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Zusammenfassung

Zusammenfassung

Das Ziel dieser Disseliation war es, die Entwicklung der Paläoproduktivität im südlichen
Peru-Chile Strom vor Nord- und Zentralchile im Spätquartär zu rekonstruieren. Dies war
möglich durch die Verwendung von organischem Kohlenstoff und biogenem Karbonat als
zwei voneinander unabhängigen Proxies im Sediment. Zusätzlich wurde die Eignung von
biogenem Baryt als Produktivitätsproxy untersucht. Da der terrigene Eintrag am
chilenischen Kontinentalhang sehr hoch ist, konnte der Anteil von biogenem Baryt am
Sediment nicht mit direkten Methoden bestimmt werden. Statt dessen musste auf eine
normative Berechnung des biogenen Bariums im Sediment zurückgegriffen werden. Die
dafür benötigten terrigenen BaiAl Verhältnisse wurden anhand von Sedimentproben aus
Flüssen und Oberflächenproben aus Profilen vom chilenischen Kontinentalhang ermittelt.
Die dabei gemessenen Elementverhältnisse weichen zum Teil stark von dem, in der
Literatur veröffentlichten, "durchschnittlichen" Wert fiir die Erdkruste ab. Es konnte
gezeigt werden, dass das terrigene BaiAl Verhältnis in Sedimenten des Kontinentalhangs
von der Geochemie des kontinentalen Hinterlandes abhängig ist. Ein geochemisches
Modell wurde erstellt um das terrigene BaiAI Verhältnis aus dem Fe/Al Verhältnis der
Gesamtprobe erreclmen zu können. Die damit korrigierten Akkumulationsraten für
biogenes Barium konnten dann mit den Berechnungen der Paläoproduktivität auf der Basis
von organischem Kohlenstoff und von biogenem Karbonat verwendet werden.

Die Paläoproduktivität im Peru-Chile Strom vor Nord- und Zentralchile folgte während des
Spätquartärs dem Zyklus der Präzession. Die Paläoproduktivität war am höchsten während
der Präzessionsminima, und am geringsten während des letzten glazialen Maximums
(LGM)

und

während

des

späten

Paläoproduktivität

waren

Atmosphäre,

wesentlichen

1m

Holozäns.

Veränderungen
bestimmt

1m

Ursache
regionalen

durch

für

die

sich

ändernde

Zirkulationsmuster

Verschiebungen

der

der

südlichen

Westwindzone. Die Verschiebung der Westwindzone zum Äquator hin während des LGM
und vorangegangener Substadiale führte zu eine äquatorwärtigen Verlagerung der für den
Küstenauftrieb günstigen küstenparallelen Winde. Dies führte somit auch zu emer
Verlagerung des Gebietes des intensivsten Küstenauftriebs. Während des Holozäns
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verlagerte sich das Gebiet des stärksten Küstenauftriebs von seiner nördlichsten Position zu
seiner gegenwärtigen südlichsten Position.

Veränderungen der räumlichen Ausdelmung der Auftliebszellen konnten durch die
Verwendung von organischem Kohlenstoff und biogenem Karbonat als voneinander
unabhängigen Proxies rekonstruiert werden.
organischen

Kohlenstoffes

die

Während die Akkumulationsrate des

Gesamtproduktivität

widerspiegelt,

ist

die

Karbonatakkumulationsrate nur ein Abbild der Produktivität kalkschaliger Organismen.
Änderungen des Anteils kalkschaliger Organismen an der Gesamtproduktivität zeigen an,
wie die Vergesellschaftung im Oberflächenwasser an der Kernposition zeitweise von
Kieselalgen und zeitweise von Kalkalgen dominiert wurde. Da Auftriebszellen stets in
ihrem Zentrum von Kieselalgen dominiert sind, während außerhalb davon Kalkalgen
vorherrschen, weist ein Ansteigen der Produktivität kalkschaliger Organismen während
einer Phase verringerter Gesamtproduktivität auf eine räumliche Verkleinerung der
örtlichen Auftriebszelle hin.

In allen drei untersuchten Kernen wurde eme ungewöhnlich hohe Konzentration von
Barium in den Absc1mitten festgestellt, die seit dem Ende des LGM abgelagert wurden.
Aus einem geochemischen Modell ließ sich ableiten, dass diese ungewöhnlich hohen
Bariumkonzentrationen im Sediment die Folge eines Anstiegs in der Bariumkonzentration
im Wasser des Südostpazifik sein können. Diese zeigt einen graduellen Anstieg vom Ende
des LGM bis zum mittleren Holozän und fallt seit dem wieder ab. Der Anstieg ist
überlagert von zwei kurzzeitigen Barium-Maxima, die auf das Ende des LGM und nach der
Jüngeren Dryas folgen. Das Holozäne Barium-Maximum resultierte wahrscheinlich aus
einem Anstieg der Flussrate von vormals in Karbonat gebundenem Barium aus dem
Sediment in die tiefen Wassermassen des Pazifik, das durch die holozäne Verflachung der
Lysokline im Pazifik freigesetzt wurde.

Ergebnisse aus Modellen des marinen

Bariumkreislaufs zeigen, dass die kurzzeitigen Barium-Maxima verursacht wurden durch
den Einstrom von Wasser mit erhöhter Konzentration an gelöstem Barium, das infolge
wiedereinsetzender Produktion von Nordatlantischem Tiefenwasser nach dem Ende des
LGM und nach der Jüngeren Dryas in den Pazifik eindrang.
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Abstract

Abstract

The aim of this dissertation was to reconstruct the Late Quatemary paleoproductivity in the
Peru-Chile Current off northem and central Chile, using organic carbon and biogenie
carbonate as mutually independent proxies of paleoproductivity, and to assess the suitability
of biogenic barite as proxy of paleoproductivity. Since the terrigenous input to the Chilean
continental slope is very high, the amount of biogenic barite in the sediment could not be
determined by direct methods but had to be derived from normative calculations. The required
terrigenous BaiAl ratios were determined from stream sediments and from surface sediment
sampIes ±rom continental slope transects. Most of the measured ratios differ markedly from
the 'crustal average' ratio that can be found in the literature. It was shown that the terrigenous
BaiAl ratio in sediments of the continental slope is determined by the geochemistry of the
continental hinterland. A geoehemical model was devised to calculate the terrigenous BaiAl
ratio from the Fe/Al ratio of the bulk sediment. The corrected biogenic barium accumulation
rates were then compared with paleoproductivity reconstruetions based upon organic carbon
and biogenic carbonate.

During the Late Quaternary the paleoproductivity in the Peru-Chile Current off northem and
central Chile followed the precessional cyc1e. The export productivity was highest during
precession minima, and lowest during the Last Glacial Maximum (LGM) and the late
Holocene. The variations in productivity are driven by changes in the regional atmospheric
circulation pattern which is mainly determined by the position ofthe Southern Westerlies. The
equatorward shift off the Southem Westerlies during the LGM and previous sub-stadials
resulted in an equatorward shift of the upwelling favourable wind fields, and thus of the
region of most intense coastal upwelling and highest productivity, even though the individual
upwelling cells remained in place. During the Holocene the zone of most intense upwelling
moved ±rom its northemmost position during the LGM to its present southemmost position.

Changes in the spatial extent of the upwelling cells next to the core positions were
reconstructed by using organic earbon and biogenic carbonate as independent proxies of
paleoproductivity. While organic carbon accumulation reflects the total productivity at the
site, the accumulation rate ofbiogenic carbonate responds only to changes in the productivity
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of carbonate-shell secreting organisms. The varymg proportion of carbonate-based
productivity to the total productivity shows how the biocoenosis in the surface waters at the
core position

varied

between

diatom

dominated

and

coccolithophorid

dominated

phytoplankton associations. Since the centre of an upwelling cell is dominated by diatoms,
while coccolithophorids dominate the zones outside, a shift towards a higher proportion of
carbonate-based productivity during times of reduced total productivity indicates a contraction
of the upwelling cell, and vice versa.

An anomalous barium peak was found in the all three cores investigated in sediments

deposited since Termination I. Geochemical modelling could show that these anomalous
peaks may be related to an increase in the concentration of dissolved barium in the waters of
the Southeast Pacific. The concentration of dissolved barium increased from the end of the
LGM to a maximum the Middle Holocene, and since then declined to modem values.
Superimposed on this gradual increase are two short-term peaks, found after the end of the
LGM and after the Younger Dryas. The broad Holocene barium maximum is probably the
result of an increased flux of previously carbonate-bound barium from the sediment to the
deep ocean, caused by shoaling of the Pacific carbonate compensation depth during the
Holocene. The increased carbonate dissolution caused the release of great amounts of
carbonate-bound barium from the sediment. Models of the oceanic barium cycle show that the
superimposed short-telID barium peaks are the result of an influx of barium-enriched waters,
which entered the Pacific in two pulses, following the resumption North Atlantic Deep Water
production after the end of the LGM and after the Younger Dryas (YD).
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Preface

Preface

Cumulative disseliations are becoming more and more common today, but most ofus are still
accustomed to reading dissertations in the 'classical' format. The advantage of the 'classical'
fonnat is that it is easier to follow a line of argument than in the sectioned format of the
cumulative dissertation. In addition, the requirements of a scientific journal are quite different
to those of a PhD thesis. The concise format of scientific articles comes with the price of
omitting interesting sidelines that may or may not have been successful in the investigative
process. In the introductory first chapter of this thesis I will attempt to compensate for some
of the shortcomings of the cumulative format by giving an overview of the aims of this
project, the regional geological, geochemical, oceanographic and climatic frarnework,
descriptions ofthe analytical methods, and detailed descriptions ofthe age models used on the
sediment cores. Most of this will be repeated somewhere in the subsequent chapters, though
often not in the same detail, or it can be found in the quoted literature. The principal results of
this thesis are summarised at the end in Chapter 6. To make the list ofreferences easier to use,
the references from the end of each article have been combined into one reference list and
moved to the back of this volume.
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Chapter 1 - Introduction
1.1. Main objectives

The mam objective of this project was to reconstruct Late Quaternary variations of the
paleoproductivity in the Peru-Chile Current and to see how productivity responds to climatic
change. The high productivity in the Peru-Chile Current is sustained by coastal upwelling.
The extreme latitudinal extent of the upwelling system along the western margin of South
America makes it the largest coastal upwelling system and places it among the most important
regions of high productivity in the world ocean. Despite the impOliance of this region, little
was know about the Late Quaternary history of the Peru-Chile Current, especially about its
southem part off Chile.

Investigations on ice cores from Greenland (Dansgaard et aI., 1993; Grootes et aI., 1993) and
from Antarctica (Barnola et aI., 1987; Delmas et aI., 1980; Genthon et aI., 1987) showed that
Late Quaternary climatic cycles were coeval with changes in the atmospheric content of CO 2 •
In the context of the global carbon cycle upwelling areas in the oceans are of particular
importance for the exchange of CO 2 between the oceans and the atmosphere. The deep oceans
are capable of storing great amounts of dissolved CO 2 , far greater than the amount of CO 2
stored in the atmosphere. The activity of the 'biological pump' (Berger et aI., 1989) transfers
carbon from the atmosphere to the deep ocean and into the sediment by export of carbon from
the food web of the euphotic surface waters to greater depths. At the same time upwelling
brings cold CO 2-rich deep water to the surface where it warrns up and looses CO 2 to the
atmosphere, a process called the 'physical pump' (Berger et aI., 1989). It has been postulated
that changes of upwelling and productivity in highly productive coastal upwelling areas
control the amount of CO2 in the atmosphere (Berger et aI., 1989). It had to be investigated
whether upwelling and productivity in the Peru-Chile Current served as a source or as a sink
of atmospheric CO 2 •

The activity of the 'biological pump' is expressed in the amount of organic carbon exported
from the euphotic surface waters of the ocean (Berger et aI., 1989). Due to microbial activity
in the water column and at the water-sediment interface, only a small amount of organic
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carbon is eventually buried in the sediment. In addition, organic carbon may be subject to
post-depositional degradation, and there is no agreement yet in the literature on which factors
control organic carbon preservation (Müller and Suess, 1979; Sarnthein et al., 1992; Sarnthein
et al., 1988). To overcome the problems associated with organic carbon as a paleoproductivity

proxy, and since ocean productivity is a key mechanism in the global carbon cycle, a number
of alternative paleoproductivity indicators have been devised (see e.g. Berger et al., 1989;
Elderfield, 1990). Biogenic barite seemed to be particularly suitable as a paleoproductivity
proxy because of its high degree of preservation in the sediment (Dymond et al., 1992).
However, a number of problems complicated its application in the past. In most hemi-pelagic
sediments biogenic barite cannot be detected quantitatively by X-ray diffraction analysis, so
the amount ofbiogenic barium in the sediment has to be derived from normative calculations.
If, however, the proportion of barium-bearing aluminosilicates in the terrigenous fraction of
the sediment exceeds 50 wt% then it becomes a crucial issue to determine the barium content
of the terrigenous material. Due to the lack of data, Dymond et al. (1992) proposed to estimate
the amount of barium in terrigenous fraction of the sediment on the basis of an 'average'
terrigenous BaiAl ratio. Our study on stream sediments from Chilean rivers and on surface
sediments from the Chilean continental slope showed that this 'average' terrigenous BaiAI
ratio is not applicable to the Chilean margin.

