of the Southern Westerlies) and oceanographic
(i.e., advection of cold nutrient-rich surface waters by the
PCC) processes off central Chile.

[4] A key area to obtain a better understanding of
forcing mechanisms and links between paleoenvironmental
changes within the PCC system and on the adjacent
continent is the southernmost PCC (�40�S) as the direct
northward continuation of the Antarctic Circumpolar Cur-
rent (ACC) (Figure 1). Strong latitudinal gradients in both
modern sea surface temperature (SST) and sea surface
salinity (SSS) [Brandhorst, 1971; Levitus and Boyer,
1994] make this region very sensitive to temperature
and salinity changes in the past. Together with the
advection of nutrients by the ACC, high river discharge
causes a very high productivity in the southernmost PCC,
which is even more pronounced than in the upwelling-
dominated parts of the PCC off central and northern Chile
[Hebbeln et al., 2000]. Additionally, extremely high
sedimentation rates due to high terrigenous sediment input
in this region provide the opportunity to study the
paleoenvironmental history with high temporal resolution.
A previous study on the Holocene record of the terrige-
nous sediment input in this region revealed significant
variations of continental rainfall on millennial to multi-
centennial timescales which were controlled by shifting
latitudinal positions of the southern westerly wind belt
related to changes within both the tropics and around
Antarctica [Lamy et al., 2001].
[5] In this paper, we reconstruct the paleoceanographic

history of the southern PCC during the last �8000 years
based on a multiproxy approach including paleotemperature
and paleosalinity reconstructions derived from alkenone and
planktic foraminiferal oxygen isotope data as well as
paleoproductivity proxies (opal and organic carbon). We
suggest that long-term Holocene paleoceanographic chang-
es are primarily caused by latitudinal shifts of the ACC
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which were synchronous to similar shifts of the southern
westerly wind belt as reconstructed by Lamy et al. [2001].
On millennial to multicentennial timescales, fluctuations of
paleotemperatures and paleosalinities lag latitudinal shifts of
the Southern Westerlies but reveal a significant correlation to
short-term temperature changes in Antarctica, indicating a
dominant high-latitude control of the ACC at these time-
scales.

2. Investigation Area

[6] Marine sediment core GeoB 3313-1 was taken from
a small marine basin at the upper continental slope at
�41�S off southern Chile (Figure 1). In this region the
large-scale oceanic surface circulation is controlled by the
ACC transporting subantarctic water toward the Chilean
coast between 40� and 45�S, where it splits into the
poleward flowing Cape Horn Current and the equatorward
flowing PCC [Strub et al., 1998] (Figure 1a). Mean
annual latitudinal SST gradients are particularly pro-
nounced in this area, increasing from �12�C at 45�S to
�15�C at 40�S [Levitus and Boyer, 1994] (Figure 1a).
The seasonal amplitude of SST at the core site is �5�C.
Farther north, latitudinal SST gradients diminish, and the
isotherms run more longitudinally, marking the cold water
advection by the PCC and the effects of strong coastal

upwelling. An important hydrographic feature off southern
Chile is the low-salinity surface water tongue originating
from the high freshwater supply to the Chilean fjord
region [Strub et al., 1998]. The low-salinity Chilean Fjord
Water (CFW) flows northward within 150–200 km off the
coast (Figure 1b).
[7] Prevailing onshore blowing winds of the Southern

Westerlies prevent coastal upwelling off southern Chile
[Strub et al., 1998]. Seasonal upwelling occurs only farther
north, e.g., off Concepción (37�S). Therefore high satellite
pigment concentrations in southern Chilean waters [Tho-
mas et al., 1994] are most likely due to a mixing of iron-
limited high nutrient–low chlorophyll waters advected by
the ACC and riverine micronutrients, such as iron, dis-
charged into the Chilean fjord region [Hebbeln et al.,
2000].
[8] The continental climate of the study area is con-

trolled by the frequent passage of cyclonic storms origi-
nating from the Southern Westerlies. The area north of
42�S is characterized by successively decreasing summer
rain gradually changing to the Mediterranean-type summer
dry conditions in central Chile. South of 42�S a year-
round supply of moist Pacific air masses results in extra-
ordinary high precipitation. The location of the maximum
storm tracks of the Southern Westerlies is related to the
steepest SST gradients within the polar front, which is

Figure 1. Maps of southern to central Chile and the adjacent southeastern Pacific showing
oceanographic features (ACC, Antarctic Circumpolar Current; PCC, Peru-Chile Current; CFW, Chilean
Fjord Water) after Strub et al. [1998] and location of core GeoB 3313-1 on the continental slope at
�800 m water depth. (a) Modern mean annual SSTs (in �C. after Levitus and Boyer [1994]; dashed
isotherms are extrapolated). (b) Modern SSSs (in psu) measured during theMarchile cruise in February to
March 1960 [Brandhorst, 1971].
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located near 45�S off the coast of Chile [Streten and
Zillman, 1984].

