MARINE
GEOLOGY

INTERNATIONAL JOURNAL OF MARINE
AND

ELSEVIER Marine Geology 186 (2002) 487-504

www.elsevier.com/locate/margeo

Paleoproductivity in the southern Peru—Chile Current
through the last 33000 yr

Dierk Hebbeln®*, Margarita Marchant®, Gerold Wefer?

& Geowissenschaften, Universitit Bremen, P.O. Box 330440, D-28334 Bremen, Germany
Y Departamento Zoologia, Facultad Ciencias Naturales y Oceanogrdficas, Universidad de Concepcién, Casilla 160-C, Concepcién, Chile

Received 20 September 2001; accepted 18 April 2002

Abstract

Based on a multiparameter approach including organic carbon, biogenic opal, carbonate and the species
composition of planktic foraminifera, this paper provides the first qualitative assessment of the history of
paleoproductivity on glacial-interglacial time scales in the southern Peru—Chile Current (PCC) off Chile, which
belongs to the least studied parts of the world ocean. During the Last Glacial Maximum (LGM) highest relative
paleoproductivity of the last 33 kyr, indicated by high accumulation rates of organic carbon, biogenic opal and
carbonate, has been found, contrasted by lowest values during the early and Middle Holocene. This shift from high to
low productivity is accompanied by a major change in the species composition of planktic foraminifera from a
dominance of Neogloboquadrina pachyderma (sin.) to the dominance of N. pachyderma (dex.). The temporal pattern of
paleoproductivity off Chile is very similar to the history of the continental paleoclimate in the region, which is
supposed to be driven by the position of the Southern Westerlies. This observation points to a functional relationship
between the position of the Southern Westerlies and the history of paleoproductivity off Chile. Assuming that
atmospheric and oceanographic circulation are closely linked, a northward displacement of the Antarctic Circumpolar
Current during the LGM, in line with the northward movement of the Southern Westerlies, would bring the main
nutrient source closer to our core sites resulting in increased productivity. However, based on the available data, it is
not clear if the higher productivity in the southern PCC during the LGM reflects generally higher productivity during
this time or only a regional displacement of the main productivity centers. © 2002 Elsevier Science B.V. All rights
reserved.
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1. Introduction tween low glacial and high interglacial values,
which runs parallel to cold and warm periods of

The pattern of changing atmospheric contents the Earth’s climate in the Late Quaternary (Bar-
of the major greenhouse gas carbon dioxide be- nola et al., 1987), is assumed to at least partly

result from variations in the productivity of the

oceans (Broecker, 1982). Increased productivity
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subsequent deposition of parts of it in the ocean
sediments (Berger et al., 1989). However, marine
productivity is rather uneven distributed over the
world ocean, as ~50% of it takes place on only
15% of the world ocean area (Berger et al., 1989),
namely in the high productivity regions associated
with the equatorial and subpolar divergence zones
and the eastern boundary currents. Thus, major
changes in the paleoproductivity of the world
ocean, able to significantly affect the atmospheric
carbon dioxide content, are most likely related to
these high productivity regions.

For some of these areas assessments of the pa-
leoproductivity on glacial-interglacial time scales
exist, although the conclusions drawn are not al-
ways unequivocal. For some equatorial and coast-
al upwelling areas the available data point to
higher productivity during glacials (Berger and
Herguera, 1992; Lyle, 1988; MclIntyre et al.,
1989; Riithlemann et al.,, 1999; Sarnthein and
Winn, 1990; Schneider et al., 1996). From the
Antarctic increased (Keir, 1990) as well as de-
creased (Mortlock et al., 1991) glacial productiv-
ities have been reported. These observations are
now interpreted to reflect merely a latitudinal shift
of the high productivity zone rather than signifi-
cant quantitative changes in productivity (Mack-
ensen et al., 1994).

Among the eastern boundary currents the
Peru—Chile Current (PCC) stands out with an ex-
tension over 40° of latitude. With its persistent
coastal upwelling it belongs to the most produc-
tive marine environments (Berger et al., 1987)
supporting an intensive pelagic fishery (Alheit
and Bernal, 1993). However, about its southern
part extending over 20° of latitude along the Chil-
ean coast, only little information based on marine
sediments is available focusing mostly on terrige-
nous sediments (Lamy et al., 1998, 1999, 2000).
Only one analysis of planktic foraminifera cover-
ing the last 13 kyr reveals some information about
the paleoproductivity of the region (Marchant et
al., 1999). Here we provide the first estimate of
paleoproductivity variations in the southern PCC
on glacial-interglacial time scales based on a mul-
tiparameter approach using accumulation rates of
various biogenic sediment components and the
species composition of planktic foraminifera.

2. Regional setting

The regional oceanography of the Southeast
Pacific has recently been described by Shaffer et
al. (1995) and by Strub et al. (1998). The circula-
tion pattern is dominated by the northward flow-
ing PCC (Subantarctic Surface Water; Fig. 1),
which originates between 40 and 45°S where
the Antarctic Circumpolar Current (ACC) ap-
proaches the South American continent (Boltov-
skoy, 1976). The northward deflection of the ACC
mainly forms the PCC, which stretches all along
the South American west coast before it turns
westward close to the equator to form the South
Equatorial Current.

Off the Chilean coast occasionally the PCC can
be divided into an oceanic (PCCocean) and a
coastal (PCCcoast) branch separated by the pole-
ward flowing Peru—Chile Countercurrent (PCCC,
Subtropical Surface Water) (Fig. 1). The coastal
branch of the PCC is also termed Chilean Coastal
Current and is characterized by a significant ad-
mixture of low salinity surface waters derived
from the Chilean fjord region. It extends to
~ 100 km off the coast followed by the PCCC,
100-300 km offshore, while further to the west the
oceanic branch of the PCC prevails. Close to the
coast these surface water masses are underlain by
the poleward flowing Gunther Undercurrent
(Equatorial Subsurface Water), which is mainly
located between 100 and 400 m water depth
over the shelf and the continental slope. Between
400 and 1200 m water depth Antarctic Intermedi-
ate Water flows equatorwards underlain by slug-
gishly southward flowing Pacific Deep Water.