Having derived the regional BaiAl ratios of the terrigenous material on the Chilean
continental slope a geochemical model was devised to correct for changes in sediment
provenance on the Chilean continental slope. The corrected sedimentary barium contents
could then be used to calculate the flux rate of biogenic barium to the sediment. Comparing
these data with paleoproductivity reconstructions on the basis of organic carbon, following the
method of Müller and Suess (1979), shows a good agreement between these two
paleoproductivity proxies during the last glacia1 period. However, the cause of anomalous
barium peaks found in the Holocene sections in all cores from the Chilean margin had to be
investigated. Even though the geometry ofthese peaks differs between cores, they all share an
extraordinary similarity if plotted on a common time scale. The similarity of these barium
peaks on a common time scale points to a regional, if not global, process that influenced the
deposition of marine barite around Termination 1. It had to be investigated whether these
peaks were caused by a dramatic increase in export productivity, by changes in sediment
provenance, or by changes in the biogeochemical cycle of barium in the ocean. The presence
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of such peaks at glacial Tenninations I, H, and IV in sediment cores from the Atlantic
(Kasten, 1996; Thomson et al., subm. 1998) and the western equatorial Pacific (Schwarz et

al., 1996) indicates that this may be a global phenomenon. The constant ratio of barium to
alkalinity in the flux from the sediment to the deep waters, as reported by McManus et al.
(1999) for sediments of the equatorial and north-east Pacific, points to a link between the
carbonate system and the biogeochemical cycle ofbarium in the ocean.

1.2. Study area

The studied area encompasses the Chilean continental slope from 27.5°S to 42°S. Both
climate, geology, and geomorphology of the continental hinterland, as weIl as the bathymetry
of the continental margin, change markedly along this latitudinal transect. This exerts a strong
control on the terrigenous input to the continental slope (Lamy et al., 1998b). At the same
time the regional hydrography and atmospheric circulation remain fairly unifonn. Some detail
that is relevant to the terrigenous supply of sediment and to coastal upwelling will be given
below.

1.2. J. Regional hydrography, atmospheric circulation, and modern climate

The main feature of the regional hydrography is the Peru-Chile Current (PCC), also known as
Humboldt Current. It originates from the Antarctic Circumpolar Current (ACC) which, as it
approaches the South American Continent at about 45°S, splits into a southern branch (Cape
Horn Current, CHC) and a northern branch, the PCc. The PCC flows north along the western
South American margin and turns west between 20 0 S and 50 S to form the South Equatorial
Current (SEC) (Pickard and Emery, 1990). An additional northward flowing current, the Chile
Coastal Current (CCC) flows between the PCC and the coast. It is partly fed from water
originating in the :fjord region of southern Chile (Fjord Water, FW) (Strub et al., 1998). Little
understood is the behaviour of the Peru-Chile Counter Current (PCCC) which is found
between the PCC and the CCC. It is formed from subtropical surface water. The PCCC is
sometimes found to the east of the CCC and may be absent at times (Strub et al., 1998) (Fig.
1.1 ).
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Figure 1.1. Schematic diagram 0/ the surface
hydrography in the Southeast Pacific off Chile.
The Gunther Undercurrent is shown by a
dashed fine underneath the Chile Coastal
Current.
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At a water depth of 100 to 400 m a poleward flowing undercurrent, the Gunther Undercurrent,
GUC) is found over the shelf and upper continental slope. Its maximum velocity may be up to
25 cm/s (Johnson et al., 1980; Shaffer et al., 1995). At depths from 400 to 1,200 m Antarctic
Intermediate Water (AAIW) flows equatorward. It is underlain by Pacific Deep Water (PDW)
(Shaffer et al., 1995; Strub et al., 1998). It should be noted that in this case the name PDW
describes the region where the mass is found, rather than where it is formed as is usually the
case with water mass names (Pickard and Emery, 1990). Antarctic Bottom Water (AABW) is
found only in the deepest parts of the Peru-Chile Trench. During upwelling water from the
GUC is brought to the surface. Under very intense upwelling conditions even AAIW can be
brought to the surface (Strub et al., 1998) (Fig. 1.2).

pee
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peee

0

eee ®

Remote

sensmg

several

localised

studies

identified

upwelling

centres

adjacent to headlands of northward-

GUC 0

facing bays, similar to the setting found
off Peru and off south-westem Africa
(Armstrong et al., 1987; Johnson et al.,

AAIWQ9

1980; Strub et al., 1998). The position
of these upwelling cells is determined
by the topography, therefore they may

Figure 1.2. Sehematie eross-seetion (not to seale)
0/ the hydrography off northern and eentral Chile.
The flow direetions are indieated by arrowheads
(poleward) and -tails (equatorward). The eurrents
shown are the Peru-Chile Current (PCC), the
Peru-Chile Countereurrent (PCCC), the Chile
Coastal
Current
(CCC),
the
Gunther
Undereurrent (GUC), and Antarctie Intermediate
Water (AAIW). The upwelling 0/ water from the
GUC is indieated by an arrow.

change in size in response to upwelling
intensity, but they do not move along
the coast with changes of the wind
field. Wind field and upwelling change
on various time-scales, ranging from
synoptic scale to Milankovitch-scale
orbital forcing. The biotic succession
found from the upwelling centre to the

filament zone, however, is a feature common to all coastal upwelling cells (Armstrong et al.,
1987; Blasco et al., 1980; Richert, 1975). At the centre of an upwelling cell, where nutrient
(e.g. silicate) levels are high, the phytoplankton assemblage is dominated by diatoms. With
increasing distance from the shore, and thus decreasing nutrient availability, the biomass in
the water column decreases and diatoms are replaced by calcareous phytoplankton, mainly
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coccolithophorids (Fig. 1.3). This biotic succeSSlOn lS also recorded in the sediment. The
sedimentary record can therefore be used to infer changes in the size of the upwelling cell at
the position of a gravity core from the ratio of ca1careous to total primary paleoproductivity
recorded in the sediment. How this is done is discussed in more detail below in Section 1.4
and in Chapter 4.

filament zone

upwelling cell
high

~Biomass
------------"
I. low
----------------150
100
50
0
Distance off Coast (km)

The atmospheric circulation pattern
over the Southeast Pacific region is
driven by two principal features:
the Southern Westerlies south of
37°S and the Southeast Pacific
anticyclone

(Miller,

1976).

In

central and northern Chile the
Phytoplankton assemblage
calcareous
phytoplankton

siliceous
phytopla nkton

Southeast

Pacific

anticyclone

produces

seasonal

upwelling-

favourable winds along the coast,
while

Figure 1.3. With increasing distance from the centre of
a coastal upwelling cell, the total biomass supported
by this upwelling cell decreases. At the same time the
phytoplankton
assemblage
changes
from
predominantly
siliceous
phytoplankton
to
predominantly calcareous phytoplankton (after
Richert, 1975).
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Southern

southern
Westerlies

Chile

the

produce

downwelling (Strub et al., 1998).
Between the hyper-arid north and
the humid cool-temperate south the
climate of Chile is characterised by

a gradient in precipitation between the two extremes which produces a distinct latitudinal
climatic zonation (Fig. 1.4).

Off nOlihern Chile cold water, brought to the surface by coastal upwelling, causes fog to
precipitate above the coastal waters and thus removes moisture from the air moving from the
ocean onto the shore. This regional setting is typical for eastern boundary currents and similar
to the situation e.g. off south-west and north-west Africa. It is responsible for the existence of
the hyper-arid Atacama Desert north of 27°S (Miller, 1976). In this region the amount of
precipitation is generally lower than 50 mm/year. The drainage system remains dry
throughout the year, except for rare flash-flood events caused by EI Nifio events (Grosjean et
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Figure 1.4. Schematic diagram 0/ the present-day climatic zonation
Chile. Also shown are the occurrence 0/ coastal fog
('Camanchacas'), orographie rain in the Andes, and the position 0/
mid-latitude low-pressure systems and associated cold-fronts.

0/

al., 1997). The southem border region between the hyper-arid climate of the Atacama Desert
in northem Chile and the semi-arid, Mediterranean climate of mid-Iatitude Chile is
characterised by seasonal winter rain but otherwise arid conditions and dry valleys with only
sporadic water runoff. Sediments derived from the Andes are mostly trapped in the alluvial
basins east of the Coastal Range and do not reach the ocean. A prominent feature of this
region are coastal fogs ('Camanchacas') and marine stratus clouds. They supply moisture to
the Coastal Range and reduce insolation and evaporation (Aravena et al., 1989; Miller, 1976).
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This loeal phenomenon promotes vegetation eover and soil development and is able to sustain
reliet forests (Aravena et al., 1989; Veit, 1996).

The semi-arid MeditelTanean cIimate of eentral Chile is eharaeterised by regular winter rain
brought by eo1d fronts from the Southem Westerlies. The annual preeipitation inereases
towards the south and, through orographie rain, it is generally higher in the Andes than in the
Coastal Range or eentral valley. Inter-annual variations in preeipitation are eaused by EI Nifio
events (Rutlland and FuenzaIinda, 1991; Waylen and Caviedes, 1990). South of 37°S the
effeet of the Southem Westerlies ean be feIt. Perennial rain eauses a humid temperate elimate
whieh eools to a humid eool-temperate climate south of 42°S. Ample preeipitation allows
forests of southem beeeh (Nothofagus) to grow, whieh grade into evergreen Patagonian
parklands vegetation further south (Heusser et al., 1996; Miller, 1976).

1.2.2. Bathymetry and marine geology

The Chilean eontinental margin has been an aetive subduetion zone sinee the Early Mesozoie
(Zeil, 1986). This teetonie framework separates the eontinental margin (from west to east) into
three seetions: the Peru-Chile Treneh, a steep eontinental slope, and a narrow eontinental
shelf. The bathymetry is eontrolled by the input of terrigenous material and by the age of the
subdueted oeeanie erust, and thus by its density (Thomburg et al., 1990). The bathymetry of
the Peru-Chile Treneh ean be subdivided into three parts. The treneh is deepest north of
27.5°S where it reaehes its maximum depth of 8000 m. In this seetion the oldest oeeanie erust
is subdueted while the telTigenous sediment input in this seetion is lowest. The angle of the
lower and upper eontinental slope ean be as steep as 10° to 15°. The mid-slope is
eharaeterised by terraees and small sedimentary basins whieh are suitable targets for gravity
eoring (e.g. eore GeoB 3375-1). Here the eontinental shelf is extremely narrow, its average
width is only 10 km.

Due to inereased terrigenous input and redueed density of the subdueting oeeanie erust the
depth ofthe Peru-Chile Treneh deereases to 5500 m from 27.5°S to 33°S. The eharaeteristies
of the eontinental slope and shelf are essentially the same as north of 27.5°S. On the
continental slope at 33°S the Valparaiso Basin forms the largest known fore-are basin (2,500
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km 2) south of Peru (von Huene et al., 1995). Gravity core GIK 17748-2 was retrieved from
the Valparaiso Basin (Stoffers and Cruise Participants, 1992). South of 33°S the sedimentary
infilling of the trench increases rapid1y because northward transport of sediments in the trench
is blocked by a structural banier (Schweller et al., 1981). The trench may be fil1ed by up to 2
km of sediments. South of 38°S the trench is no longer present as a bathymetrica1 feature. At
the same time the inclination of the continental slope is less steep. Here the continental shelf
may be up to 150 km wide. The sediments transported into the ocean by larger rivers are
deposited in submarine fans which extend onto the continental slope.

1.2.3. Regional geology, geomorphology, and geochemistry

The geology and geomorphology of the continental hinterland of Chile can be subdivided in
the same manner as the bathymetry of the continental margin because both are set in a
common tectonic framework. North of 27.5°S the continental hinterland is characterised by
two mountain ranges, the Coastal Range and the Andes, which run parallel to the coast and
are separated by a central valley. The Coastal Range rises steep from the sea to altitudes
between 2,000 and 2,500 m. The rocks of the Coastal Range are mainly calc-alkaline
plutonics and subordinate metamorphic rock together with basaltic and andesitic volcanics. As
a result of the predominant acidic plutonic rocks the sediments derived from the Coastal
Range have low Fe/Al ratios and high Ba/Al ratios (Le Maitre, 1976). The central valley is
filled with c1astic and volcanoc1astic sediments and may be c1assified as a fore-are basin
(Thomburg and Kulm, 1987). The base ofthe Andes consists mainly ofrhyolitic and andesitic
ignimbrites, capped by active andesitic stratovulcanoes up to 6,000 m high (Zeil, 1986). These
volcanic rocks, in contrast to the mainly plutonic rocks ofthe Coastal Range, have high Fe/Al
ratios and low Ba/Al ratios (Le Maitre, 1976). A general outline ofthe continental hinterland
geochemistry is shown in Figure 1.5.

No Quatemary volcanism is found between 27.5°S and 33°S and there is no central
depression between the Andes and the Coastal Range. This is attributed to the shallow angle
of subduction below this section ofthe Chilean margin (Jordan et al., 1983). The geology and
geochemistry of the Coastal Range are similar to the situation north of 27.5°S. In this section
of the Andes parts of the volcanic rocks are replaced by older plutonic and metamorphie rocks
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and some localised sedimentm-y sequences (Zeil, 1986). The peaks ofthe Andes between 32°S
and 33°S may be up to 7,000 m high.