3. Material and Methods

3.1. Sampling and Stratigraphy

[9] Gravity core GeoB 3313-1 (41�000S, 74�270W, water
depth 852 m, core length 807 cm) was recovered from the
upper continental slope off Chile during the German R/V
Sonne cruise 102 [Hebbeln et al., 1995]. The sediments
mainly consist of terrigenous material, dominated by clayey
silts. Grain size and clay mineral analyses suggest that the
sediments were deposited by hemipelagic processes without
any significant contribution of turbidity currents or alter-
ation by bottom currents [Lamy et al., 2001]. Sediments
were sampled at 5 cm intervals for determinations of
organic carbon (Corg) contents and oxygen isotope compo-
sition of planktic foraminifera, at 10 cm intervals for

alkenone analyses, and at 20 cm intervals for measurements
of biogenic opal content. All data are archived in both the
German Pangaea database and the paleoclimate database at
the National Geophysical Data Center.1

[10] The age model for core GeoB 3313-1 has recently
been published by Lamy et al. [2001] and is based on seven
14C accelerator mass spectrometry (AMS) dates (Figures 2
and 3) and linear interpolation between these dates. The 14C
ages (Table 1) were converted to calendar years with the
Calib 4.0 software [Stuiver and Reimer, 1993] and are
reported as calendar years B.P. Sedimentation rates are in

Figure 2. Sea surface temperature and salinity proxy data from core GeoB 3313-1 plotted versus calendar
age. (a) Alkenone-based paleotemperature reconstruction. (b) Oxygen isotope record of the planktic
foraminifera Neogloboquadrina pachyderma (dextral). (c) Calculated paleosalinity record (thick line is
five-point moving average) with location of 14C accelerator mass spectrometer (AMS) dates (diamonds).

1 Supporting data are available electronically from the Pangaea Data
Center, Bremerhaven, Germany (http://www.pangaea.de/home/flamy/ ), and
from World Data Center-A for Paleoclimatology, NOAA/NGDC, 235
Broadway, Boulder, CO 80303, USA (e-mail: paleo@mail.ngdc.noaa.gov;
URL: http://www.ngdc.noaa.gov/paleo; FTP: ftp://ftp.ngdc.noaa.gov/paleo/
paleocean/by_contributor/lamy2002/).
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the range of 100 cm/kyr on average. The average time
resolution for the paleoceanographic records is between 50
and 200 years, depending on the sampling interval.

3.2. Alkenone Measurements

[11] C37 alkenone ratios were determined on 2g of freeze-
dried and homogenized sediment using a HP 5890 series II

gas chromatograph equipped with a cold on-column injector
(for details, see Rühlemann et al. [1999]). For sea surface
temperature reconstructions we used the simplified unsatura-
tion index of C37 alkenones (U37

K0
= [C37:2]/[C37:2+ C37:3]). To

convert fromU37
K0
values to SST, we applied the calibration of

Prahl et al. [1988] (T [�C] = (U37
K0 � 0.039)/0.034). Analytical

precision (±1s) was better than 0.01 U37
K0
units (or 0.3�C).

Figure 3. Compilation of paleoceanographic and continental paleoclimate records of core GeoB 3313-1
focusing on both long-term trends (thick lines are �2000 year moving averages) and millennial- to
multicentennial-scale variability during the last �8000 years. (a) Iron contents of core GeoB 3313-1
[Lamy et al., 2001] interpreted as a proxy for rainfall and the position of the Southern Westerlies (five-
point moving average). High iron contents imply increased contribution of iron-rich volcanic Andean
source rocks and decreased supply of iron-poor Coastal Range source rocks. Such conditions indicate
decreased rainfall, most likely induced by a southward shift of the Southern Westerlies (for further details,
please refer to Lamy et al. [2001]). (b) Alkenone-based paleotemperature reconstruction that traces the
advection of subpolar water by the ACC. (c) Paleosalinity reconstruction (five-point moving average) that
delineates the advection of CFW. (d) Corg contents and (e) biogenic opal contents, taken as proxies for
paleoproductivity. Biogenic opal and Corg contents are positively correlated (r = 0.82; n = 41; significant
on the 99.9% level after applying a 200 year time resolution interpolation). (f ) Seasonal insolation
changes at 40�S after Berger and Loutre [1991].
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3.3. Oxygen Isotopes