Perennial southerly winds result in Ekman
drift-induced upwelling of cool, nutrient-rich
waters along the Chilean coast (Brandhorst,
1963). Due to the continuous and intense coastal
upwelling the PCC belongs to the most important
high productivity regions in the world ocean
(Berger et al., 1987). Although the winds are up-
welling-favorable throughout the year (Strub et
al., 1998) the physical and the biological settings
display distinct seasonal patterns. Off Valparaiso
primary productivity is highest during the austral
winter (Thomas et al., 1994) when sea surface
temperatures are lowest. During this time the
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Fig. 1. (a) Oceanographic setting along the Chilean continental slope according to Strub et al. (1998). (b) Morphological setting

of the two core sites at the Chilean continental slope off Valparaiso.

wind direction shifts from predominantly south-
easterly to southwesterly directions. The particle
flux in the PCC reflects this seasonal pattern with
highest fluxes in late winter (September), inter-
mediate fluxes until January and low fluxes be-
tween January and July (Hebbeln et al., 2000b).
Investigation of surface sediments from the Chil-
ean continental slope points to the ACC as the
principal nutrient source that sustains the high
productivity in the southern PCC, where, besides
being slowly consumed, the nutrients are contin-
uously recycled in the coastal upwelling system
while moving to the north (Hebbeln et al., 2000a).

The two sediment cores investigated here have
been retrieved from the Chilean continental slope
close to Valparaiso off central Chile at approxi-
mately 33°S (Fig. 1). Core 17748-2 (32°45.0'S,
72°02.0'W, water depth 2545 m, length 383 cm)

was retrieved during cruise SONNE-80 (Stoffers
and Shipboard Scientific Party, 1992) from the
southern part of the Valparaiso Basin, which is
a 50 by 50-km-wide, flat area at water depths
between 2400 and 2600 m on the continental slope
(Fig. 1). A small transverse ridge divides the basin
in a northern and a southern part. The upper
slope rises steeply towards the coast and is cut
by two large canyons, which both end in the
northern part of the basin. Core GeoB 3302-1
(33°13.1'S, 72°05.4'W, water depth 1498 m,
length 412 cm) was retrieved during cruise
SONNE-102 (Hebbeln et al., 1995) approximately
50 km further south on the moderately inclined
(~3°) upper continental slope (Fig. 1). This loca-
tion is about 20 km north of the San Antonio
canyon, a major submarine canyon off the mouth
of the Maipo River.
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3. Methods

The two gravity cores were sampled at 5-cm
intervals. One sample set was ground for geo-
chemical analyses, while another sample set was
washed over a 63-um sieve to separate the coarse
fraction for foraminifera analyses. The dry bulk
density of the sediments was measured by weigh-
ing a fixed sample volume before and after freeze-
drying.

3.1. Geochemical analyses

To analyze the total organic carbon (TOC) con-
tent 25 mg of the sample material has been decal-
cified with 6 N HCI, dried on a hot plate at 80°C
and measured in a Heraeus-CHN elementary an-
alyzer. Carbonate contents were calculated from
the total carbon (TC) content, measured with the
CHN analyzer on untreated samples, as:

CaCO; = TC—TOC = 8.333 (1)

with a standard deviation of <2% of the mea-
sured value for TOC as well as for TC measure-
ments.

Biogenic opal was determined using a sequen-
tial leaching technique (DeMaster, 1981) modified
by Miiller and Schneider (1993). The ground sam-
ples were extracted with 100 ml 1 M NaOH at
85°C. The concentration of dissolved silica was
simultaneously measured by continuous flow
analysis with molybdate blue spectrometry. The
standard deviation for sediments with biogenic
opal contents < 5%, as it is the case here, is given
with 10% of the measured value (Miiller and
Schneider, 1993). The biogenic opal content has
been measured only in 10-cm intervals (and in 20-
cm intervals in the lowermost part of core 17748-2
with sediments older than 13000 yr).

3.2. Foraminifera analyses

The analyses of the planktic foraminiferal fau-
na are based on the >150-um fraction, which
was separated by sieving from the > 63-um frac-
tion. Using a microsplitter the samples were di-
vided to a sample size of approximately 200 indi-

viduals. All specimens were individually picked
and identified using the planktic foraminifera
taxonomy of Parker (1962), Kennett and Sriniva-
san (1983), and Hemleben et al. (1989). For Neo-
globoquadrina pachyderma the relative abundances
of right (dex.) and left (sin.) coiling individuals
were determined and the two forms were treated
as individual species. A detailed discussion on the
planktic foraminifera fauna found in core 17748-2
is given by Marchant et al. (1999).

3.3. Stratigraphic analyses

The age models for the cores 17748-2 and GeoB
3302-1 are based on accelerator mass spectrome-
try (AMS) 4C dates and stable oxygen isotope
data. Both age models have been presented earlier
(Lamy et al., 1999), however, here we present
three additional AMS dates on core GeoB 3302-
2. “C AMS dates for core GeoB 3302-1 were
determined on 10 mg carbonate (only shells of
Neogloboquadrina pachyderma (dex.)) at the Leib-
niz Laboratory for Age Determinations and Iso-
tope Research at the University of Kiel (Nadeau
et al., 1997). Samples from core 17748-2 were an-
alyzed at the AMS facility at the University of
Groningen.

All ages are corrected for 3C and for a res-
ervoir age of 400 yr (Bard, 1988) (Table 1).
Although in an upwelling area as off Chile reser-
voir ages are most likely greater, but, since no
information exists on this area, the mean ocean
reservoir age of Bard (1988) has been used. The
14C ages were converted into calendar years using
the Calib 4.0 software (Stuiver and Reimer, 1993).
Ages between dated levels were obtained by linear
interpolation between the nearest AMS datings.
Accumulation rates are calculated according to
the equations given by Van Andel et al. (1975)
and by Thiede et al. (1982).