An increased angle ofsubduction south 33°S ofmarks a tectonic break (Jordan et al., 1983).
Here the situation is similar to that north of 27.5°S where the Coastal Range and the Andes
are separated by a central valley. South of Puerto Montt (42°S) the central valley is below the
present day sea-level but can be followed as a tectonic feature to 47°S (Zeil, 1986). The
elevation of the Andes and of the Coastal Range decreases markedly south of 33°S. Between
33°S and 42°S the average elevation drops to 1,500 m in the Coastal Range and from 5,000 to
2,000 m in the Andes (Scholl et al., 1970). The geology of the Coastal Range in this section is
again characterised by plutonic rocks and low-grade metamorphic rocks, mainly north of 38°S
(Zeil, 1986). South of 38°S the Coastal Range consists mainly of metasedimentary rocks of
Paleozoic age and ends at 47°S. Between 33°S and 41°S the Andes are composed mainly of
sedimentm-y rocks and andesitic to rhyolitic volcanics. Further to the south the Andes are
dominated by andesitic to basaltic vo1canics of plio-pleistocene age (Zeil, 1986).

1.3. Materials alld methods
1.3.1. Sampie material

Three gravity cores (GeoB 3302-1 at 33°13.1 'S, 72°05.2'W, water depth 1502 m, core length
421 cm; GeoB 3375-1 at 27°28.0'S, 77l 0 15.1'W, water depth 1947 m, core length 489 cm;
GIK 17748-2 at 32°45.0'S, 72°02.0'W, water depth 2545 m, core length 383 cm) from the
Chilean continental slope were studied. Their sediments provide arecord of Late Quatemary
climate change and the resulting changes in paleoproductivity. Gravity core GIK 17748-2 was
retrieved during cruise SO-90 with the German R/V SONNE (Stoffers and Cruise
Participants, 1992) from the Valparaiso Basin. Gravity cores GeoB 3302-1 and GeoB 3375-1
were retrieved from the Chilean continental slope during cruise SO-102, also with the German
R/V SONNE (Hebbeln et al., 1995). The gravity cores were sampled at 5 cm intervals,
starting 3 cm below the care top. The sections 4 to 162 cm and 165.5 to 250.5 cm below core
top of core GeoB 3375-1 were resampled at 2 cm and 2.5 cm intervals, respectively. The
surface sampIes were also collected during cruise SO-102 using a multi-corer. The uppermost
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centimetre of sediment of these multi-cores was
taken as

a surface

sampie.

The

sediment

trap sampies were collected in traps CH3-1 and
CH3-2 (30001.1'S, 73°11.0'W, water depth 4350,
CH3-1 at 2323 m, CH3-2 at 3676 m) during the
period July 1993 to January 1994 in sampling
intervals of9 days (Hebbeln et al., in press 1998).

30'5

Traps of the type S/MT 230 with twenty sampIe
cups were used. The locations of the cores,
surface sampies, and of the sediment traps are
marked on Figure 1.5.

35'5

1.3.2. Total acid digestion and ICP-AES

The freeze-dried and hornogenised sampies were
subjected to total acid digestion using HN0 3 ,
HCI0 4 and HF in Teflon pressure vessels at
180°C over eight hours. Subsequently, the acid

40'5

was evaporated c10se to dryness, and the residue
Im Coastal Range
high Ba/AI, low Fe/AI

D

was dissolved in HN0 3 and again digested over
eight hours in a PDS-6 pressure system. Finally,

Alluvial Basin

the solution was decanted into a pre-c1eaned glass
45'S

~

Suriace Sampies
River Sampies

Figure 1.5. Schematic diagram 0/ the
principal geological features 0/ Chile
and their geochemistlY. Symbols show
the locations 0/ sur/ace samples, stream
samples, gravity co res, and sediment
traps used in this study.

flask and filled to 100 ml with deionised water
and then filled into pre-c1eaned polyethylene
bottles for cold storage. The concentrations of Ba,
Al, and Fe were measured using aPerkin EImer
ICP atomic emission spectrometer (ICP-AES).
The error on the measurements is 4% for Ba,
2.5% for Al, and 2.1 % for Fe. The accuracy ofthe
measurements was determined by inc1uding a

standard sampie (USGS Analyzed Marine Mud MAG-I) in every batch of sampies processed
and repeat measurements (n = 22) on these standard sampies.
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1.3.3. Carbonate and total organic carbon

The total carbon content of the sampIes was measured using an elemental analyser (Heraeus
CHN-O-Rapid). The carbonate content was calculated by subtracting the total organic carbon

(TOC) content of decalcified sampIes from the total carbon (TC) content. The carbonate
content was calculated using formula (1). More detail on this method can be found in Müller

et al. (1994).

CaC03

= TC -

TOC· 8.333

(1)

1.3.4. Stratigraphy

Oxygen stable isotope compositions of the sampIes were measured on a Fim1igan MAT 251
mass spectrometer with an automated carbonate preparation device. Twenty individual tests
(>212 mm) of the foraminifera Neogloboquadrina pachyderma (sin.) were picked for each
measurement. The isotopic composition of the sampIe was measured on the COz gas
developed by treating the sampIe with phosphoric acid at a constant temperature of75°C. The
isotopic ratio of 180 to 16 0 is given in per mill notation relative to the PDB (Pee Dee
Belemnite) standard. A working standard (Burgbrohl CO z gas) was used to measure the
isotopic ratios of the standards NBS 18, 18, and 20 of the National Bureau of Standards. The
analytical standard deviation is about ±0.07%o PDB (Isotope Laboratory at Bremen
University).

The 14C-ages were determined at the Leibniz Laboratory for Age Determinations and Isotope
Research (Christian-Albrechts Universität Kiel, Germany) using 10 mg carbonate (only shells
of N pachyderma sin.) (Nadeau et aI. , 1997). All ages were corrected for 13C and for a
reservoir age of 400 years (Bard, 1988) and then converted to calendar years using the method
ofBard et al. (1990).

The age model for core GeoB 3375-1 was constructed on the basis of orbital tuning of the
median silt grain size (Lamy et aI., 1998a) to the precession of Earth's orbit (Berger, 1978;
Martinson et aI., 1987) and graphical correlation with the SPECMAP 8 18 0 stack (Imbrie et
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al., 1984; Martinson et al., 1987). The phase relation of the grain size parameter to preeession
was determined by using four AMS_ J4 C dates (Tab. 1.1; Fig. 1.6a) as anehor points in the
orbital tuning procedure. The resulting sedimentation rates show an inerease in the
sedimentation rate from 3.6 to 8.1 cm ka- J from 120 ka BP to the Holoeene (Lamy et aI.,
1998a).
The age model for core GIK 17748-2 is based upon six AMS_ 14 C dates (Tab. 1.1; Fig. 1.6b)
and linear interpolation between these age control points (Marchant, 1997). The eomposite
eore depth of the modem sediment surface was set to -13 cm because, compared with sampies
from a box corer at the same site, the upper 13 em seem to be missing (Stoffers and C11lise
Partieipants, 1992). In addition, three turbidites (9-16 em, 47-54 em, and 160-177 em) were
identified in the eore. These are eonsidered to be geologically instantaneous events and are
therefore excluded from the linear interpolations from which the linear sedimentation rate was
detemüned. AMS- J4C dates immediately above and below the older turbiditie layer show that
erosion by the turbidite did not oeeur. The same is assumed for the two younger layers. The
maximum age of the eore is 15,600 years B.P. Sedimentation rates vary between 7 and 20
em/ka during the Holoeene and were signifieantly higher during the deglaciation.
The age model for eore GeoB 3302-1 is based upon seven AMS_ 14 C dates (Tab. 1.1; Fig. 1.6b)
(Lamy et aI., 1999). In addition, the 8 18 0 isotope reeord of the uppermost seetion of the eore
was correlated to the isotope record of eore GIK 17748-2. The linear sedimentation rate was
interpolated where AMS_ 14 C dates were available. For the lowermost section of the core the
linear sedimentation rate was extrapolated from the sedimentation rate between the two oldest
AMS_ J4 C dates. Aeeording to this age model (Lamy et aI., 1999), the sedimentary record of
core GeoB 3302-1 covers the period 28 ka to 9.8 ka. In contrast to core GIK 17748-2 the
sedimentation rates during the early Holoeene and glacial termination were rather low (5 to 6
em/ka). A sharp peak in the sedimentation rate is found around 17.7 ka (>60 ern/ka). The
sedimentation rates during the last glacial were fairly high (20 to 40 em/ka). Both cores are
presented together, since they were retrieved from positions in dose proximity of each other.
Their sedimentary reeords eould be eombined beeause of the good agreement of their isotopie
and sedimentologieal reeords in the region where the two reeords overlap.
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Figure 1.6a. Age model of core GeoB 3375-1. Shown here (from left to right) are the sJ80
curve measured in the planktic foram N. pachyderma (sin.), the median size 01 sortable silt,
the precession index (Berger & Loutre, 1991) and the resulting linear sedimentation rate. The
diamond symbols indicate the age control points used for linear interpolation in the age
model. All sediment data are from Lamy et al. (1998a).
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Figure 1.6b. Age models of cores GIK 17748-2 (solid line) and GeoB 3302-1 (stippled line).
Parameters used for the age models are (from left to right) the sJ 80 curve measured in the
planktic foram N. pachyderma (dex.), the median size of sortable silt, the precession index
(Berger & Loutre, 1991) and the resulting linear sedimentation rate. The diamond symbols
indicate the age control points usedfor linear interpolation in the age models (solid symbols GIK 17748; open symbols - GeoB 3302-1). All sediment data can be lound in Lamy et al.
(1999).
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Depth
C-14 Age
em
yrs. B.P.
GeoB 3375-1
13
118
183
293
403
478

+ EIT.

Cal. Age
yrs. RP.

- EIT.

Remarks

9760
20060
34460

100
330
2120

100
320
168

11262
23722
39146
65000
95000
116000

a
a
a
b
e
c

3760
6890
9650
10520
11200
12890

40
40
79
50
50
60

40
40
79
50
50
60

4030
7530
10620
12210
13050
15140

a
a
a
a
a
a

160
120
130
150
170
180
210

9790
12840
17700
18010
19820
20800
22210
23590

d
a
a
a
a
a
a
a

GIK 17748-2
63-78
98-103
128
153-158
183-188
333-348
GeoB 3302-1
3
18
48
68
103
133
178
233

11030
14950
15200
16660
17450
18590
18700

160
120
130
150
170
180
210

Table 1.1. Age control points used to construct the age models of cores GeoB 3375-1, GIK
17748-2, and GeoB 3302-1.
a.) AMS 14C dates converted after the method 01 Bard et al. (1993).
b.) Marine Isotope Stage 4.2 (Imbrie et al., 1984).
c.) Precession maximum (Berger & Loutre, 1991).
d.) Correlation of <Jl80 isotope record to GIK 17748-2.

All data used in this manuscripts are archived in the Pangaea database (URL:
http://www.pangaea.de/Projects/GeoB/JK1ump).
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1.4. Reconstructing paleoproductivity /rom proxy parameters in the sediment

How can the paleoproductivity in the ocean be studied? As a first approach the amount of 01'ganic carbon buried in the sediment may be used to estimate the paleoproductivity in the
overlying water column. However, a major problem arises from the large variability in the
deg1'ee of preservation of organic carbon once it has been exported from the euphotic zone.
The carbon signal measured in the sediment is therefore a productivity signal overprinted to
an unknown extent by a preservation signal. Because paleoproductivity is such an important
factor, several proxy indicators of paleoproductivity have been developed (see Elderfield,
1990). Of the many proxies available, biogenic carbonate was used to gain additional
information about Late Quatemary productivity variations in the Peru-Chile Current. In
addition, the potential of biogenic barite to serve as a proxy of paleoproductivity was tested.
Both proxies have the advantage to be far less influenced by preservation effects than organic
carbon.

Several methods of reconstructing paleoproductivity from organic carbon accumulation can
be found in the literature (Müller and Suess, 1979; Samthein et al., 1992; Samthein et al.,
1988). Of the methods available, the method of Müller and Suess (1979) was used to reconstruct the primary productivity of the total biomass, because it the most suitable formula for
hemi-pelagic environments (Rühlemann et al., 1996). Carbonate-based productivity reconstructions (modified after van Kreveld et al., 1996) were used to estimate the proportional
contribution of carbonate-shell sec1'eting organisms to the total productivity. More detailed
discussions of these methods can be found in Chapter 4. Upwelling cells have been observed
to remain in a fixed position, but change in size (Armstrong et al., 1987; Johnson et al., 1980;
Strub et al., 1998). A common feature of all upwelling cells is a typical phytoplankton zonation from diatoms in the centre of the upwelling cell to coccolithophorids in the filament zone
(Armstrong et al., 1987; Blasco et al., 1980; Richert, 1975). These changes of the phytoplankton assemblage are recorded in the sediment by changes in the ratio of carbonate to total
organic carbon (Mortyn and Thunell, 1997). As the local upwelling cell expands due to increased upwelling, the biogenic sedimentation at the core site changes from coccolithophoriddominated to diatom-dominated, and vice versa as the cell contracts again. Thus, the changes
in the relative contribution of carbonate-shell sec1'eting organisms to the total productivity at
the core position can be used to infer changes ofthe spatial extent ofthe local upwelling cel!.
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1.5. Biogenie barite in marine sediments

Because of the problems associated with organic carbon as a paleoproductivity proxy we
decided to use biogenic barüe as an alternative pa1eoproductivity proxy. (Goldberg and
Anhenius, 1958) were the first to report high concentrations ofbarium beneath the equatorial
upwelling zone of the Pacific Ocean and suggested a link between barium accumulation and
productivity. Many years later Dehairs et al. (1980) identified partieulate barite in the
sediment and in the water eolumn as the canier of this signal. The process of formation of
marine barite, especially a possible biotic origin of marine barite crystals, is still unc1ear.
Some authors interpret the Ba enrichment in deeöying organic matter to be caused by biotic
processes, i.e. organisms enriching Ba in their skeletons, like acantharians (Bernstein et al.,
1992; Bernstein et al., 1998), xenophyphores (Gooday and Nott, 1982), and filamentous bluegreen algae (Gayral and Fresnel, 1979). The ineorporation of the remains of these biota into
biogenic aggregates, such as faecal pellets, provides an environment for barium sulphate to
precipitate and a transport mechanism to the sea-floor. This model is supported by the
similarity of marine barite crystals in surfaee sediment sampIes and from oblique net hauls
from surface waters (Bertram and Cowen, 1997). Other authors interpret the formation of
biogenie barite as an abiotie proeess. In their model, barium sulphate precipitates from the
sulphate of decaying proteins in organie aggregates, such as faecal pellets, and dissolved
barium in the ocean (Dehairs et al., 1980; GingeIe and Dahmke, 1994; Stroobants et al.,
1991), which is supported by a c1ear conelation between Cor/Ba ratios in partieulate matter in
sediment traps and the concentration of dissolved Ba in sea-water (Dymond et al., 1992).