[12] Stable oxygen isotope measurements have been per-
formed on 10–15 individual shells of the planktic fora-
minifer Neogloboquadrina pachyderma (dextral) (which is
the most abundant planktic foraminifera along the Chilean
continental slope [Hebbeln et al., 2000]), using a Finnigan
MAT 251 mass spectrometer. The ratio of 18O/16O is given
in per mil relative to the Peedee belemnite (PDB) standard.
Analytical standard deviation is about ±0.07% PDB (Iso-
tope Laboratory, Bremen University).

3.4. Paleoproductivity Proxies

[13] Total organic carbon (Corg) contents were determined
by combustion of 50 mg subsamples of dried, homogenized,
and decalcified sediment in a Hearaeus CHN-O-Rapid
elemental analyzer. All analyses are given in weight percent
dry, salt-free sediment assuming a pore water salinity of
35%. The relative precision was ±2% on the basis of
repeated measurements of both standards and samples.
[14] Biogenic opal content of the sediment was deter-

mined using a sequential leaching technique (DeMaster
[1981] modified byMüller and Schneider [1993]). Biogenic
opal was extracted from ground sediment samples with 1 M
NaOH at 85�C during 1 hour. The concentration of dis-
solved silica was simultaneously measured by continuous
flow analysis with Molybdate Blue spectrometry. The
precision of the method is better than ±0.5%.

3.5. Paleosalinity

[15] The d18O of planktic foraminifera mainly depends on
the temperature and d18O of ambient seawater (d18Ow). Since
d18Ow is linearly related to salinity, it is possible to recon-
struct paleosalinity if an independent estimate of temperature
is available [Duplessy et al., 1991; Rostek et al., 1993]. Here
we use the d18O of the planktic foraminifer Neogloboqua-
drina pachyderma (dextral) and the alkenone temperature
record for estimating paleosalinity variations. To match the
more narrowly spaced foraminiferal d18O record, we inter-
polated the alkenone-based SST data to 5 cm intervals. The
SST estimate for the uppermost sample (14.2�C) matches
the modern annual mean SST value for the core site
(14.0�C) [Levitus and Boyer, 1994]. This is in agreement
with other alkenone temperature analyses of surface sedi-
ments recovered north of our study site [Kim et al., 2002].
We thus consider that alkenones-derived SSTs correspond
to the annual average at 0 m water depth. As the mean
calcification depth of N. pachyderma in the study area is 30
m (F. Lamy, unpublished data, 2001), we subtracted an

average of 0.5�C (the modern mean annual temperature
difference between the sea surface and 30 m depth) from the
alkenone record. We used the paleotemperature equation
of Shackleton [1974] to reconstruct the d18Ow throughout
the past 8000 years:

T ¼ 16:9� 4:38 d18Ocarb � d18Ow

� �
þ 0:1 d18Ocarb � d18Ow

� �2
;

ð1Þ

where T is paleotemperature (�C), (d18Ow) = d18O of
ambient seawater (per mil versus SMOW), and (d18Ocarb) =
d18O of carbonate (N. pachyderma (dextral)) (per mil versus
PDB).
[16] To estimate local changes in paleosalinity from the

d18Ow record, we applied the regional d18O-salinity relation-
ship for the eastern equatorial Pacific by Fairbanks et al.
[1992] (which has a similar slope as the regional d18O-
salinity relationship for the SE Pacific as recently modeled
by Delaygue et al. [2000]) resulting in equation (2):

S ¼ 34:6þ 3:85 d18Ocarb � 21:9
� �

þ 310:6þ 10Tð Þ�1; ð2Þ

where S is paleosalinity (practical salinity units (psu)), T is
paleotemperature (�C), and (d18Ocarb) = d18O of carbonate
(N. pachyderma (dextral)) (per mil versus PDB).
[17] We assume that the slope of the regional d18O-

salinity relationship equation (2) did not change signifi-
cantly throughout the last 8000 years, a factor which may
strongly affect SSS reconstructions for the glacial ocean
[e.g.,Wolff et al., 1998]. Additional effects such as changing
isotopic signatures of precipitation [Wolff et al., 1998] are
unlikely because our study area is situated within or near the
source region of rainfall derived from the westerly wind belt
in the southeast Pacific.