The stable oxygen isotope composition of shells
of the planktic foraminifera Neogloboquadrina pa-
chyderma (dex.) was measured with a Finnigan
MAT 251 mass spectrometer. Twenty individual
shells (>212 um) were picked for each measure-
ment. The isotopic composition of the carbonate
sample was measured on the CO, gas evolved by
treatment with phosphoric acid at a constant tem-
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AMS “C dates and age control points of cores 17748-2 and GeoB 3302-1

Laboratory number® Core depth 14C AMS age +/— Err. Calibrated age
(cm) (yr BP) (yr) (cal yr BP)

Core 17748-2
GrA 1095 69 3760 40 4230
GrA 1096 101 6890 40 7740
GrA 3805 128 9250 80 10310
GrA 1097 156 10520 50 12520
GrA 1098 185 11200 50 13060
GrA 1099 341 12890 60 15430
Core GeoB 3302-1

3 9790°
KIA 4050 18 11030 160 12970
KIA 6180 33 13360 90 15940
KIA 4049 48 14950 120 17770
KIA 4044 68 15200 130 18 060
KIA 4043 103 16 660 150 19740
KIA 4042 133 17450 170 20640
KIA 4041 178 18590 180 21960
KIA 4040 233 19700 210 23230
KIA 6173 308 22730 240 26750
KIA 7254 405 27960 340 32700

The '*C ages were corrected for a reservoir effect of 400 yr (Bard, 1988) and calibrated using the Calib 4.0 software of Stuiver
and Reimer (1993); for sediments older than 24 000 cal yr the method of Bard (1998) has been used.
2 GrA, Center for Isotope Research, University of Groningen, The Netherlands; KIA, Leibniz Laboratory, University of Kiel,

Germany.
b Correlation of 8'%0 record to core 17748-2.

perature of 75°C. For all stable oxygen isotope
measurements a working standard (Burgbrohl
CO;, gas) was used, which has been calibrated
against PDB by using the NBS 18, 19 and 20
standards. Consequently, all 3'80 data given
here are relative to the PDB standard. Analytical
standard deviation is about *0.07%. PDB (Iso-
tope Lab Bremen University).

4. Chronology

The stratigraphy of core 17748-2 is based on six
14C AMS dates and linear interpolation between
the age control points (converted into calendar
years, see Table 1) (Lamy et al., 1999; Marchant
et al., 1999). The sediment surface with a modern
age is set to —13 cm because comparison with
samples of a boxcorer indicates that the upper-
most 13 cm of the core is missing (Stoffers and
Shipboard Scientific Party, 1992). Additionally,
three turbiditic layers (9-16 cm, 47-54 cm, and

160-177 cm) are assumed to be geologically ‘in-
stantaneous’ and were subtracted from the sedi-
mentary sequence of core 17748-2. Supported by
two AMS dates immediately above and below the
older turbiditic layer, erosional effects can be ex-
cluded. The same is assumed for the two younger
turbiditic layers. The age of the core base is ap-
proximately 15700 cal yr BP. In the Holocene
section of the core sedimentation rates vary be-
tween approximately 7 and 20 cm kyr~!. Signifi-
cantly higher sedimentation rates (> 70 cm kyr™!)
mark the oldest part of the core (> 13000 cal yr
BP) (Fig. 2). These are due to intensive resedimen-
tation, probably induced by postglacial flooding
of the nearby shelf (Lamy et al., 1999; Marchant
et al., 1999).

The age model of core GeoB 3302-1 is also
principally based on AMS dates (Table 1). Addi-
tionally, the 3'80 isotope record was correlated to
core 17748-2 for the uppermost sample of the core
(Fig. 2). The core is estimated to cover the time
span between ~ 9800 and 32800 cal yr BP, which
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is somewhat older than in the age model pub-
lished by (Lamy et al., 1999), which was based
on less AMS dates. In contrast to core 17748-2,
sedimentation rates are rather low, varying be-
tween 5 and 6 cm kyr~! in the upper part of the
core, representing the oldest part of the Holocene
and the deglaciation. During the last glacial the
sedimentation rates were high in the range of 20—
40 cm kyr~! (Fig. 2).

Applying this age model, the oxygen isotope
data of both cores show a typical pattern with
increasing values from ~29000 cal yr BP to-
wards the Last Glacial Maximum (LGM) (Fig.
2). The postglacial decrease started ~ 18000 cal
yr BP and ended at sometime between 5000 and
8000 cal yr BP. The glacial-interglacial difference
in the §'0 values is 1.9 %0, which is 0.7 %0 more
than the global ice effect of 1.2%o0 (Chappell and
Shackleton, 1986). Transferred into a rough pa-
leotemperature estimate following Epstein et al.
(1953) this would indicate ~ 3°C colder sea sur-
face temperatures in the study area during the
LGM compared to the mid-Holocene.

5. Results

The bulk sedimentary data, i.e. the contents
of organic carbon, carbonate and biogenic opal,
display some similarities in the two cores. The
CaCO; contents range between 2.1 and 17.7
wt% (Fig. 2). Between 3000 and 11000 cal yr
BP it is continuously above 12 wt%. Throughout
most of the remaining time the carbonate content
is <8 wt%. Comparatively low carbonate con-
tents between 13000 and 15000 cal yr BP in
core 17748-2 probably reflect dilution of the car-
bonate signal by redeposited sediments (see be-
low). The TOC (0.27-1.44 wt%) and biogenic
opal (1.1-3.1 wt%) contents show a quite similar
pattern with higher values between 33000 and
28000 cal yr BP and during the last 10000 yr
and lower values for the intermediate period. Es-
pecially for the TOC data both records show a
good agreement during the period where the two
cores overlap.

The coarse fraction content (> 63 um) in both
cores varies between 0 and 18 wt% (Fig. 2). How-

ever, most of the time covered it is well below
7 wt%. Only during the period 15000-10000 cal
yr BP where the two cores overlap, coarse frac-
tion contents > 63 um are significantly increased.
In contrast, in core 17748-2 the content of the
fraction > 150 um is marked by rather low values
during this period.