Studies on the morphology and interna1 structure of marine barite (GingeIe and Dahmke,
1994; Stroobants et al., 1991) support a model in which barium sulphate forms amorphous
precipitates in decaying organic aggregates and crystallises on the way through the water
column to the sea-floor. A systematic increase of biogenic barium in sinking particulate
matter (Dymond et al., 1992) and in sediments (see von Breymann et al., 1992, and Chapter
3) with water depth points to such an abiotic process in the formation of marine barite.
However, without organic matter marine barüe will not oe formed. To c1early indicate the
relation between marine barite and biological production the term 'biogenie barium' is
commonly used to describe this portion of the total barium content and to distinguish it from
tenigenous barium.
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A major uncertainty in the application of biogenie barium as a proxy of paleoproductivity in
the ocean is the tenigenous input of barium to the sediment. In sediments with a dominant
telTigenous component biogenie barite, the canier phase of biogenie barium in the sediment,
cannot be detemlined directly but has to be detennined by nOlmative calculations (Dymond et
al., 1992). An accurate knowledge of the tenigenous BaiAl ratio is crucial for such

calculations. This ratio depends on the geochemistry of the sediment source and may show
considerable variability between different regions on the continent. The tenigenous input of
barium to the Chilean continental slope depends not only on the geochemistry of the
hinterland, but also on how much the two major sediment source areas, the Andes and the
Coastal Range, contribute to the measured bulk geochemical signal of the continental slope
sediment. The amount of material eroded from the Andes or from the Coastal Range depends
on the regional precipitation pattems which are known to have changed in response to Late
Quatemary climate changes (see Heusser, 1984; Lamy et al., 1998a; Lamy et al., 1998b;
Lamy et al., 1999; Veit, 1996; Villagran, 1993; Villagran and Varela, 1990; and Chapter 2).
However, beyond these descriptive interpretations of Late Quatemary climate change in
northem and central Chile a quantitative measure was needed to assess the variations of the
geochemistry of the tenigenous material deposited on the Chilean continental margin. As
outlined above (Section 1.2.3.), both sediment sourees, the Andes and the Coastal Range, are
geochemically distinct and a two-end-member model can be used to calculate the proportions
to which both sources contribute to the sediments on the continental slope (see Chapter 3).

Having derived the tenigenous BaiAl ratio from the geochemieal model, the biogenic fraction
ofbarium in the sediment can be determined and then, together with the sedimentation rate, be
used to calculate the flux rate of biogenic barium to the sediment. The paleoproductivity can
then be reconstructed from biogenie barite through the algorithm proposed by (Dymond et al.,
1992). However, this algorithm requires the concentration of dissolved barium in intermediate
and deep waters of the ocean region studied. Due to the lack of paleo-data (Dymond et al.,
1992) used modem day Ba concentrations measured during the GEOSECS Expeditions
(GEOSECS, 1987). From BalCa ratios in planktic and benthic foraminifera we know that the
concentration of dissolved Ba in sea water has changed even in recent geological times (Lea,
1993). Anomalous biogenic barium peaks found around Termination I in sediments from the
Atlantic and Pacific Oceans also hint at global changes in the biogeochemical cycle ofbarium
in the ocean in connection with glacial/interglacial changes of ocean circulation and sea water
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chemistry. Recent work by McManus et ai. (1999) shows that barium and alkalinity flux from
the sediment to the deep ocean are coupled. Chapter 5 discusses the possibility whether the
anomalous barium accumulation found after Termination I in cores from the Chilean
continental margin may be the result of: (1) changes in ocean circulation after the Last Glacial
Maximum and the Younger Dryas, and (2) changes in sea water chemistry linked to changes
in the oceanic carbonate system.

To assess whether biogenic barium can be used as a paleoproductivity proxy a number of
questions had to be answered:

(1) Can biogenic barite be detected quantitatively by direct methods such as XRD analysis?
(2) Ifbiogenic barite cannot be detected directly and quantitatively, but has to be derived from
nonnative calculations, how could the regional terrigenous Ba/Al ratio be detennined?
(3) Does the regional terrigenous Ba/Al ratio change with changes ofsediment provenance?
(4) What was the scale ofLate Quatemary climate change in northem and central Chile?
(5) Does water depth influence the accumulation rate ofbiogenic barium in the sediment?
(6) How do changes in the concentration of dissolved barium in sea water influence the
accumulation rate ofbiogenic barium in the sediment?
(7) How do the results from biogenic barium compare to the paleoproductivity reconstructions
derived from organic carbon and from biogenic carbonate?

The manuscripts, which make up the body of this thesis, will follow all these questions and
try to provide answers.

1.6. Submitted manuscripts and manuscripts in preparation

The work conducted in the course ofthis project is summarised in the following manuscripts:

Chapter 2
J. Klump, F. Lamy, D. Hebbeln, and G. Wefer

Late Quaternary rapid climate change in northern Chile. To be submitted to Terra Nova.
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Chapter 1 - Introduction

Late Quatemary rapid climate change in northem Chile was reconstructed from illite
crystallinity and from the Fe/Al ratio ofthe bulk sediment. Superimposed on cyc1ical changes,
which follow a precessional cyc1e, are rapid c1imate changes on sub-Milankovitch time-scales.
These rapid climate changes can be cOlTelated to the 'Bond cycles' of the North Atlantic and
thus to the climate record of the GISP2 ice-core, Greenland. In northem Chile the recorded
c1imate changes are expressed as changes of the regional precipitation pattern which are
caused by latitudinal shifts ofthe Southem Westerlies.

Chapter 3
J. Klump, D. Hebbeln, and G. Wefer

The impact of sediment provenance on barium-based productivity estimates. Submitted
to Geochimica et Cosmochimica Acta.

In most hemi-pelagic sediments the concentration of biogenic barite cannot be measured directly, but has to be derived from normative calculations. Working with sediments with a high
(>50 %) proportion oftelTigenous material an accurate knowledge ofthe geochemistry ofthe
local telTigenous material becomes essential. Surface sampies from the Chilean continental
slope and sediments from two major Chilean rivers were used to define a two end-member
mixing model of the Chilean continental hinterland geochemistry. The telTigenous background BaiAl ratios were shown to vary along the Chilean coast, with significant deviations
from the average continental BaiAl ratio quoted in the literature. This method was applied to
two gravity cores from the continental slope off northem and central Chile. The results show
that changes in sediment provenance significantly affect barium-based productivity estimates.

Chapter 4
1. Klump, D. Hebbeln, and G. Wefer

Late Quaternary paleoproductivity variations in the Peru-Chile Current off northern
and central Chile. To be submitted to Marine Geology.

The late Quatemary paleoproductivity in the Peru-Chile CUlTent was studied in the sedimentary record of two gravity cores from the continental slope off northem and central Chile. The
combined record of the two cores shows that the paleoproductivity was highest during the last
glacial period and during the early and middle Holocene. The lowest paleoproductivities were
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found during the Last Glacial Maximum and during the late Holocene. Paleoproductivity reconstructions based on biogenic carbonate show that the paleoproductivity of carbonate shellsecreting organisms was highest during times of low total productivity. The change of the
phytoplankton assemblage points to a change in size of the respective local upwelling cells at
the two core positions.

Chapter 5
J. Klump, D. Hebbeln, and G. Wefer

High concentrations of biogenie barium in marine sediments around Termination I - A
signal of changes in productivity, ocean chemistry and deep water circulation. To be
submitted to Marine Geology.

In two gravity cores from the Chilean continental slope anomalously high concentrations of
barium were found in sediments deposited during the early and middle Holocene. These barium peaks cannot be explained by changes in sediment provenance to high-barium SOUl'ce
rocks, by a dramatically increased paleoproductivity, or by diagenetic processes. The biogenie
barium flux was used in a geochemical model to calculate the concentration of dissolved barium in the intermediate and deep waters of the Southeast Pacific. The modelling results show
that the concentration of dissolved barium in the Pacific was increased during the early and
middle Holocene. This increase is found on two time-scales: (1) short-term increases caused
by influx of water masses with increased barium concentrations from the North Atlantic following the end of the Last Glacial Maximum and the end of the Younger Dryas, and (2) an
increased flux of previously carbonate-bound barium from the sediment caused by shoaling of
the Pacific carbonate compensation depth after the end ofthe Last Glacial Maximum.
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Chapter 2 - Late Quaternary rapid climate change in northern Chile

by J. Klump, F. Lamy, D. Hebbeln, and G. Wefer

Fachbereich Geowissenschaften, Universität Bremen.

Abstract

Climate variability in a presently arid region like the Atacama desert in northern Chile is
mainly expressed by changing precipitation patterns. Thus, more humid conditions in Chile
during the Last Glacial Maximum have been explained by an equatorward shift of the
Southern Westerlies. Analyses ofterrigenous sediments from the Chilean continental slope off
the southern border of the Atacama desert (27.5°S), focusing on illite crystallinity and the
Fe/Al ratio of the sediments, support such a latitudinal shift of the Southern Westerlies.
Besides showing dominantly precession driven variability in precipitation over the Andes,
these analyses revealed also rapid changes in weathering intensity along the Chilean Coastal
Range during the last 80,000 years. These rapid changes occur at much shorter timescales
than the 19 to 100 kyr orbital forcing of the Milankovitch cycles. With periods of only a few
thousand years, this pattern of high frequency variability of the position of the Southern
Westerlies is very similar to the coeval short-term climatic events known from Greenland ice
cores and from North Atlantic sediments.
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2.1. In trodu ction

High resolution paleoc1imatic records from southern South America and the adjacent
Southeast Pacific are rare. Existing reconstructions are primarily based on terrestrial data (e.g.
Clapperton, 1993; Heusser, 1990; Lowell et al., 1995; Veit, 1996) and only few studies of
marine sediments exist (e.g. Lamy et al., 1998a; Lamy et al., 1999). The paleoc1imatic
variability recorded in these data-sets is mainly expressed in terms of changing precipitation
patterns induced by latitudinal shifts of the Southern Westerlies. However, the direction of
Late Pleistocene shifts of the westerly wind belt in South America - equatorward (e.g.
Heusser, 1989) or poleward (Markgraf, 1989) - has long been discussed. More recent results
based on paleoc1imatic modelling (Hulton et al., 1994), on glacier fluctuations in southem
Chile (Clapperton et al., 1995), and on analyses of marine sediments (Lamy et al., 1998a) are
mostly in favour of an equatorward shift of the Southem Westerlies during the Last G1acial
Maximum.

In this paper we present data of terrigenous sediment analyses from the continental slope off
the Chilean Norte Chico (27.5°S). By tracing the input of material from the Andes to the
ocean, which depends on medium- to large-scale shifts of the Southem Westerlies, and by
tracing the weathering intensity in the Coastal Range, which also varies with small-scale shifts
ofthe Southem Westerlies, the continental paleoc1imate in Chile during the last 80 kyr can be
reconstructed. Besides giving further support to a precessional driven large-sca1e shift of the
westerly wind belt, e.g. resulting in more humid conditions in Chile during the Last Glacial
Maximum, these data also exhibit small-scale but high frequency climate variations. The
pattern found is very similar to the well known millennial-scale c1imate variability found in
Greenland ice cores (Dansgaard et al., 1993) and in North Atlantic deep-sea sediments (Bond
et al., 1993). Combined with high frequency glacier fluctuations in the Southern Andes
(Lowell et al., 1995), these results point to aglobaI extent of such short-term c1imatic events
during the last glaciation.
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2.2. Regional climate and geology

The positions of the sediment cores we report on lie off the NOlie Chico (27.5°S), the border
region between the hyper-arid c1imate of the Atacama Desert in nOlihem Chile and the semiarid, Mediterranean climate of mid-Iatitude Chile, characterised by seasonal winter rain (Fig.
2.1). In the Norte Chico rare winter rain occurs today only in connection with passing frontal
systems from the Southem Westerlies (Miller, 1976). The extreme c1imatic gradient makes
the region very sensitive to latitudinal shifts of the climate zones along the South American
Pacific margin. Thus, small shifts of the present atmospheric circulation systems could cause
significant climatic changes and modifications of the terrestrial sedimentary environment,
presumably also affecting the input of terrigenous sediments to the core site. Such a latitudinal
shift, main1y a northward displacement of the Southem Westerlies, has been proposed to be
the major reason for a more humid and colder c1imate in northem Chile during the Last
Glacial Maximum (Heusser, 1984; Heusser, 1989). Shifts of the Southem Westerlies to the
north follow the precessional cyc1e throughout the last 120 kyr resulting in more humid
periods roughly every 20 kyr (Lamy et al., 1998a).