4. Results and Discussion

4.1. Proxy Records

[18] Reconstructed paleotemperatures range from 14.2� to
16.2�C and increase from the beginning of the record at
�7800 calendar years B.P. (7800 B.P.) toward maximum
values around 5500 B.P. reaching 2�C above modern SSTs
(Figure 2a). Thereafter, temperatures show a general cooling
trend, especially during the last �1500 years. Additionally,
multicentury-scale paleotemperature variations appear
throughout the record; the most prominent occur shortly
after 4000 B.P. and at �1550 B.P.
[19] Paleosalinity estimates show variations between �33

and 36 psu with a significant scatter (Figure 2c). This scatter
is obviously induced by the oxygen isotope data which vary
between �0.6 and �0.15% PDB without any pronounced
long-term trend (Figure 2b). The values are within the range
of d18O data from surface samples off southern Chile
[Hebbeln et al., 2000]. The scatter might be related to the
environmental range of N. pachyderma (dextral), resulting in
varying depth habitats and seasonal preferences of individ-
ual foraminifer specimens. In the following, we therefore
only interpret the smoothed record of reconstructed SSS
(Figure 2c), which we just regard as a qualitative estimate.
The smoothed paleosalinity reconstruction indicates an
increase from minimum values near 7000 B.P. toward a

Table 1. The 14C Dates Used to Constrain the Age-Depth Model

for Core GeoB 3313-1

Laboratory
Number

Core
Depth,
cm

14C AMS Age,
years B.P

±Error,
years

Calibrated Age,
calendar years

B.P.

KIA 6794 33–43 195 30 260
KIA 6793 153–158 1220 30 1180
KIA 7231 258–268 1970 50 1980
KIA 5098 403–408 3460 40 3820
KIA 5097 503–513 4390 40 5040
KIA 7230 633–638 4830 60 5590
KIA 7229 753–758 6170 80 7090
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middle Holocene maximum near 5500 B.P., when paleosa-
linities were �1.5 psu above modern values. Thereafter
paleosalinities generally declined toward the late Holocene
including several short-term fluctuations which generally
parallel short-term variations in paleotemperatures (Figure 2).
[20] Both paleoproductivity proxy records (biogenic opal

and Corg contents) show a significant long-term increase
during the last 8000 years from around 2.5 wt % to >4 wt %
for biogenic opal (Figure 3d) and from �1.5 to 2.4 wt % for
Corg (Figure 3e). This increase was enhanced during the last
1500–2000 years. Two century-scale intervals between
5500 and 5000 B.P. and shortly after 4000 B.P. show
prominent excursions to higher values within the long-term
increasing trend. A significant effect of higher Corg preser-
vation toward the core top is unlikely because the biogenic
opal record generally parallels that of Corg (r = 0.82),
implying a dominant control of opal-producing organisms
in the production of organic carbon (Figures 3d and 3e).

4.2. Long-Term Paleoceanographic History During
the Middle and Late Holocene

[21] Paleotemperature, paleosalinity, and paleoproductiv-
ity estimates for the southern PCC show a significant long-
term trend which corresponds to continental rainfall
changes. We attribute this long-term evolution primarily to
(1) latitudinal displacements of the ACC and the southern
westerly wind belts possibly caused by insolation-induced
long-term changes in large-scale Southern Hemisphere
atmospheric circulation patterns (e.g., Hadley cell intensity)
and (2) global SST variations due to planetary albedo
changes combined with long-term variations in the strength
of the Atlantic thermohaline circulation leading to temper-
ature changes especially around Antarctica.
[22] Higher paleotemperatures and salinities coinciding