The absolute abundance of planktic foraminif-
era ranges from almost 0 to ~ 1800 ind/gr, with
almost all specimens showing a well preserved
state with no indications of significant carbonate
dissolution. The number of planktic foraminifera
found in the older sediments of core GeoB 3302-1
is much higher (200-1200 ind/gr) than that found
in the younger sediments of core 17748-2 (up to
650 ind/gr). During the overlapping period both
records show quite different values, very low num-
bers in core 17748-2 and very high numbers in
core GeoB 3302-1. The planktic foraminifera fau-
na in the two cores is dominated by six species
(Neogloboquadrina pachyderma (sin.), N. pachy-
derma (dex.), N. dutertrei, Globigerina bulloides,
Globorotalia inflata and Globigerinita glutinata),
which account together for >90% of the total
fauna. The composition of the planktic foraminif-
era fauna displays marked changes throughout
the last 33 kyr (Fig. 3). The dominant species of
the period 33 000-16 000 cal yr BP N. pachyderma
(sin.) is gradually replaced by N. pachyderma
(dex.) between 18000 and 12000 cal yr BP. The
contributions of G. glutinata and G. inflata to the
total fauna display quite similar patterns. During
the glacial period (33 000-20000 cal yr BP) both
species have a variable relative abundance, rang-
ing between 5% and 20%, and 5% and 30%, re-
spectively. A period of decreasing abundances
(<13% and <17%) between 20000 and 12500
cal yr BP is followed by rather low Holocene
values of <4% for G. glutinata and <2% for
G. inflata. The Holocene sediments are marked
by the occurrence of N. dutertrei, which appeared
at ~ 12500 cal yr BP and which contributed be-
tween 2% and 22% to the fauna. An even higher
relative abundance of up to 60% has been ob-
served during the last 3 kyr. In contrast, compar-
atively little variability is displayed by G. bul-
loides. Over most of the period considered here
the relative abundance of G. bulloides varied be-
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Fig. 2. Time-series records of (a) stable oxygen isotope and AMS 4C data, (b) CaCO; contents, (c) TOC contents, (d) biogenic
opal contents, (¢) planktic foraminifera abundances, (f) grain size data and (g) sedimentation rates for cores 17748-2 (solid line)
and GeoB 3302-1 (dashed line) from the Chilean continental slope.

tween 5% and 25%, with slightly lower average
values between 24000 and 29000 cal yr BP.
Only between 15000 and 3000 cal yr BP G. bul-
loides contributes continuously between 20% and
50% to the total fauna.

6. Discussion
6.1. Reworking of sediments

As indicated by a small, but steady contribu-
tion of redeposited benthic foraminifera, some re-
deposition of sediments derived from upslope
seems to be a continuous process in the Valparai-
so Basin (Marchant et al., 1999). Although their

absolute number keeps more or less constant
throughout the core (<2 ind/gr), their relative
amount is increased in the lower part of core
17748-2, probably reflecting a dilution of the ac-
cumulation of autochthonous benthic foraminif-
era. Based on this observation and on higher
silt/clay ratios, higher silt fraction medians and,
finally, extremely high sedimentation rates (Fig.
2) Marchant et al. (1999) and Lamy et al. (1999)
discussed the impact of resedimentation, probably
induced by the postglacial flooding of the nearby
continental shelf, on the lower part of core 17748-
2 corresponding to the period 15700-13 000 cal yr
BP. Strong variability in the >63-um fraction
data with some very high values (Fig. 2) during
this period support this conclusion.
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Fig. 3. Time-series record of the planktic foraminifera species composition in cores 17748-2 and GeoB 3302-1 from the Chilean
continental slope. The inset shows in detail the data for individual planktic foraminifera species for the period the two cores

(core 17748-2: solid line; core GeoB 3302-1: dashed line) overlap.

Also core GeoB 3302-1 seems to be affected by
resedimentation, however, in a different manner.
Increased coarse fraction percentages between
16000 and 10000 cal yr BP coincide with very
low sedimentation rates. In spite of the fact that
no sediments of the last ~ 10 kyr are preserved,
these data indicate some winnowing at this site
after 16000 cal yr BP. Thus, both cores are
most likely affected by resedimentation processes
such as winnowing at ~ 1500 m water depth
(site GeoB 3302) and redeposition in ~2500 m
water depth (site 17748) during the time they
overlap.

However, it seems that the coarse (> 150 um)
planktic foraminifera used here (as the entire frac-
tion > 150 um in core 17748-2; Fig. 2) are appar-
ently unaffected by the resedimentation processes,
i.e. winnowing at site GeoB 3302 was probably
not strong enough to remove such big particles,

while the energy of the resedimentation process
which affected site 17748 was sufficient only to
deliver mainly fine particles <150 pm. Although
the absolute abundances of planktic foraminifera
in the two cores differ strongly due to dilution in
core 17748 and enrichment in core GeoB 3302
(Fig. 2), the relative abundances of the various
species show a high degree of similarity between
the two cores (Fig. 3). As mentioned above, the
planktic foraminifera species compositions in the
two cores are quite different, but during the peri-
od both cores overlap (and in which resedimenta-
tion affected both cores) the relative abundances
of the planktic foraminifera show the same trends
in both cores, as e.g. the changing dominance
between the two coiling types of Neogloboquadri-
na pachyderma, the onset of Neogloboquadrina du-
tertrei at 12500 cal yr BP, the decrease in Globo-
rotalia inflata and Globigerinita glutinata, and the
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Fig. 4. Time-series records of the accumulation rates of (a) organic carbon, (b) CaCOs, (c) biogenic opal, (d) planktic foraminif-
era, and (e) bulk sediment for cores 17748-2 and GeoB 3302-1 from the Chilean continental slope. The light shaded parts indi-
cate data affected by resedimentation processes (see text). The dotted lines show the same records but refer to the expanded
scales for a better demonstration of variations within the undisturbed core sections corresponding to the dark shaded parts.

relative maximum of Globigerina bulloides be-
tween 15000 and 13000 cal yr BP. The high qual-
ity of the planktic foraminifera record is further
supported by the 880 data, which during a time
of distinct 8'%0 shifts coincide very well (Fig. 2).