The continental hinterland ofthe core sites is characterised by an abrupt rise from the coast to
the Coastal Range with elevations of2000 m to 2500 m. The Coastal Range consists primarily
of plutonic rocks and is separated from the Andes by a longitudinal depression zone marked
by several alluvial basins, especially north of 27. 50 S, and the Chi1ean Central Valley south of
33°S. The geology ofthe Andes is characterised by abundant volcanics which can be divided
into Pre-Pliocene rhyolitic to andesitic ignimbrites and P1iocene-Quatemary andesitic rocks
and tephra forming up to 6000 m high stratovolcanoes with modem activity north of 27.5°S
and south of33°S (Thomburg and Kulm, 1987; Zeil, 1986).

The southem border regIOn of the Atacama Desert is characterised by prevailing arid
conditions and dry valleys with only sporadic water runoff. Sediments derived from the Andes
are mostly trapped in the alluvial basins east of the Coasta1 Range and do not reach the ocean.
A prominent feature of the Norte Chico are coastal fogs ('Camanchacas') and marine stratus
clouds (Figures 2.1 and 2.2). They supply moisture to the Coastal Range and reduce insolation
and evaporation (Aravena et al., 1989; Miller, 1976). This loca1 phenomenon promotes
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vegetation cover and soil development (Aravena et al., 1989; Veit, 1996), and therefore also
controls chemical weathering.
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Figure 2.1. Climatie zonation in Chile /or various positions of the Southern Westerlies.
Superimposed are the positions ofthe Camanehaeas (eoastal fogs), areas 0/ orographie rain,
a sehematie representation 0/ a mid-latitude eyclone with its associated eold-front, and the
loeation ofmarine sediment eore GeoB 3375-1 (27°28'S, 71 0 15'W; 1947 m water depth). A
northward displaeement ofthe Southern Westerlies leads to a northward shift o/the climatie
zones resulting in a northward extension 0/ orographie rain in the Andes and a equatorward
shift ofthe Camanehaeas: (a) southern position ofthe Southern Westerlies refleeting modern
eonditions (Miller, 1976) and assumed position during interstadials, (b) intermediate
position of the Southern Westerlies assumed /or stadials, and (e) northern position 0/ the
Southern Westerlies reaehed during preeession maxima.

2.3. Methods

The age model of core GeoB 3375-1 is based on three 14C AMS dates and the 8 180 isotope
record of Neogloboquadrina paehyderma (sin) (Lamy et al., 1998a). Cyclic variations of
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grain-size parameters fit well to the orbital precession index suppoliing the age model (Lamy
et al., 1998a). The core comprises arecord from 9 to 120 kyr; here we focus on the interval

from 9 kyr to 80 kyr, where high resolution sampling provided a temporal resolution between
300 and 600 years for the section younger than 60 kyr, and up to 1200 years beyond that
point.

Illite crystallinity was measured by X-ray diffraction methods (Petschick et al., 1996), using
the CaC03 and Corg-free clay fraction «2 mm) which was separated by Atterberg procedures
(Müller, 1967). The half height width (HHW) of the 10 A illite peak was taken as a measure
of crystallinity. The mean relative eITor of this procedure is about 5.2%. To measure the
elemental ratios, bulk sampies were subjected to total acid digestion. The elemental
concentrations were then obtained by ICP-OES spectroscopy. The mean relative eITor of this
procedure is 4.0% for Al and 2.2% for Fe measurements.

2.4. Results and discussion

Marine sediments from the continental slope offthe Norte Chico consist mainly ofterrigenous
material with CaC0 3 contents between 9 and 21 wt-%. Variations in the composition of the
teITigenous fraction of the sediment are mostly due to changing environmental conditions on
the continent. Given the strong modem gradient in humidity, c1imate change in this area
probably would result in changing precipitation patterns. Such changes can be traced in
continental slope sediments by proxies e.g. for the intensity of chemical weathering or for
changing sediment source areas. In core GeoB 3375-1 illite crystallinity and the Fe/Al ratio of
the bulk sediment have been used as such proxies.

Fe-contents ofthe bulk sediment vary between 2.5 and 3.4 wt-% and are thus several orders of
magnitude higher than possible variations induced by changes in paleoproductivity (organic
carbon content 0.6 - 1.1 wt-%). Therefore, we interpret changes in the Fe/Al ratio ofthe bulk
sediment as a terrigenous signal, which is determined primarily by the geochemistry of the
source rocks. In general, the Fe/Al ratio of acidic-plutonic rocks, as found in the Coastal
Range, is lower than the Fe/Al ratio of basaltic-andesitic rocks (Le Maitre, 1976), as found in
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the bulk sediment of the two cores are

interpreted to reflect variations in the relative contributions of these two source areas to the
continental slope sediments.

In the Norte Chico, an increase in the Fe/Al ratio points to increased precipitation, which
results in higher river run-off and thus transport of material with high Fe/Al ratios from the
Andes into the ocean. During periods of decreased precipitation the run-off is not high enough
to pass the longitudinal depression separating the two mountain ranges, leaving only a Coastal
Range signal (i.e. low Fe/Al ratios) in the sediments.

In the Norte Chico the Fe/Al ratio follows mainly the precessional cycle, with higher Fe/Al
ratios, indicating increased precipitation, occurring during times of maximum austral summer
insolation (i.e. precession maxima) (Fig. 2.2c). The distinct cyclicity shown by the Fe/Al
record c1early points to precessional forced shifts of the Southern Westerlies, which reach
their northernmost position during precession maxima (Fig. 2.1). This interpretation is
consistent with palynological studies from mid-Iatitude Chile (Heusser, 1984). Superimposed
on these Milankovitch-scale cycles are shorter fluctuations. These are marked by increased
Fe/Al ratios during precession minima at approx. 10 to 13 kyr, 40 kyr, and 65 kyr (Fig. 2.3).
During these events, which occurred in a generally dry climate, a northward shift of the
Westerlies increased the precipitation in northern Chile, resulting in a considerable input of
material from the Andes into the ocean. If further short-term northward shifts occurred during
humid periods, a further increase in precipitation does not increase the Fe/Al ratio because the
Andean source was active anyway.

The illite in the continental slope sediments off the Norte Chico is mainly derived from
acidic-plutonic source rocks of the Coastal Range. Its crystallinity is an indicator of the
chemical weathering intensity in the sediment source area (Chamley, 1989; Singer, 1984).
Stronger chemical weathering leads to an opening of the illite structure (i.e. lower
crystallinity) due to leaching ofFe/Mg from the illite crystallattice. The intensity of chemical
weathering is determined by temperature and available moisture. Due to the extreme diurnal
temperature range in the arid to semi-arid Norte Chico, a change in the mean annual
temperature will not cause changes in the intensity of chemical weathering. Therefore
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variations in the supply of moisture will play a crucial role and appears to be the factor
controlling chemical weathering and, thus, illite crystallinity.

(a) Southern position of the Westerlies
(recent)
Profile 27SS

low Fe/AI, low crystallinity

(b) Intermediate position of the Westerlies
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Figure 2.2. Cross-sections through Chile at 27. 5 0 S, showing the precipitation patterns
resulting from latitudinal shifts of the Southern Westerlies, and simplified hinterland geology.
(a) Southern position ofthe Southern Westerlies reflecting modern conditions (Miller, 1976)
and assumed position during interstadials, (b) intermediate position of the Southern
Westerlies assumed for stadials, and (c) northern position ofthe Southern Westerlies reached
during precession maxima
Besides the precession-driven variability in precipitation recorded by the Fe/Al ratios, the
illite crystallinity displays a high-frequency, sub-Milankovitch variability during the last
glacial (Fig. 2.3). Variations in illite crystallinity are interpreted to reflect the varying strength
and frequency of the Camanchacas which supply moisture to the Coastal Range in the Norte
Chico. AIthough these coastal fogs do not resuIt in a considerable run-off, they supply enough
moisture to promote soil development and, thus, chemical weathering (Veit, 1996). Once the
illite has been aItered it can be transported to the ocean by occasional rain events or by eolian
transport, which has been proven to be important in this region (Lamy et al., 1998a).

The strength and frequency of the Camanchacas is controlled by the position of the Southem
WesterIies. Today the Camanchacas decrease in frequency and intensity towards the south of
the study area and only rarely occur south of about 31°S (Miller, 1976) (Fig. 2.1). Thus, a
small equatorward shift of the WesterIies would reduce the occurrence of Camanchacas and
thus decrease the available moisture in the Coastal Range without markedly increasing rainfall
in the Andes (Fig. 2.2b).
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Figure 2.3. Cfimate proxy data from marine sediment core GeoB 3375-1 compared to the
GISP2 ice-core data. The mite crystallinity record of core GeoB 3375-1 can be correlated
with the sJ80 isotope record of the GIS?2 ice-core (Grootes et al., 1993) for the last
approximately 80 kyr. North Atlantic coofing cycles (adapted from Bond et ai., 1993) and
tentative correlation fines are superimposed on both records.
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The short-tern1 variability of the illite crystallinity, reflecting variations in the availability of
moisture in the Coastal Range, is not shown by the Fe/Al ratio as a proxy for rainfall in the
Andes (Fig. 2.3). Both records are mainly controlled by the position of the Southern
Westerlies and shifts in the position of the Westerlies should also affect the rainfall in the
Andes. However, for the rivers in the Norte Chico to be able to carry sediments from the
Andes to our sampling site a certain threshold in the amount of rainfall has to be passed to
activate the rivers cutting through the Coastal Range. If this threshold is not passed, the
sediments are deposited in the morphological depression between the Andes and the Coastal
Range and thus the signal ofhigher rainfall in the Andes (i.e. high Fe/Al ratio) does not enter
the marine sedimentary record. This leaves the illite crystallinity as the most sensitive proxy
of smalllatitudinal shifts of the Southern Westerlies on millennial time-scales.

2.5. Conclusiol1S

Illite crystallinity and the Fe/Al ratio of sediments from the continental slope off the Chilean
Norte Chico have proven to be sensitive indicators of climate change. The combination of
these two parameters can be used to reconstruct the precipitation patterns in the Coastal Range
and in the Andes of northern Chile. Especially the illite crystallinity in the Coastal Range has
shown to record even subtle changes in the regional atmospheric circulation patterns and the
resulting precipitation changes.

The changes in the precipitation patterns in northern Chile result from changes in the regional
atmospheric circulation, mainly from equatorward shifts of the Southern Westerlies resulting
in wetter periods (e.g. precession maxima). The cyclic behaviour of the measured parameters
between 10 kyr and 80 kyr (core GeoB 3375-1) can be grouped into cycles of different order.
The Fe/Al ratio follows the first order 20 kyr precessional cycle induced by major shifts ofthe
Southem Westerlies. Superimposed are second order excursions of the Fe/Al ratio and rapid
third-order fluctuations of the illite crystallinity also reflecting latitudinal shifts of the
Southem Westerlies. In the ongoing debate on Late Quatemary climate change in Chile
(Heusser, 1989; Markgraf, 1989), our data supports the view of an equatorward shift of the
Southem Westerlies during stadials (Heusser, 1989).
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A comparison of the shOli-tenn variability of the illite crystallinity record and the oxygen
isotope record ofthe GISP2 ice core indicates a very similar pattem in both records (Fig. 2.3).
This pattem becomes even more evident if the longer tenn cooling cycles, known as 'Bond
cycles' from the North Atlantic (Broecker, 1994), are superimposed on both the crystallinity
and the ice core record (Fig. 2.3). The coincidence of the Chilean moisture conditions record
with temperature variations over the North Atlantic region (age deviations up to 2 kyr are due
to stratigraphic uncertainties) points to global interhemispheric telecOlmections, as suggested
by previous glaciological studies from Southem Chile (Lowell et aI., 1995).
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Chapter 3 - The impact of sediment provenance on barium-based
productivityestimates

by J. Klump, D. Hebbeln, and G. Wefer

Fachbereich Geowissenschaften, Universität Bremen.

Abstract

Biogenic barium in marine sediments has been suggested to be a reliable proxy of surface
ocean paleoproductivity and algorithms have been developed to link these properties.
However, problems arise when the proposed algorithms are applied to predominantly
terrigenous sediments. A major source of error are incorrect estimates of the terrigenous Ba!Al
ratio in normative calculations of the amount of biogenic barium in the sediment. Bettel'
results can be obtained by estimating the terrigenous Ba!Al ratio from exponential regression
of the Ba!Al ratios of continental slope profiles. The terrigenous Ba!Al ratio varies not only in
space, but also in time. A two component mixing model is used to quantify the relative
contributions of the two source areas for sediments on the Chilean continental slope. From
this, the variations of the Ba!Al ratio through time can be modelled. Applying this correction
improves

normative

calculations of biogenic barium

significantly.

The

calculated

accumulation of biogenic barium show that the paleoproductivity in the Peru-Chile Current
during the last glacial was higher than during the Last Glacial Maximum (LGM). The
paleoproductivity increased again after the LGM.
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3.1. Introduction

Proxies for paleoproductivity are needed to assess the ocean's role in changing CO 2
concentrations in the atmosphere through the Late Quatemary climatic cycles. These cycles
are be1ieved to be large1y driven by productivity variations in the ocean (Broecker and
Henderson, 1998). Most paleoproductivity proxy calculations are based upon the organic
carbon content in the sediment. However, only between 0.1 and 1% of the organic carbon
produced in the surface waters is finally preserved in the sediments (Berger et aI., 1989).
Thus, every paleoproductivity estimate based on organic carbon is fraught with large
uncertainties. To get closer to what the pa1eoproductivity might have been, a proxy measure
independent of organic carbon is needed.