with lower paleoproductivity (Figure 3) during the middle
Holocene (8000 –4000 B.P.) most likely indicate a
decreased advection of cold and nutrient-rich subpolar water
masses through the ACC combined with diminished advec-
tion of low-salinity CFW and/or reduced supply of fresh-
water and micronutrients to the Chilean fjord region through
decreased continental rainfall. Reduced precipitation in the
middle Holocene is corroborated by the Fe record of core
GeoB 3313-1 (Figure 3a), which serves as a proxy for
continental rainfall in southern Chile [Lamy et al., 2001].
Together with continental paleoclimate records from both
central Chile (33�S) [Villagrán and Varela, 1990; Lamy et
al., 1999; Jenny et al., 2002] and southern Chile (43�S)
[Villagrán, 1990] this record indicates reduced rainfall
during the middle Holocene, most likely caused by a pole-
ward shift of the Southern Westerlies. As the modern
location of this wind belt is strongly related to the steepest
SST gradients within the ACC [Streten and Zillman, 1984],
less advection of ACC-derived water masses most likely
implies a farther southward location of this current system.
[23] A southward shift of both the Southern Westerlies

and the ACC during the middle Holocene is consistent with
paleodata from the South American tropics and Antarctica.
Records from the South American Altiplano indicate
increased aridity related to a more intense Hadley cell due
to reduced austral summer insolation during this time span

[Thompson et al., 1998; Cross et al., 2000]. The intensifi-
cation of the Hadley cell might have led to a farther
southward shift of the Southern Westerlies [Lamy et al.,
2001]. Antarctic ice core data from the Ross Sea sector
show a temperature maximum between 7000 and 5000 B.P.
[Masson et al., 2000], coinciding with maximum paleotem-
peratures and paleosalinities in the southern PCC. Ice core
data from Taylor Dome and marine sediment records from
the Palmer Deep site off the Antarctic Peninsula likewise
indicate higher temperatures and decreased sea ice during
this period, which probably reflects a poleward shift of
circumpolar air and water masses [Stager and Mayewski,
1997; Steig et al., 1998; Domack et al., 2001]. A southward
shift of the Southern Westerlies and the ACC during the
middle Holocene might have been additionally related to
reduced seasonal insolation differences during this time
span, resulting in less northward movement of the westerlies
during winter [Markgraf et al., 1992] (Figure 3f).
[24] Reconstructed Holocene paleotemperatures, how-

ever, reach up to 16.2�C in the middle Holocene, and mean
annual SSTs of 16.2�C are today found at �31�S within the
PCC [Levitus and Boyer, 1994], which would imply a
latitudinal northward shift of �10� of the PCC system
through the last 5500 years. Compared to an estimated 5�
latitudinal shift of the southern westerly wind belt in Chile
since the Last Glacial Maximum [Heusser, 1989; Lamy et
al., 1998], a 10� latitudinal displacement of marine current
systems during the Holocene seems quite unrealistic. There-
fore part of the observed warming of surface waters is
probably related to a general warming of the southeast
Pacific. Results of a coupled atmosphere-ocean-vegetation
model [Ganapolski et al., 1998] indicate a general global
warming during the middle Holocene due to a decrease of
the planetary albedo in spite of opposite insolation changes
on both hemispheres. Furthermore, the model results indi-
cate a middle Holocene warming and freshening of the
North Atlantic which might have caused a reduction of the
Atlantic thermohaline circulation, resulting in a warming of
up to 2�C near Antarctica [Ganapolski et al., 1998]. This
temperature increase probably also affected paleotempera-
tures in the southern PCC.
[25] After the middle Holocene maximum, paleotemper-

atures and paleosalinities generally decrease, while biogenic
opal and Corg contents point to increasing biological produc-
tivity of the southern PCC (Figures 3b–3e). The most
significant increase in paleoproductivity occurred after
�1500 B.P., coinciding with the strengthened cooling of
the surface waters by�1.4�C. (Figures 3b, 3d, and 3e). These
data are consistent with Antarctic ice core data from Taylor
Dome and marine sediment records from Palmer Deep,
which likewise show a trend toward lower temperatures
and/or increasing sea ice as well as increased ice-rafted
detritus input during the late Holocene [Steig et al., 1998;
Domack et al., 2001]. Continental rainfall increased during
the late Holocene (since 4000 B.P.) in both central Chile
(33�S) [Villagrán and Varela, 1990; Heusser, 1990; Lamy et
al., 1999] and southern Chile (41�–43�S) [Villagrán, 1990;
Lamy et al., 2001] (Figure 3a). The decreasing paleotemper-
atures and increasing continental precipitation point to an
equatorward shift of both the ACC and the southern westerly
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wind belt during the late Holocene toward their modern
position. The increased supply of cold and nutrient-rich
surface waters with the ACC coinciding with intensified
continental rainfall resulted in enhanced discharge of fresh-
water and continent-derived micronutrients, which led to
higher biological productivity in the late Holocene.