Finally, also the accumulation rates of the
planktic foraminifera (see below, Fig. 4) show
comparable numbers during the overlapping peri-
od. This qualitative and quantitative similarity in
the flux pattern of planktic foraminifera at the
two sites indicates that these are almost unaffected
by resedimentation, although some input of
reworked planktic foraminifera at site 17748,
as mentioned above for benthic foraminifera,
probably occurred. However, resedimentation, in
terms of near-bottom supply of sediments and
winnowing, probably affected mostly finer materi-
al (<150 um), changing both the sedimentation
and bulk accumulation rates. As organic matter,

carbonate and biogenic opal are largely concen-
trated in the fine fraction of the sediments, these
compounds are most likely affected by resedimen-
tation. Thus, redeposition of fine material, prob-
ably derived from winnowing further upslope, in-
creased the accumulation rates of organic matter,
carbonate and biogenic opal at site 17748, while
winnowing of such fine particles decreased them
at site GeoB 3302, reducing the potential of these
accumulation rates as paleoproductivity indica-
tors at these sites during this period (16000-
13000 cal yr BP). However, the planktic forami-
nifera accumulation rate, which is derived from
the coarse fraction, seems to provide a meaningful
paleoproductivity proxy also for the period be-
tween 16000 and 13000 cal yr BP. The other
parts (>90%) of the entire record discussed
here (33000-16000 cal yr BP and 13000 cal yr
BP to present) show no signs of disturbance.
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6.2. Planktic foraminifera species composition

The most prominent change in the planktic fo-
raminifera species composition in the study area
throughout the last 33 kyr is the shift in domi-
nance from Neogloboquadrina pachyderma (sin.)
to N. pachyderma (dex.) between 18000 and
12000 cal yr BP (Fig. 3). Under present-day con-
ditions the most common species along the Chil-
ean continental slope is N. pachyderma (dex.),
which on average accounts for > 50% in surface
sediments collected between 27°S and 42°S (Heb-
beln et al., 2000a). N. pachyderma (sin.) occurs in
significant percentages only in a few samples from
near-coastal sites off central Chile probably re-
flecting colder sea surface temperatures and/or
higher productivity associated with intensive
coastal upwelling (Hebbeln et al., 2000a) similar
to results from the comparable Benguela Current
system (Giraudeau, 1993; Little et al., 1997). At
present, the two species do not show any north to
south gradient in the surface sediments beneath
the southern PCC, which would parallel the gen-
eral sea surface temperature pattern with increas-
ing temperatures from < 12°C in the south (45°S)
to ~20°C in the north (18°S) (Hebbeln et al.,
2000a).

The oxygen isotope data point to glacial surface
waters ~3°C colder compared to present-day
conditions, which would have resulted in similar
glacial sea surface temperatures at our core sites
as they are found today at ~43°S, where Neo-
globoquadrina pachyderma (dex.) still accounts for
>60% of the whole planktic foraminifera com-
munity found in surface sediments (Hebbeln et
al., 2000a). Thus, the dominance of N. pachyder-
ma (sin.) during the last glacial is most likely not
simply due to lower temperatures induced by
stronger advection of subpolar waters of the
ACC, which as today were also the source waters
for the PCC during the last glacial. Alternatively,
the high percentages of N. pachyderma (sin.) prior
to 18000 cal yr BP reflect higher productivity, this
interpretation being in accordance to sediment
trap data from our study area (Marchant et al.,
1998), indicating N. pachyderma (sin.) to be re-
lated to the cold, nutrient-rich coastal upwelling
waters. Consequently, decreasing numbers of

N. pachyderma (sin.) and increasing numbers of
N. pachyderma (dex.) indicate lower productivity
during the Holocene. The significance of N. pa-
chyderma (sin.) as an indicator for paleo-upwell-
ing intensity and/or paleoproductivity has also
been shown in sediments from other upwelling
areas such as e.g. the Benguela Current (Little et
al., 1997; Wefer et al., 1996) and the Somalia
margin (Ivanova et al., 1999).

The relative changes between the Neogloboqua-
drina pachyderma species are accompanied by
another significant change: the almost complete
replacement of Globorotalia inflata, which contrib-
uted ~ 10% to the glacial fauna, by Neogloboqua-
drina dutertrei, which is quite common during the
Holocene (Fig. 3). The similarity of the N. pachy-
derma (sin.) and G. inflata records is somewhat
astonishing as G. inflata is normally not related
to upwelling or high productivity. In the surface
sediment data from the southern PCC G. inflata is
more common in the open ocean samples com-
pared to samples from the continental slope (Heb-
beln et al., 2000a). However, among the slope
samples those near-coastal areas marked by high
abundances of N. pachyderma (sin.) are also
marked by slightly higher percentages of G. infla-
ta. Although such a pattern has not been de-
scribed before, the surface sediment as well as
the core data indicate that in the southern PCC
higher relative abundances of G. inflata are re-
lated to increased coastal upwelling and/or pro-
ductivity. In addition, the same general pattern
with a higher relative abundance during the last
glacial is also shown by the ubiquitous species
Globigerinita glutinata.

Sediment trap investigations from the PCC in-
dicate that Neogloboquadrina dutertrei is related
to the Subtropical Surface Water of the PCCC
(Marchant et al., 1998). Thus, the increased per-
centages of N. dutertrei during the Holocene (Fig.
3) probably reflect stronger southward advection
of Subtropical Surface Water to the region (see
Marchant et al., 1999, for details).

Globigerina bulloides, as one of the principal
upwelling indicators under coastal upwelling con-
ditions (Thiede, 1975), shows a strong seasonal
association with upwelling in the modern PCC
(Marchant et al., 1998). However, the core data



D. Hebbeln et al. | Marine Geology 186 (2002) 487-504 497

do not show such a distinct signal. Throughout
the whole record G. bulloides is the second most
common species, although its relative abundance
shows some variability (Fig. 3). Highest percen-
tages are found during the Holocene, when
the dominance of Neogloboquadrina pachyderma
(dex.) indicates lower productivity. During the
last glacial, when higher productivity is indicated
by dominating N. pachyderma (sin.), the relative
abundance of G. bulloides is significantly lower.
These data imply that the living conditions for
G. bulloides, relative to those for the other species,
have not changed that much, despite the drastic
change indicated by the two N. pachyderma
forms. Thus, it seems that G. bulloides is more
related to the prevalence of upwelling rather
than to its strength.
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The major transition in species composition be-
tween 18000 and 12000 cal yr BP is marked by
some internal variability (Fig. 3). The first major
decline in Neogloboquadrina pachyderma (sin.) is
partly due to a relative maximum of Globigerinita
glutinata (16400-14 600 cal yr BP), which includes
a relative maximum of Globorotalia inflata
(15300-14600 cal yr BP). The central part of
the transition is marked by a maximum of Globi-
gerina bulloides (14 600-13400 cal yr BP). Before
N. pachyderma (dex.) takes over at 13100 cal yr
BP there is another short period with elevated
percentages of G. glutinata. This faunal sequence
most likely reflects the regional shift of an upwell-
ing cell from covering the core sites during the
glacial to a more near-coastal or more southern
location during the Holocene, leaving the core

AR G. inflata AR N.pachy. (dex.)
(ind cm-2 kyr) (ind cm2 kyr")
0 3000 6000 0 6000 12000
I_L_A_J@_l_l Laa 1o o] 0
[ 5
10
15
[ 20
[ 25
[ 30
[ 35

1000 0 10000 20000
AR N. pachy. (sin.)
(ind cm?2 kyr")

AR N. dutertrei
(ind cm2 kyr?)