It had been suggested that barium from biogenic barite (BaS0 4) in marine sediments could be

used as a proxy of surface ocean productivity in the over1ying water co1umn (Goldberg and
Anhenius, 1958; Schmitz, 1987) and a1gorithms have been developed to link these properties
(Dymond et aI., 1992; Franc;ois et aI., 1995). This method has been app1ied both in
hemipe1agic (Gingele and Dahmke, 1994; Schmitz et aI., 1997) and pe1agic sedimentary
environments (Bonn et aI., 1998; Nümberg et aI., 1997; Paytan et aI., 1996; Schmitz, 1987;
Thompson and Schmitz, 1997). Most studies using biogenic barium as a proxy of
paleoproductivity have done so in a qualitative fashion (Paytan et al., 1996; Schmitz, 1987;
Schmitz et aI., 1997; Thompson and Schmitz, 1997). Two a1gorithms have been proposed to
quantify paleoproductivity from the accumu1ation rate of biogenic barium in marine
sediments (Dymond et aI., 1992; Franc;ois et al., 1995). App1ying these a1gorithms has
produced promising results (Bonn et aI., 1998; Gingele and Dahmke, 1994; Nümberg et aI.,
1997). However, as the amount of biogenic barium in the sediment is calcu1ated from the
difference between the measured total barium and the terrigenous barium fraction, a major
problem is the remaining uncertainty about the terrigenous contribution towards the measured
barium signal (Dymond et aI., 1992; Nümberg et aI., 1997).

A suitab1e region to assess this problem is the Chi1ean continenta1 slope. The coasta1
upwelling area off Chile is among the most important areas of high bio10gica1 productivity in
the modem ocean. However, the evolution of the pa1eoproductivity a10ng the Chi1ean coast is
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only poody understood. The proportion of terrigenous material in sediments on the Chilean
continental slope is very high (80 - 90%) (Rebbeln et al., in prep. 1998). In predominantly
terrigenous sediments the terrigenous barium input is calculated from the terrigenous BaiAl
ratio and the total Al content. Errors in the estimate of the terrigenous BaiAl ratio result in
large errors in the calculated fraction of terrigenous barium in the sediment (Dymond et al.,
1992).

The approach presented here tries to identify regional terrigenous BaiAl ratios based on the
analysis of stream sampies from coastal Chile and marine surface sediments from the Chilean
continental slope to improve estimates of the biogenic barium content in marine sediments.
Such regional data can improve the calculation of the amount of biogenic barite in marine
sediments significantly. A way to assess the impact of temporal changes of the sediment
provenance on the terrigenous BaiAl ratios will be given and applied to two sediment cores to
calculate the amount of biogenic barium in the sediment. This will be used to provide
estimates of the paleo-flux of biogenic barite also and then to estimate Late Quatemary
paleoproductivity variations in the Peru-Chile Current.

3.2. Regional geology und climate

The continental hinterland of the core sites is characterised by an abrupt rise from the coast to
the Coastal Range with elevations of 2000 m to 2500 m (Fig. 2.1). The Coastal Range consists
primarily of plutonic rocks and is separated from the Andes by a longitudinal depression zone
marked by several alluvial basins, especially north of 27.5°S, and the Chilean Central Valley
south of 33°S. The geology ofthe Andes is characterised by abundant volcanics which can be
divided into Pre-Pliocene rhyolitic to andesitic ignimbrites and Pliocene-Quatemary andesitic
rocks and tephra forming up to 6000 m high stratovolcanoes with modem activity north of
27.5°S and south of 33°S (Thomburg and Kulm, 1987; Zeil, 1986). The two types of source
rock have different chemical compositions. In general, the Fe/Al ratio of acidic-plutonic
rocks, as found in the Coastal Range, is lower than the Fe/Al ratio of basaltic-andesitic rocks
(Le Maitre, 1976), as found in the Andes.
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terrigenous material with CaC0 3 contents
between 0 and 20 wt-% (Rebbeln et al., in
prep. 1998). The chemical composition of
the terrigenous fraction depends on the
geochemistry of the source rocks. The
30°5

climatic gradient along the Chilean coast,
from the hot, arid climate of northem
Chile to the cold humid climate of
southem Chile, has a pronounced effect
on the precipitation pattems (Scholl et al.,
1970). Today in northem Chile the eroded
material is transported mainly by aeolian

35°5

transport and occasional flash-floods from
the Coastal Range to the continental slope
(Lamy er al., 1998a). Due to insufficient
precipitation in the Andes, the ephemeral
rivers originating in the Andes deposit the
eroded material in the central depression
between the Andes and the Coastal Range.

40°5

In central and southem Chile seasonal to
Regional Geology
•

D

year-round precipitation allows perennial

Coastal Range
high Ba/AI, low Fe/AI

rivers to flow, which transport large

Alluvial Basin

amounts of material from the Andes onto
the continental slope with some admixture

•

l>

5urface Sampies
River Sampies

of material from the Coastal Range (Lamy

er al., 1999). As a result, the surface

Figure 3.1: Location 0/ sampling sites. Stream
sediments on the continental slope in
sediments are marked by open triangles, surface
sampies are noted as dots, and the sites 0/ northem Chile are dominated by
gravity cores GeoB 3375-1 and GeoB 3302-1
terrigenous material from the Coastal
are marked with stars.
Range while the surface sediments on the
continental slope off central and southem
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Chile are dominated by tenigenous material from the Andes (Lamy et GI., 1998b).

Variations in the composition of the tenigenous fraction of the sediment thTOUgh time are
mostly due to changing environmental conditions on the continent. Given the strang modem
gradient in humidity, climate change in this area probably would result in changing
precipitation patterns (HeusseI' et GI., 1996; Lamy et GI., 1998a). Such changes can be traced
in continental slope sediments by proxies e.g. for changing sediment source areas (Klump et
GI., in prep. 1999b; Lamy et GI., 1999).

3.3. Materials alld metItods

The surface sediment sampies for this study were retrieved by multi-corer (Dept. Of
Geosciences, Bremen; GeoB) (Hebbeln et GI., 1995). The multi-cores and the gravity cores
GeoB 3302-1 and GeoB 3375-1 were retrieved on cruise SO-102 with the German R/V
SONNE (Hebbeln et GI., 1995). Stream sediments from the Rio Copiapo (27°S) and the Rio
Bio-Bio (37°S) were collected by A. Marchant (Geological Survey of Chile) and V.H. Ruiz
(University of Concepti6n, Chile). The sampling sites and the location of the gravity cores
GeoB 3375-1 and GeoB 3302-1 are marked on Fig.3.1.

For chemical analysis, the freeze-dried and homogenised sampies were subjected to total acid
digestion. The sampIe material (100 mg) was weighed directly into Teflon pressure vessels.
The digestion was performed using HN03 , HCI0 4 , and HF in a PDS-6 pressure system at
180°C over eight hours. Subsequently, the acid was evaporated elose to dryness, and the
residue was dissolved in HN03 and again digested over eight hours in a PDS-6 pressure
system. Finally, the solution was decanted into a pre-cleaned glass flask and filled to 100 ml
with deionised water and then filled into pre-cleaned polyethylene bottles for cold storage.
The concentrations of Ba, Al, and Fe were measured by inductively coupled plasma atomic
emission spectrametry (ICP-AES). The error on repeat measurements is 4% for Ba, 2.5% for
Al, and 2.1 % for Fe. The accuracy was determined by repeated analysis (n = 22) of control
standards (USGS Analyzed Marine Mud MAG-I).
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Figure 3.2: Concentration 0/ barium (a),
aluminium (b), and iron (c) in the surface
sediments versus water depth. Note the linear
increase 0/ barium contents with increasing water
depth. Those sampIes in the shaded field do not
display this relationship and are excluded /rom
the plotted linear regressions. The letters Band C
mark the concentrations 0/ these elements in the
stream sampIes (B: Rio Bio-Bio, C: Rio Copiapo).

sampIes at the same latitude (Fig. 3.3a).
Their BaiAl ratios are 0.0073 for Rio
Copiapo (27°8) and 0.0035 for Rio BioBio (37°8).

The Fe/Al ratios in the surface sampIes
and stream sediments showabimodal
latitudinal distribution (Fig. 3.4). The
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Figure 3.3: (a) Ba/Al ratio of surfaee sediment
sampIes from the Chi/ean eontinental slope vs. water
depth. The exponential regression fines intereept the
y-axis close to the Ba/Al ratios of the stream
sediment sampIes from the same latitude (see text).
Again, the shaded field marks those sampIes, whieh
do not show the depth dependenee and whieh are
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the 41 oS profile results from the faet that only two
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stream sediments are shown. (inset) Relationship
between Ba/Al ratio in the surfaee sediments and
distanee to eoast. Those sampIes showing no more
relationship to water depth are furthest offthe eoast.
(b) Ba/Al ratio in the surfaee sediments versus
latitude along the Chi/ean eontinental slope. Band C
mark the values for the Rio Bio-Bio and the Rio
Copiapo, respeetively.

sediments fall dose to the regional
averages.

In gravity core GeoB 3375-1 the Al
content of the sediment ranges from
55700 to 77000 ppm, the range ofBa
is 490 to 1010 ppm, and the range of
Fe is 21000 to 36100 ppm. The Fe/Al
ratios range from 0.40 to 0.52 (Fig.
3.5a) and Ba/Al ratios range from
0.0074 to 0.0168 (Fig. 3.5b). The
Fe/Al ratio, the Ba/Al ratio, and the
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Ba content show precessional cyclicity.
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Figure 3.4: Fe/Al ratio 0/ surface sediment sampies
/rom the Chilean continental slope (diamonds)
versus latitude. The average Fe/Al ratios of the
continental slope profiles are marked as crosses.
The Fe/Al ratios are significantly higher south 0/
3 ooS, where rivers carry more material from the
Andes (high Fe/Al) to the continental slope, than in
northern Chile, where today sediments are derived
mainly /rom the Coastal Range (low Fe/Al) as it is
also seen in the stream sediment data (dots).

ranges from 40500 to 47700 ppm. The
Fe/Al ratios range from 0.52 to 0.62
(Fig. 3.5e) and the Ba/Al ratios range
from 0.0053 to 0.0110 (Fig. 3.51). Both
the Fe/Al ratio and the Ba/Al ratio
increase markedly in the period from
15,000 to 9,600 years B.P. The Age
model for gravity core GeoB 3302-1
can be found in (Lamy et al., 1999).

For

the

complete

data

set

please

refer

to

the

'Pangaea'

database

(http://www.pangaea.de/Projects/GeoB/JKlump).

3.5. Discussioll
3.5.1. Formation o/marine biogenie barite

The process of formation of marine barite, especially a possible biotic origin of marine barite
crystals, is still unclear. Same authors interpret the Ba enrichment in decaying organic matter
to be caused by biotic processes, i.e. organisms enriching Ba in their skeletons, like
acantharians (Bernstein et al., 1992; Bernstein et al., 1998), xenophyphores (Gooday and
Nott, 1982), and filamentous blue-green algae (Gayral and Fresnel, 1979). The incorporation
of the remains of these biota into biogenic aggregates, such as faecal pellets,
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Figure 3.5: Fe/Al ratio (a, e), Ba/Al ratio (b, j), and biogenie barium data (c, d,
g, h) of cores GeoB 3375-1 and GeoB 3302-1 from the Chilean continental

slope vs. age. The Fe/Al ratio reflects the mixing of material from the coastal
range (low Fe/Al, high Ba/Al) with material from the Andes (high Fe/Al, low
Ba/Al). The Bulk Ba/Al ratio (solid line in b, j) is plotted together with the
regional terrigenous Ba/Al ratio (stippled line in b,j) ofthe sediments deposited
at the time, calculated from the Fe/Al ratios. The straight line reflects the
"crustal average" of 0.0075 (b, j). The biogenie barium content (c, g) was
corrected for changes in sediment provenance (see text) by using the regional
terrigenous Ba/Al ratio (solid line b, j), and biogenie barium content calculated
with the "crustal average" Ba/Al ratio of 0.0075 (stippled line b, j). The
biogenie barium fluxes (d, h) have been corrected for a preservation effect after
Dymond et al. (1992).
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provides an environment for barium sulphate to precipitate and a transport mechanism to the
sea-floor. This model is supported by the similarity of marine barite crystals in surface
sediment sampies and from oblique net hauls from surface waters (Beltram and Cowen,
1997). Other authors interpret the forn1ation of biogenic barite as an abiotic process. In their
model, barium sulphate precipitates from the sulphate of decaying proteins in organic
aggregates, such as faecal pellets, and dissolved barium in the ocean (Dehairs et al., 1980;
Gingeie and Dahmke, 1994; Stroobants et al., 1991), which is supported by a c1ear correlation
between Cor/Ba ratios and the concentration of dissolved Ba in sea-water (Dymond et al.,
1992). Studies on the morphology and internal structure of marine barite (Gingeie and
Dahmke, 1994; Stroobants et al., 1991) support a model in which barium sulphate forms
amorphous precipitates in decaying organic aggregates and crystallises on the way through the
water column to the sea-floor. A systematic increase ofbiogenic barium in sinking particulate
matter (Dymond et al., 1992) and in sediments (von Breymann et al., 1992) with water depth
points to such an abiotic proeess in the formation of marine barite. However, without organic
matter marine barite will not be formed. To c1early indicate the relation between marine barite
and biological production the term 'biogenic barium' is commonly used to describe this
pOltion ofthe total barium eontent and to distinguish it from terrigenous barium.