4.3. Millennial- to Multicentennial-Scale Variability

[26] Recent studies have shown that the Holocene climate
in different parts of the world is highly variable on millen-

nial to multicentennial timescales [e.g., Bond et al., 1997;
deMenocal et al., 2000; Arz et al., 2001]. Also, in southern
Chile the changes in continental rainfall, as deduced from
the terrigenous sediment composition of core GeoB 3313-1,
reveal a significant short-term variability during the Hol-
ocene most likely induced by latitudinal shifts of the South-
ern Westerlies [Lamy et al., 2001] (Figure 4c). The
paleoceanographic proxy records of core GeoB 3313-1
presented in this study likewise show millennial- to multi-
centennial-scale variability (Figure 4). As today storm

Figure 4. Comparison between millennial- to multicentennial-scale changes of paleoceanographic and
continental paleoclimate records and climatic changes in Antarctica. (a) Millennial-scale variability in
Antarctic temperature [Masson et al., 2000]. First component of an empirical orthogonal function (EOF)
analysis is calculated from isotopic records from the Ross Sea sector (Byrd and Taylor Dome sites).
Long-term trends (first component of a singular spectrum analysis (SSA)) are subtracted. (b)
Paleotemperatures from core GeoB 3313-1 (long-term trend shown in Figure 3b subtracted).
Paleotemperatures off Chile show a significant positive correlation (r = 0.57, n = 57; significant on
the 99.9% level after applying a 100 year time resolution interpolation) to Antarctic temperatures until
�2000 B.P. (c) Iron contents of core GeoB 3313-1 [Lamy et al., 2001], indicating rainfall and the position
of the Southern Westerlies (long-term trend shown in Figure 3a subtracted). Paleoproductivity proxies of
(d) Corg content and (e) biogenic opal content (long-term trends shown in Figures 3d and 3e subtracted).
Vertical shaded bars mark time intervals of century-scale increases in paleoproductivity as discussed in
the text.
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tracks of the Southern Westerlies are related to the steepest
SST gradients within the polar front, we assume that past
latitudinal shifts of the Southern Westerlies were connected
to similar latitudinal shifts of the ACC. This implies that a
southward displacement of the westerlies was associated
with higher SSTs and lower productivity comparable to the
long-term trend (see section 4.2). The pattern of the shorter-
term variability, however, is more complex, and many of the
multicentennial- to millennial-scale variations in paleotem-
peratures and paleosalinities do not exactly match the
reconstructed shifts of the westerlies (Figure 4). After the
Holocene ‘‘optimum’’ near 5500 B.P., prominent paleotem-
perature and paleosalinity maxima occurred at �4000 and
1500 B.P. and lag rainfall minima by �100 years, whereas
other short-term peaks of the paleotemperature and paleo-
salinity records seem to lead the rainfall minima (e.g., at
�2700 and 900 B.P.) (Figures 4b and 4c).
[27] These mismatches might be related to a different