Fig. 5. Time-series records of (a) the relative abundance of the three planktic foraminifera species Neogloboquadrina pachyderma
(sin.) (solid line), Globigerinita glutinata (dotted line) and Globorotalia inflata (dashed line) and of the accumulation rates of (b)
total planktic foraminifera, (c) Globigerina bulloides, (d) G. glutinata, (e) G. inflata, (f) Neogloboquadrina dutertrei, (g) N. pachy-
derma (dex.) and (h) N. pachyderma (sin) for cores 17748-2 (solid line) and GeoB 3302-1 (dashed line) from the Chilean continen-
tal slope.
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sites outside the upwelling cell. The observed pat-
tern probably marks the passage of the frontal
zone bordering the upwelling waters against the
open ocean waters, with G. bulloides having its
highest relative abundance along the main front,
while G. glutinata is more associated with the
marginal frontal zone on both sides.

Also between 33000 and 18000 cal yr BP the
species composition shows a strong variability,
especially among Neogloboquadrina pachyderma
(sin.) and Globorotalia inflata, but Globigerinita
glutinata and Globigerina bulloides are also partly
affected (Fig. 3). These species fluctuate by up to
30%, with G. inflata, G. glutinata and G. bulloides
behaving opposite to N. pachyderma (sin.) (Fig.
5). As N. pachyderma (dex.) is almost unaffected
by this variability, it is probably not caused by
large scale variations in upwelling intensity, which
are mainly reflected in variations among the
N. pachyderma. However, based on the interpre-
tation of the faunal succession found between
18000 and 12000 cal yr BP this variability can
also be interpreted as probably caused by small
variations in the extension of the upwelling cell.

Another period marked by strong variability in
the species composition of the planktic foraminif-
era is the last 3 kyr. The unexpected pattern of
simultaneously increasing relative abundances of
Neogloboquadrina dutertrei, Neogloboquadrina pa-
chyderma (sin.) and Globigerinita glutinata (Fig. 3)
has earlier been interpreted to reflect on one hand
a step back to intensified upwelling and on the
other hand to an increased frequency and/or in-
tensity of El Nifio events (Marchant et al., 1999).
The same conclusion has been drawn from the
analyses of terrigenous sediment parameters on
this core, which also point to a strong climatic
variability during this period (Lamy et al., 1999).

6.3. Paleoproductivity deduced from bulk sediment
proxies

The most common tools for reconstructing pa-
leoproductivity are the accumulation rates of bio-
genic compounds, as e.g. organic carbon, biogenic
opal and carbonate, although subsequent process-
es as e.g. organic matter degradation and carbon-
ate and opal dissolution might significantly alter

the productivity signal on its way into the sedi-
ment. However, in high productivity regions such
as along the Chilean continental slope, the por-
tion of organic carbon (Berger et al., 1989) and of
biogenic opal (Nelson et al., 1995) preserved in
the sediments is assumed to be significantly higher
than in open ocean areas. Thus, in such a setting
the accumulation rates of organic carbon and of
biogenic opal should be reliable proxies for sur-
face ocean productivity. Carbonate dissolution in-
creases with water depth and becomes important
below the lysocline, which in the study area is at
~3700 m water depth (Hebbeln et al., 2000a).
The two cores studied here are from significantly
lesser depths (2545 and 1498 m) and are assumed
to be not seriously affected by carbonate dissolu-
tion.

The most obvious features in the accumulation
rate records are the very high rates observed in
the lowermost part of core 17748-2 and the ex-
tremely low rates in the uppermost part of core
GeoB 3302-2 (light shaded fields in Fig. 4). As
mentioned above, these extreme values are consid-
ered to be due to sediment reworking and are
not relevant for estimating paleoproductivity of
the PCC. The paleoproductivity of this period
(16000-13 000 cal yr BP) will be assessed by using
the planktic foraminifera accumulation rate (see
below).

For the remaining time of our record the accu-
mulation rates of the bulk biogenic proxies give a
detailed picture of the development of productiv-
ity off central Chile. The oldest part of the record
(33000-24 000 cal yr BP) is marked by intermedi-
ate biogenic opal (0.25-0.5 g cm™2 kyr~!) and
organic carbon (0.1-0.2 g cm ™2 kyr~!) accumula-
tion rates associated with relatively low carbonate
(1-2 g em™? kyr™!") accumulation rates (Fig. 4).
During the LGM (24 000-20000 cal yr BP) all
accumulation rates reach maximum values of
0.5-0.9 g cm 2 kyr~! for biogenic opal, 2-3 g
cm~2 kyr~! for carbonate and 0.2-0.3 g cm™?
kyr~! for organic carbon, respectively. This pat-
tern clearly indicates the LGM to be the most
productive period in the southern PCC through-
out the last 33 kyr. Between 20 000 and 16 000 cal
yr BP the accumulation rates of the biogenic com-
pounds decrease again to intermediate levels of
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0.2-0.35 g cm~2 kyr~! for biogenic opal, 1.2-1.6 g
cm ™2 kyr~! for carbonate and 0.12-0.15 g cm™?
kyr~! for organic carbon, respectively, reflecting
decreasing paleoproductivity.

After the break in the record the accumulation
rates, now recorded in core 17748-2, remained for
another 2000 yr (12800 and 10700 cal yr BP) on
almost the same level as before the break. The
following period (10700 and 4500 cal yr BP) is
characterized by the lowest biogenic accumulation
rates (0.1-0.2 g cm~2 kyr~! for biogenic opal, 0.7—
1.3 g ecm™2 kyr! for carbonate and 0.07-0.1 g
cm 2 kyr~! for organic carbon) of the whole rec-
ord. During this period the distance between the
core sites and any nearby upwelling center was
probably the largest throughout the last 33 kyr
resulting in a relatively low paleoproductivity.
The youngest part of the record (<4500 cal yr
BP) is again marked by slightly higher accumula-
tion rates, which are in a similar range as between
12800 and 10700 cal yr BP, with the exception of
the carbonate accumulation rate, which drops
back to lowest values after 3000 cal yr BP. How-
ever, in general the Late Holocene is marked by a
higher paleoproductivity than the Early and Mid-
dle Holocene.