The barium contents of the surface sediments from the Chilean continental slope, whieh show
a distinet linear increase with water depth (Fig. 3.2a) support an abiotic model of marine
barite formation. Together with seattering aluminium eontents (Fig. 3.2b) these data result in
inereasing BaiAl ratios towards greater water depths (Fig. 3.3a). There, the BaiAl ratios reaeh
values which are considerably higher than the terrigenous background values obtained from
the stream sediments. Thus, the increasing barium eontents are most likely due to increasing
portions ofbiogenic barium.

3.5.2. Differentiation ofthe barium signal: biogenie vs. terrigenous

Unfortunately, in most cases, there is too mueh dilution of the manne component

111

eontinental slope sediments by terrigenous eomponents to allow a direct and quantitative
determination of biogenic barite in the sediment by X-ray diffraction (Dehairs et al., 1980).
An alternative approach to differentiate between biogenie and terrigenous barium eould be a
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normative analysis of bulk sediment compositions (Dehairs et al., 1980; Dymond, 1981;
Dymond et al., 1984; Leinen and Pisias, 1984) to allow an estimate of the aluminosilicate
contribution. The nonnative contribution of Ba by aluminosilicates towards the total Ba
content of the sediment can be calculated from the terrigenous Ba/Al ratio and the total Al in
the sampie using equation 3.1.

Ba lerr = Al. ( Ba)
Al letr

(3.1)

The biogenic barium content can be calculated by subtracting the calculated terrigenous Ba
from the total Ba in the sediment (equation 3.2).

Ba bio

= Ba

lol

-

Ba lerr

(3.2)

where Ba terr is the terrigenous, or background, barium, Al is the total aluminium in the
sediment, Ba/Al terr is the terrigenous Ba/Al ratio, Ba bio is the biogenic barium, and Ba tot
is the total barium in the sediment. While the total Ba and the total Al contents in the sediment
can be measured, an accurate estimate of Ba/Al terr is needed.

In sediments with a terrigenous fraction of more than 50%, as is the case here and along most
of the continental margins, errors in the terrigenous Ba/Al ratios introduce large errors in the
estimates of biogenic barium in the sediment (Dymond et al., 1992). Since material to
detelmine the Ba/Al ratio ofthe sediment source is hard to come by, some authors suggest to
use an 'average' crustal Ba/Al ratio of 0.0075 (Dymond et al., 1992; GingeIe and Dahmke,
1994; Schmitz et al., 1997; Thunell et al., 1994). Only few studies reports a regional estimate
from marine sediments (Dean et al., 1997; Nümberg et al., 1997). However, the stream data
shown in Fig. 3.3a indicate that the terrigenous Ba/Al ratio can display significant regional
variations. Thus, using a 'crustal average' would introduce large errors in the detennination of
this ratio in areas where the regional Ba/Al ratio differs significantly from the 'average' crusta1
ratio. Besides regional differences, temporal variations in terms of shifting sediment
provenance might also affect the terrigenous Ba/Al ratio in marine sediments.
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A direct way to estimate the BaiAl ten" ratio is to analyse purely terrigenous material unaffected
by any marine biogenic contribution, as e.g. stream sampIes. The stream data analysed here
give BaiAl ratios of 0.0073 for the north (27°8) and 0.0035 (37°8) for the southern pali of the
study area (Fig. 3.3). This shift is accompanied by a comparable shift of the Fe/Al ratios (0.5
in Rio Copiapo, 27°8, to 0.63 in Rio Bio-Bio, 37°8; Fig. 3.4). Lower BalAI ratios and higher
Fe/Al ratios in the south are interpreted to indicate a dominant contribution from basalticandesitic source rocks in the Andes, while the inverse ratios in the north point to the acidicplutonic rocks in the Coastal Range as the main source. Thus, based on the stream data, for
the area north of 30°8 a BalAI terr ratio of ~0.0073 and for the area south of 30°8 of ~0.0035
can be assumed.

An alternative approach to assess the BaiAl terr ratio, that can be used when no purely
terrigenous material is available, is based on the analyses of marine surface sediments.
Plotting the BaiAl ratio of the surface sampIes versus water depth shows that the ratio
increases exponentially with water depth (Fig. 3.3a). As pointed out above, this increase is
assumed to reflect the water depth-related increase in the biogenic barium content of the
sediments. In this case the y-axis intercept of the least squares fit of the profiles in Fig. 3.3a
should indicate a BaiAl ratio not affected by any biogenic contribution, i.e. the terrigenous
signal. Problematic are the deepest sampIes from the 35°8 and the 42°8 profiles, which show
no further Ba-increase (and subsequently no further increase in BalAI ratio, Fig. 3.3a) below
2500 m water depth (Fig. 3.2a). Due to the wide shelf in the southem part of the study area
these sampIes are so distant from the near coastal upwelling centres (Fig. 3.3) that they are
affected by the seaward decreasing production and consequently by a stagnating Ba flux at the
respective depths. Thus, from the two southern profiles only the sampIes from <2500 m have
been used to for the regression to estimate the BaiAl terr ratio. Due to high correlation
coefficients (r: >0.94) all the y-intercepts give quite robust estimates of the actual
BaiAl terr ratio (Fig. 3.3a). With y-intercepts of 0.0073 north of 30°8 and of 0.0028 to 0.0035
south of 30°8 there is an almost perfect fit to the results from the stream sediments from Rio
Copiapo and Rio Bio-Bio. This points to a dominant terrigenous input from the Coastal Range
at 27.5°8 and from the Andes south of3008, respectively.
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Figure 3.6: Biogenie barium content of the sUljace sampIes from the
Chilean continental slope versus water depth. The linear increase of
biogenie barium with water depth indicates an abiotic process in the
formation of marine barite (see text) starting below the oxygen minimum
zone. The sampIes fi'om >2500 m water depth from the two southern
profiles (shaded field) have been excludedfrom the regression.

3.5.3. Biogenie barium contents in the surface sediments

Once the regional terrigenous BaiAl ratio has been deterrnined it can be used to calculate the
amount of biogenic barium in the sediment, as outlined above. Here the BaiAl terr ratios
derived from the surface sediments (Fig. 3.3a) have been used to consider the local
composition of the sediments. Plotting biogenic barium versus water depth (Fig. 3.6) shows
that the amount of biogenie barium increases linearly with depth (with the exception of the
sampIes from >2500 m in the south). The linear regression lines of the respeetive profiles
mostly have x-axis intereept values of 750 m water depth and less. This eorresponds to the
base of the oxygen minimum zone off Chile (Shaffer et al., 1995; Silva, 1996) and agrees
with observations from the Namibian eontinental margin (von Breymann et al., 1992), where
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biogenic barite seems to fonn only at depths greater than 1000 m. The onset of a steady
increase of biogenic barium below the oxygen minimum zone indicates pmiial dissolution of
biogenic barite within this zone. For marine barite it is required that the sediments remain in
an oxic,

01'

at least sub-oxic, environment, otherwise barite will not remain as a stable phase

and the resulting chemical data cannot be interpreted in the sense of using biogenic barium as
a proxy of paleoproductivity (Dymond et al., 1992).

A comparison ofBa bio contents calculated with (1) the 'crustal average' (Ba/Al

=

0.0075) and

(2) the regional Ba/Al teIT ratios points out the importance to consider such regional values
(Fig. 3.7). While deviations between the two calculations are very small in the north of the
study area, where the regional BaiAl teIT ratio is very elose to the 'crustal average', the
difference between the two ca1culations can reach values ofup to 330ppm at 35°S, where the
regional BaiAl tm ratios are lowest. These deviations can result in an underestimation of the
Ba bio content by up to of 50% (41°S), depending on the total amount of Ba in the sediment.
Using the 'crustal average' may even sometimes result in negative Ba bio contents, which
clearly shows that applying a crustal average ratio is not appropriate in these regions.

To assess the regional pattern of productivity from the Ba bio contents these data have to be
converted to Ba bio accumulation rates. Accumulation rates along the Chilean continental slope
displaya wide range with low values in the north (core GeoB 3375-1 from 27.5°S: 4g cm,2
ky(1 based on Marine Isotope Stage 5 sediments; (Lamy et al., 1998a» to intennediate values
in the central part of the study area (core 17748-2 from 33°S: lOg cm,2 kyr'l; Lamy et al.,
1999) and finally to very high rates in the south (core GeoB 3313-1 from 41°S: 80g cm,2 kyr'l;
Rebbeln, unpubl. data). Based on the strong latitudinal elimatic zonation of Chile, with results
in a steep precipitation gradient from south to north, this pattern of increasing southward
accumulation rates along the Chilean continental slope is persistent throughout the Late
Cenozoic (Scholl et al., 1970).

The sampling stations are elosely spaced within a slope transect. The down slope changes in
sedimentation rate within a transect are expected to be negligible in comparison to the strong
differences between transects at different latitudes along the Chilean continental margin.
Therefore, the accumulation rate detennined for one position of each transect has been used
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Figure 3.7: Comparison 01 biogenie barium contents in surlace sediments from the Chilean
continental slope using regional Ba/Al ratios and the 'crustal average' ratio from the literature
(Dymond et al., 1992). The biogenie barium contents are calculated on the basis olthe 'crustal
average' Ba/Al ratio are consistently lower, especially in the south, and sometimes negative
due to the low regional terrigenous Ba/Al ratios.

for all samples from the respective continental slope profile to estimate biogenic barium
accumulation rates from the biogenic barium contents of the surface sediments. Although this
is a very cmde approach it provides a robust pattern of the latitudinal distribution of biogenic
barium accumulation rates (Fig. 3.8a). Still, the accumulation of biogenic barium increases
with water depth in accordance with the model of biogenic barite formation described above.
The non-parallel regression lines indicate a non-linear relationship between organic carbon
Dux and biogenic barite formation. However, the by far highest Ba bio accumulation, and thus
highest productivity, is indicated for the southernmost profile, while considerably lower
accumulation rates point to lower productivity at 33°S, which decreases even more further to
the north (Fig. 3.8a). Comparing the data from

~1600

m water depth the Ba bio accumulation

rates increase from ~1 IJ.g cm· 2 kyr· 1 at 27.5°S to ~3 mg cm·2 kyr· 1 at 33°S and finally to ~201J.g
cm·2 kyr· 1 at 41°S. This pattern ofbiogenic barium accumulation is comparable to the annual
average of pigment concentrations in surface waters derived from measurements by the
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Coastal Zone Color Scanner (Thomas et al., 1994). The good agreement between biogenic
barium accumulation and chlorophyll concentrations in the surface waters indicate that
Ba bio accumulation rates are linked to (paleo)productivity. This has been confinlled in studies
on the California Cunent (McManus et al., 1999).

3

*

iO'

E

g2

30

~~E
co
~L

200:: ~O
<{NO

~

c

~

10
1

0>

50

'0..

0

o-h''r-r-r...,.,..,.,......,--r-r-rr-rorr,-,

. E~

E ~

I

:;::;:::>.c

o ~*'

24

c

o
:p

40

cu

::J

E~
L

B~30

Oe:'

cu E

.Q
.Cl

~
::l.

~~20
-0

(])
......

cu

E
:p

10

Cf)

(])

- k- -

o

1000

2000
3000
water depth (m)

Figure 3.8: (a) Estimated
accumulation
rate
of
biogenie barium versus
water depth along the
Chilean continental siope.
The shading marks the
sampies excluded from the
regressions (see text). (b)
Comparison
of
the
accumulation
rate
of
biogenie barium (stars)
from approximately 1600 m
water depth (hatched area
in a) versus Iatitude shows a
good agreement with the
surface
water
pigment
concentration (solid line)
derived from Coastal Zone
Color Scanner (CZCS) data.
(http://daac.gsfc.nasa.gov)

4000

3.5.4. Modelling the Ba/Al terr ratio through time

Sediment provenance, and with it the Ba/Al terr ratio, changes not only regionally, it may also
show changes in time, as is the case along the Chilean margin. Latitudinal shifts of
precipitation patterns in western South America through the Late Quaternary (Heusser et aI.,
1996; Lamy et aI., 1998a) resulted in changing relative contributions of the two main
tenigenous sediment sources, the Andes and the Coastal Range, to the material on the
continental slope (Klump et aI., in prep. 1999b; Lamy et aI., 1999). Thus, far the use of
barium as a paleoproductivity proxy such changes in the Ba/Al terr ratio through time have to
be considered.
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How can such changes in sediment provenance be assessed? Our approach is based on the
assun1ption that mateIial from the basaltic-andesitic source rocks in the Andes is characterised
by high Fe/Al and low Ba/Al ratios, while material from the acidic-plutonic source rocks in
the Coastal Range has low Fe/Al and high Ba/Al ratios (Le Maitre, 1976). These ratios do not
change with climatic variations in a semi-arid environment (Ben Othman et al., 1997).
Because of the large terrigenous component in the continental slope sampies any biogenic
contribution of Al or Fe to the sediment is considered to be negligible. Both Al and Fe are
present in the sediment in amounts which are several orders of magnitude higher than they are
present in organic matter, which by itself constitutes only a minor proportion of the sediment
(Orians and Bruland, 1986). Thus, we interpret changes in the Fe/Al ratio of the marine
sediments to reflect changes in the relative contributions of the two main sediment source
areas. Based on a two end-member model with the Andes (high Fe/Al and low Ba/Al ratios) at
one end and the Coastal Range (low Fe/Al and high Ba/Al ratios) at the other end, the Fe/Al
ratio of the marine sediments can indicate the relative proportions to which material from the
two source areas has been mixed (Klump et al., in prep. 1999b). This model is the basis from
which an estimate for the Ba/Al terr ratio of the sediments can be calculated. The required
relationship between Fe/Al ratio and Ba/Al ratio can be determined from two independent
data sets.