impact of low-latitude (including El Niño-Southern Oscil-
lation (ENSO)) and high-latitude factors controlling conti-
nental rainfall and paleoceanographic changes, respectively.
A comparison of the short-term variability in our paleotem-
perature record to the millennial-scale temperature signal in
combined deuterium records in Holocene ice cores from the
Ross Sea sector, Antarctica [Masson et al., 2000], reveals a
significant correlation (r = 0.57) at least until �2000 B.P.
(Figures 4a and 4b). Thereafter, the records are out of phase,
probably because the Ross Sea sector ice core records are
disturbed by local processes. Other Antarctic ice core
records and marine sediment data from Palmer Deep show
a pronounced Holocene cold spell near 400 B.P. (Antarctic
Little Ice Age [Masson et al., 2000]) and between �700 and
100 B.P., respectively, which is more consistent with the
strong cooling of the southern PCC after a short warm spell
at �900 B.P. (Figure 4b). This coincidence of short-term
temperature changes in Antarctic, and the southern PCC
suggests a predominating high-latitude control of paleotem-
perature changes within the southern PCC on millennial to
multicentennial timescales during the Holocene. Short-term
continental rainfall changes as shown by the Fe record of
core GeoB 3313-1 (Figure 4c), on the other hand, appear to
be closely related to changes within the tropical climate
system, i.e., the Hadley cell intensity [Lamy et al., 2001].
Possibly related to the onset of the modern state of the ENSO
system, continental rainfall shifts in southern Chile and
temperature changes in Antarctica become out of phase at
the beginning of the late Holocene [Lamy et al., 2001]. This
is consistent with both long-term paleo-ENSO records [e.g.,
Sandweiss et al., 1996; Shulmeister and Lees, 1995] and
ENSO modeling studies [Clement et al., 1999]. As SST
anomalies during modern ENSO events only reach south up
to 33�–36�S [Strub et al., 1998], paleotemperatures in the
southern PCC during the late Holocene are most likely not
affected by changes of ENSO. In contrast to this, rainfall in
central and southern Chile was probably strongly influenced
by ENSO events as indicated by meteorological studies
[Ruttland and Fuenzalida, 1991]. The mismatch of millen-
nial- to multicentennial-scale variability in atmospheric (i.e.,
Southern Westerlies) and oceanographic (i.e., southern PCC
and ACC) circulation patterns, especially during the late

Holocene, might thus partly be related to long-term changes
in ENSO.
[28] A combination of the above-discussed low- and high-

latitude forcing factors is thus most likely responsible for
the observed short-term paleoproductivity changes within
the southern PCC. The paleoproductivity records (Figures
4d and 4e) exhibit two century-scale excursions to higher
values between 5500 and 5000 B.P. and shortly after 4000
B.P. which do not exactly coincide with SST minima.
Instead, they occur during cooling phases shortly after the
two most significant increases in rainfall in the continental
hinterland (Figures 3a and 4c). The Fe record indicates that
these rainfall augmentations terminated the middle Holo-
cene less humid phase in southern Chile (Figure 3a). This
points to a significant contribution of continent-derived
micronutrients which resulted in an increase of marine
productivity off southern Chile for several centuries. Hol-
ocene paleoproductivity changes on millennial to multi-
centennial timescales off southern Chile are therefore
controlled by both primarily high-latitude forced shifts of
the ACC (as indicated by the paleotemperature record) and
latitudinal shifts of the Southern Westerlies, which are
mainly controlled by changes within the tropical climate
system [Lamy et al., 2001].

5. Conclusions

[29] Paleoceanographic proxy data from a marine sedi-
ment core off southern Chile (41�S) show a significant long-
term trend during the last 8000 years. Paleotemperatures
and paleosalinities within the southern PCC increase toward
a middle Holocene maximum shortly after 6000 B.P. There-
after, both paleotemperatures and paleosalinities tend to
decline, more pronounced after �1500 B.P. Paleoproduc-
tivity steadily rose throughout the last 8000 years, likewise
with a stronger increase after �1500 B.P. These long-term
trends coincide with increasing rainfall and a general north-
ward movement of the Southern Westerly wind belt during
the middle and late Holocene and point to a common long-
term response of atmospheric and oceanographic circulation
patterns off southern Chile during the Holocene.
[30] Millennial- to multicentennial-scale variability in

paleotemperatures and paleoproductivity mostly lags chan-
ges in rainfall and thus displacements in the position of the
Southern Westerlies. Paleotemperature fluctuations in the
southern PCC, however, significantly coincide with millen-
nial-scale climate changes in Antarctica. This indicates a
predominate high-latitude control of latitudinal shifts of the
ACC at shorter timescales which resulted in the advection of
cool and nutrient-rich subpolar water masses. Additionally,
continent-derived micronutrients supplied by increased river
discharge might have enhanced marine productivity, espe-
cially after the two major rainfall increases at �5500 and
4000 B.P.
[31] Latitudinal shifts of the Southern Westerlies are

primarily controlled by changes within the tropical climate
system [Lamy et al., 2001] which dominate over the
Antarctic influence, especially during the last 4000 years,
while the Peru-Chile Current system seems to be still
controlled by high latitude processes. During the middle
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Holocene, on the other hand, especially at the Holocene
‘‘optimum’’ (shortly after 6000 B.P.), both oceanographic
and atmospheric patterns appear to change in phase.
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