6.4. Paleoproductivity deduced from planktic
Sforaminifera accumulation rates

The accumulation rates of the most common
species of planktic foraminifera off central Chile
show two dominant patterns (Fig. 5). Neoglobo-
quadrina pachyderma (sin.), Globorotalia inflata
and Globigerinita glutinata are characterized by
high accumulation rates during the last glacial
and extremely low rates during the Holocene
(Fig. 5d,e,h). The accumulation rates of the latter
two species have a clearly defined maximum be-
tween 24000 and 20000 cal yr BP (Fig. 5d.e),
while the maximum for the former species lasted
from 26 000 to 16000 cal yr BP (Fig. 5h). During
the remaining periods between 33000 and 16000
cal yr BP the accumulation rates of these three
species are still on relatively high levels.

In contrast, Neogloboquadrina pachyderma
(dex.) and Neogloboquadrina dutertrei have their
highest fluxes between 16000 and 9000 cal yr BP

and between 12000 and 8000 cal yr BP, respec-
tively (Fig. 5f,g). While the N. pachyderma (dex.)
flux steadily decreases after 9000 cal yr BP to-
wards the present, the N. dutertrei flux fluctuates
around a stable mean (~100 ind cm™2 kyr!)
during the last 8§ kyr. During the last glacial the
accumulation rates of N. pachyderma (dex.) were
relatively low, while N. dutertrei was completely
absent.

The accumulation rate of Globigerina bulloides
displays an intermediate pattern (Fig. 5c). During
the last glacial it follows closely the pattern of
Globigerinita glutinata and Globorotalia inflata,
while during the younger part of the record it al-
most resembles the accumulation rate pattern of
Neogloboquadrina pachyderma (dex.). Interest-
ingly, the accumulation rates of all planktic fora-
minifera show an almost identical pattern as the
accumulation rate of G. bulloides (Fig. 5b,c),
which over the whole record accounts only for
23% of the total fauna.

These data reflect the different response of the
various species to changing environmental condi-
tions in the southern PCC. The accumulation rate
off all planktic foraminifera probably reflects the
general pattern of paleoproductivity with signifi-
cantly higher values during the glacial compared
to the Holocene, as it can also be seen in the
accumulation rates of the other biogenic com-
pounds (Fig. 4). Obviously, Neogloboquadrina pa-
chyderma (sin.), Globigerinita glutinata, Globorota-
lia inflata, and Globigerina bulloides find best
living conditions during periods of high produc-
tivity, resulting in the highest flux rates of these
species. Under such conditions the competition
among the species seems to be too strong for
N. pachyderma (dex.) to sustain a larger popula-
tion. However, decreasing productivity after
16000 cal yr BP resulted in more favorable envi-
ronmental conditions for N. pachyderma (dex.)
and since 12000 cal yr BP also Neogloboquadrina
dutertrei found suitable conditions. Although
G. bulloides has its highest relative abundance
during the Middle Holocene (Fig. 3), accumula-
tion rates are much lower than during the last
glacial, reflecting in general worse conditions for
G. bulloides during the Holocene.

As mentioned above, the total planktic forami-
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nifera accumulation rate shows almost the same
pattern as the accumulation rates for the other
biogenic compounds (Fig. 4). However, compar-
ing it especially with the carbonate accumulation
rate displays some differences during the Holo-
cene, when the total planktic foraminifera accu-
mulation rate continuously decreases, while the
carbonate accumulation rate is much more stable
(Fig. 4). This difference becomes even more ob-
vious when comparing the contents of planktic
foraminifera and carbonate for the investigated
cores (Fig. 6). There are three distinct relations
between these two data sets in the two cores.
One, marked by the steepest slope, is valid for
core GeoB 3302-2 and, thus, for the last glacial
(32600-15000 cal yr BP). The steep slope implies
that the contribution of planktic foraminifera to
the carbonate content is relatively high. In con-
trast, the slopes for the two other relations, both

are valid for core 17748-2, are much shallower,
implying a larger contribution of other carbonate
particles. Since benthic foraminifera contribute
mostly <5% to the whole foraminifera assem-
blage, except of those core sections where total
foraminifera numbers and carbonate contents
are very low (at the top and base of core 17748
and at the top of GeoB 3302), the most likely
candidates to contribute significantly to the car-
bonate content are coccoliths, which seem to be-
come increasingly important in the period 15 700-
9000 cal yr BP, and even more in the period
marked by the shallowest slope (the last 9 kyr).
The higher contribution of coccoliths to site
17748-2 might reflect a different setting at this
site compared to site GeoB 3302-2. However,
the data for the oldest part (15700-14200 cal yr
BP, hatched field in Fig. 6), which fit nice into the
relation covering the whole period up to 9000 cal
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Fig. 6. Absolute abundance of planktic foraminifera versus CaCOs content in cores 17748-2 and GeoB 3302-1 from the Chilean
continental slope. The various regression lines reflect different levels of planktic foraminifera contribution to the total CaCO;
content at different times (see text).
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yr BP, fit also perfectly to the data of core GeoB
3302-2, indicating a general shift in the environ-
mental setting between 15700 and ~ 14000 cal yr
BP, affecting both sites. The increasing impor-
tance of coccoliths from glacial to Holocene times
is another indicator for a parallel decrease in pro-
ductivity, as coccoliths are the typical primary
producers in less productive waters, compared to
diatoms, which are typical for high productivity
conditions.

6.5. Factors controlling the paleoproductivity off
central Chile during the last 33 kyr

Comparing the normalized accumulation rates
of organic carbon, carbonate and biogenic opal
for the undisturbed sedimentary records (dark
hatched periods in Fig. 4) results in a quite coher-
ent picture (Fig. 7). These data fit to the normal-
ized accumulation rate of planktic foraminifera,
which, in addition, provide a meaningful indica-
tion for the paleoproductivity between 16 000 and
13000 cal yr BP (Fig. 7). The normalized accu-
mulation rates of organic carbon, carbonate and
biogenic opal have been combined to the paleo-
productivity index (bold line in Fig. 7a) intro-
duced here, which simply is the mean of these
normalized accumulation rates. The paleoproduc-
tivity index gives a robust qualitative estimate of
the development of the paleoproductivity in the
southern PCC, which is independently supported
by the species composition data of the planktic
foraminifera (Fig. 3).

According to these data the paleoproductivity
in the southern PCC has been developed rather
variable through the last 33 kyr. Between 33000
and 24000 cal yr BP it remained on an intermedi-
ate level followed during the LGM by the highest
paleoproductivity (Fig. 7). After 20000 cal yr BP
the paleoproductivity dropped rapidly to the pre-
LGM level and decreased further to minimum
values between 8000 and 4000 cal yr BP. This
decrease is characterized by some internal fluctu-
ations, namely a slight increase in productivity
between 13000 and 11000 cal yr BP. During the
last 4 kyr the paleoproductivity returned to an
intermediate level, similar to pre-LGM times
(Fig. 7).
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Fig. 7. (a) Comparison of the normalized accumulation rates
of organic carbon, CaCOs, biogenic opal and planktic fora-
minifera combined to the paleoproductivity index, which is
the mean of the normalized accumulation rates of organic
carbon, CaCO; and biogenic opal. The data have been nor-
malized to a 0-1 scale (1) by subtracting the minimum value
from all data within one data set and (2) by dividing them
through the maximum minus minimum value. (b) Compari-
son of the paleoproductivity index with the relative latitudi-
nal position of the Southern Westerlies taken from Lamy et
al. (1999).

Pollen (Heusser, 1989) and marine sedimento-
logical (Lamy et al., 1998, 1999) studies suggest
an approximately 5° northward displacement of
the climatic zones in Chile during the LGM in-
duced by a northward shift of the Southern West-
erlies. We assume that such a change would also
shift the whole oceanographic system along the
Chilean continental slope towards the north.
Based on a continental paleoclimate reconstruc-
tion on the base of the same sediment cores
used here, Lamy et al. (1999) described the vari-
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ability of the position of the Southern Westerlies,
which controls the regional climate (Miller, 1976),
through the last 33 kyr. Interestingly, the pattern
of latitudinal movements of the Southern West-
erlies shows similarity to the paleoproductivity
pattern, i.e. higher productivity is related to a
northern position and lower productivity to a
southern position of the Southern Westerlies
(Fig. 7). Besides being similar in the long run,
both records also agree in small scale structures,
as e.g. the shift to higher productivity coinciding
with a northward movement of the Southern
Westerlies at 4000 cal yr BP.

The similarity of these two records points to a
functional relationship between the position of the
Southern Westerlies and the productivity in the
study region. A hint as to how this relationship
could look like has been found in the surface sedi-
ments of the Chilean continental slope (Hebbeln
et al., 2000a). Gradually decreasing organic car-
bon accumulation rates, in accordance with de-
creasing satellite-derived pigment concentrations
(Thomas et al., 1994), and increasing 8'°N data
from south to north along the Chilean continental
slope point to the high-nutrient and low-chloro-
phyll waters of the ACC as the principal nutrient
source sustaining the high productivity in the
coastal upwelling system of the southern PCC
supplemented by micronutrients (e.g. iron) de-
rived from nearby hinterland (Hebbeln et al.,
2000a). Latitudinal movements of the Southern
Westerlies are almost certainly directly related to
variations in the northward extension of the
ACC. Thus, a northward position of the Southern
Westerlies coincides with a northward expansion
of the ACC, which in turn brings our core sites
closer to the main nutrient source which, analo-
gous to the surface sediment data, would result in
increased nutrient availability and consequently in
increased productivity at these sites.

In addition to this variable nutrient supply to
our study area, also the intensity of coastal up-
welling, as interpreted from the varying species
composition of the planktic foraminifera, has
probably changed, what might be due to a vari-
able wind forcing in line with the latitudinal
movements of the main climatic zonation in the
region. The coastal upwelling is an extremely im-

portant part of the whole production system, act-
ing like a vortex-type conveyor belt transporting
nutrient-rich waters derived from the ACC north-
wards. By returning nutrients to the productive
zone, upwelling keeps the (pre-formed) nutrients
supplied by the ACC and transported northward
by the PCC within the productive system. Thus,
the effect of upwelling on productivity off Chile is
strongly related to the amount of (pre-formed)
nutrients in the system, which mainly depends
on the distance of a given site to the main nutrient
source.

Both the paleoproductivity off Chile and the
continental paleoclimate in Chile seem to be
mainly driven by the setting of the large scale
climatic zonation in the Southeast Pacific region.
To what extent small scale variations in the posi-
tion of the Southern Westerlies on Dansgaard/
Oeschger time scales, which have been detected
in older sediments (60000-25000 cal yr BP) off
northern Chile (Lamy et al., 2000) and which
might be reflected in the variability in the faunal
composition of the planktic foraminifera in the
oldest part of the record presented here, did affect
the paleoproductivity pattern off Chile needs to be
determined in future studies.

7. Conclusions

The data presented here clearly indicate a sig-
nificantly higher productivity in the southern PCC
during the LGM compared to the Holocene.
However, based on the unequivocal data from
the Antarctic region (Keir, 1990; Mackensen et
al., 1994; Mortlock et al., 1991) and based on
our understanding of the functioning of the up-
welling/productivity system in the southern PCC
(Hebbeln et al., 2000a), we do not draw this con-
clusion at the moment. The data might reflect
only a northward shift of the main upwelling
area in pace with the latitudinal shifts of the
Southern Westerlies, resulting for the LGM on
one hand in a higher productivity but on the oth-
er hand in a lower productivity further to the
south. This interpretation has also been discussed
for the subantarctic region (Mackensen et al.,
1994), which for both regions would be basically
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due to the same reason: a northward displace-
ment of the circum-Antarctic circulation. Thus,
to finally assess the productivity of the southern
PCC on glacial-interglacial time scales further re-
constructions of the paleoproductivity from this
region covering a larger latitudinal range are
needed.
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