For a Ba/Al vs. Fe/Al plot ofthe marine surface sediments (Fig. 3.9) the regional Fe/Al ratios
are averaged from all the data from the various profiles (Fig. 3.4), while the regional
Ba/Al terr ratios are deduced from the y-axis intercepts in Fig. 3.3a. Interestingly, the resulting
relation is very similar to that resulting from the independent data of the two stream sampies
(Fig. 3.9). The similarity ofthe two regressions (Fig. 3.9) indicates the robustness of our two
end-member model. To put this relation on a broader statistical base we combined both data
sets to derive equation 3.3 to calculate the Ba/Al terr ratio:

(~~) =-0.0266'(:~)
lerr

+0.0197

(3.3)

(err

where Ba/Al terr is the calculated paleo-Ba/Al ratio of the terrigenous fraction and
(Fe/Al) terr is the measured Fe/Al ratio of the sediment (Fig. 3.9). Any positive deviation of
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the measured BaiAI ratio from the respective continental background value (BaiAI terr)

lS

considered to be ofbiogenic origin, allowing to caIculate the Ba bio content ofthe sampIe.
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Figure 3.9: Relationship between the Ba/Al and the Fe/Al ratios in the
terrigenous sediments along the Chilean continental slope. The
regional Ba/Al ratios for the surface sediments are taken from Fig.
3.3a, while the respective datafor the Fe/Al ratio are derivedfrom Fig.
3.4. The data from the surface sediments agree welf with the stream
sampies. Based on the two end-member model both data sets are
combined to derive equation 3.3 (see text) to estimate the terrigenous
Ba/Al ratios in the sediments from the Fe/Al ratio.

3.5.5. Sediment provenance and Ba bio contents through time

The two cores GeoB 3375 and GeoB 3302 have been selected to demonstrate the effect of
varying regional background Ba/Al terr ratios. Based on equation 3.3 the Fe/AI ratio can be
used to caIculate the BalAlterrratio ofthe sediments. Core GeoB 3375 from the 27°S profile
has a regional present-day background of 0.0073, which is very cIose to the 'crustal average'
of 0.0075 (Fig. 3.5b). In contrast, core GeoB 3302 has a considerable lower regional
Ba/Al terr ratio of 0.0030 (Fig. 3.5f). Thus, compared with data derived using the 'crustal
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average' both data sets derived from GeoB 3375 should be very similar, while the data sets
derived from GeoB 3302 are expected to have a considerable offset.

For the analysis of sediment cores it has to be kept in mind that marine barite is unstable in
the sulphate reduction zone. Then Ba becomes dissolved in the pore water and some of it
diffuses upwards. Once it reaches the upper limit of the sulphate reduction zone, where
sulphate becomes available again, it re-precipitates as diagenetic barite. The resulting
diagenetic barium peaks cannot be interpreted as signs of increased productivity. Porewater
analyses are not available for the cores discussed here, but the extremely close co-variation of
Fe and Mn (Klump, unpubl. data) and low total organic carbon contents (::; 1.4 wt.%) point to
stable oxic porewater conditions. This co-variation also rules out the presence of Fe-Mn
crusts, which would scavenge barium (Dymond et aI., 1984).

The Fe/Al ratio in the two investigated sediment cores refleets the varying contributions ofthe
two main source areas, the Andes and the Coastal Range, to the respective sites through time.
In core GeoB 3375, which reaches back to 120,000 years B.P., the Fe/Al ratio shows a c1ear
precessional cyclicity (Fig. 3.5a) with an increased relative contribution from the Andes
during the more humid precession maxima (Lamy et aI., 1998a). Core GeoB 3302 only covers
the period from 8,000 to 28,000 years B.P. Besides having much higher Fe/Al ratios reflecting
a dominance of Andean material it also shows a slightly increasing Andean contribution in the
sediments younger than 18,000 years B.P. (Fig. 3.5e). Contrasting evolutionary patterns in the
two cores, especially during the Last G1acial Maximum, are due to different effects of shifting
c1imate zones on the distribution ofprecipitation at 27.5°8 and at 33°8 (Lamy et aI., 1999).

With the reconstructed BaiAl terr ratio the amount of Ba Bio in the sediments can be calculated.
In both cores the Ba Bio content varies between 0 and 600 ppm with a comparable range (0 200) for the time of the stratigraphie overlap of the two cores (Fig. 3.5c and 3.5g). In core
GeoB 3375 it also shows a precessional cyc1icity (Fig. 3.5c), while the most prominent feature
in Core GeoB 3302 is a considerable increase after 15,000 years B.P. (Fig. 3.5g). Comparing
the resulting Ba Bio contents with data based on the 'crustal average' BaiAl ratio (dashed lines
in Figs. 3.5c and 3.5g) shows only a small difference for core GeoB 3375. In contrast, for core
GeoB 3302 the offset between the two calculations is remarkable. While the Ba Sio contents
deterrnined by the approach presented here are low but (ahnost) consistently above zero. The
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Ba Sio contents calculated by usmg the 'crustal average' BaiAI ratio display (almost)
continuously negative values. This means that the measured Ba values cannot even account
for the terrigenous Ba input relative to the measured Al contents, not to mention any biogenic
contribution ofBa at all. This comparison makes clear to what extent Ba Sio estimates based on
a fixed 'crustal average' BaiAl ratio may be biased, when regional BaiAl terr ratios are
considerably different from this average value. Considering the importance of such regional
variations of elemental ratios highlights advantages of a dynamic model of the terrigenous
sediment input which allows to calculate changes of the BaiAl terr ratio through times.

3.6. Late Quaternary Paleoproductivity Estimated from Biogel1ic Barium

A qualitative description of the paleoproductivity off northem and central Chile can be made
after following the procedures outlined above by calculating the accumulation rates of
biogenic barium. The Ba Bio accumulation rate in core GeoB 3375-1 shows that the
paleoproductivity off northem Chile during the last glacial period followed a precessional
cyc1e with maximum flux rates during precession minima (Fig. 3.5d). The lowest flux rates
are found during the Last Glacial Maximum, indicating aperiod ofreduced paleoproductivity.
The biogenic barium flux increases sharply during the early Holocene. Core GeoB 3302-1
shows only a small segment of the record covered by GeoB 3375-1 (Fig. 3.5h). The much
higher temporal resolution shows the high variability of the paleoproductivity. The average
biogenic barium flux during the period 29,000 to 15,000 years B.P. is comparable to GeoB
3375-1. In contrast to GeoB 3375-1, the Ba Bio flux rate in GeoB 3302-1 does not increase
after the Last Glacial Maximum. This points to differences in the development of the
paleoproductivity offnorthem and off central Chile. We interpret these observations to reflect
differing responses of individual upwelling cells to changing environmental conditions. To
assess the large-scale paleoproductivity of the southem Peru-Chile Current requires higher
spatial resolution to cover most ofthe upwelling cells along the Chilean coast. Nevertheless, a
qualitative statement can be made about the paleoproductivity during the last Glacial
Maximum. Similar low biogenic barium flux rates in both cores may indicate generally lower
productivity during this period. This means, that the Chilean upwelling system probably was a
less active during that time.
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To quantify this statement biogenic barium flux rates have to be converted to export
productivity. Algoritlul1s to do so have been developed by Dymond et al. (1992) and by
Fran<;ois et al. (1995). However, both papers point to the impOliance of the concentration of
dissolved barium in sea-water, which is not very weIl known for the past, and how it affects
the f0l111ation of biogenic barite in the water column and at the sea-floor. Therefore it would
be beyond the scope of this paper to convert the biogenic barium flux into a quantitative
estimate ofpaleo-export productivity.

3.7. COllclusiolls

Normative calculations of the biogenic barium content to calculate paleoproductivity are
mostly based on the assumption of an 'average' crustal Ba/Al ratio. Here we assessed regional
variations ofthe terrigenous Ba/Al ratio by analysing (1) stream sediments and (2) continental
slope sediments. Due to the water-depth dependent formation of biogenic barite the
telTigenous Ba/Al ratio can be extrapolated from continental slope sediments by exponential
regression of the increasing Ba/Al ratio with water depth. The results show that regional
terrigenous Ba/Al ratios range between 0.0028 and 0.0073, depending on the sediment
provenance. Compared to the 'crustal average' of 0.0075, ratios as 10w as 0.0028 will
significantly affect the normative calculations ofthe biogenic barium content. For the Chilean
continental slope it could be shown that barium accumulation rates increase from north to
south similar to the pigment concentration in surface waters, as measured by the Coastal Zone
Color Scanner (CZCS). This shows that biogenic barium is a suitable indicator of
productivity.

Late Quatel11ary climate change caused changes of the continental precipitation pattel11s,
which in tUl11 resulted in changes of sediment provenance. In the case of sediments on the
Chilean continental margin the correlation between the terrigenous Ba/Al and Fe/Al ratios can
be used to devise a two-end-member geochemical mixing model to calculate the terrigenous
Ba/Al ratio from the measured Fe/Al ratio. This approach replaces not only the often used
'average' crustal Ba/Al ratio by a regional Ba/Al ratio, it also allows to correct for changes of
the regional Ba/Al ratio with time.

Chapter 3 - The impact of sediment provenance ...

61

The resulting biogenic barium accumulation can be used as a proxy of paleoproductivity. Off
northem Chile the paleoproduetivity follows a preeessional eyc1e with maximum biogenie
barium content during preeession minima. The lowest values of biogenie barium, which
indieate a minimum in produetivity, are found in sediments from the Last Glacial Maximum.
The sedimentary record off central Chile follows the same pattem, except for the early
Holocene. However, since both sampling positions are affeeted by loeal upwelling cells they
might record local changes, rather than changes in the productivity of the entire Chilean
upwelling system. More paleoproduetivity records from the Chilean margin are needed to be
able to reconstruct the large-seale paleoproduetivity in the southem Peru-Chile Current.
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Chapter 4 - Late Quaternary paleoproductivity variations in the Peru-Chile
Current off northern and central Chile

by J. Klump, D. Rebbeln, and G. Wefer
Fachbereich Geowissenschaften, Universität Bremen.

Abstract

The upwelling system a10ng the Chi1ean margin is among the most productive in the modem
ocean. Thus, it p1ays an important part in the global carbon cyc1e through forcing the
bio10gica1 and physica1 transfer of CO z between the ocean and the atmosphere. Despite its
importance in the global carbon cyc1e, variations in Late Quatemary pa1eoproductivity off
Chile are on1y poorly understood. The pa1eoproductivity a10ng the Chi1ean margin was
reconstructed using organic carbon and biogenic carbonate in two marine sediment cores,
which together cover the last 117,000 years. The pa1eoproductivity in this region generally
follows a precessiona1 cyc1e and was highest during the precession minima of the last glacia1
and during the early to Midd1e Ho10cene. The 10west productivity was found during the Last
G1acia1 Maximum and the Late Ho10cene. By using two independent pa1eoproductivity
proxies the productivity of calcareous planktonic organisms can be differentiated from the
total productivity. The relative contribution of calcareous organisms to the total
pa1eoproductivity was highest during periods of reduced productivity. The characteristic
pattern of floral

succession from

the

diatom-dominated

upwelling

cells

to

the

coccolithophorid-dominated filament zone can be app1ied to the geologica1 record of the
sediment cores to reconstruct changes in the spatial extent of the 10cal upwelling cells.
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4.1. Introduction

Upwelling induced injection of nutrient-rich subsurface waters into the photic zone stimulates
the high biological productivity typically found in upwelling areas, placing them among the
most productive regions in the world ocean. These regions play important roles in the global
carbon cycle due to an intense ocean-atmosphere exchange of carbon dioxide (C02 ), driven by
the upwelling of CO 2-rich subsurface waters (physical pump) and by the photosynthetic fixation of CO 2 in organic matter and subsequent export to the deep ocean and partly into the
sediment (biological pump) (Berger et al., 1989). The coastal upwelling area along the western margin of South American is one of the most productive among the upwelling systems in
the world ocean (Berger et al., 1989). However, the evolution of productivity and, thus, the
functioning ofthe global carbon cycle during the climatic cycles ofthe Late Quaternary, especially in the south along the Chilean coast, is only poorly understood. The aim of this paper is
to reconstruct the Late Quaternary paleoproductivity variations in this region.

Since bi010gical productivity in the oceans is a key mechanism within the global carbon cycle,
various paleoproductivity indicators have been devised in order to assess changes of the ocean
productivity in the geologica1 past (see e.g. Berger et al., 1989; E1derfield, 1990). Among
these the most commonly used is the accumulation of organic carbon recorded in sea-floor
deposits. AIthough only a very small fraction of the organic carbon produced in the surface
waters is finally preserved in the sediments, various algorithms have been developed to link
organic carbon accumulation at the sea floor to surface ocean productivity (see e.g. Müller and
Suess, 1979; Sarnthein et al., 1992). In a further step (Lyle, 1988) showed that the accumulation rates of organic carbon and those of carbonate are very high1y corre1ated. They also
concluded that carbonate accumulation rates can be used to predict organic carbon accumulation rates, and that both are governed by (paleo)productivity. Still, carbonate accumulation in
marine sediments is not commonly used as a quantitative proxy of paleoproductivity.
(Brummer and van Eijden, 1992) were the first to suggest an algorithm to reconstruct the
paleo-flux of organic carbon from the euphotic zone by using empirical formu1ae that link
carbonate flux and organic carbon flux in the water column. This method was improved by
van Kreveld et al. (1996) and then further refined by Rühlemann et al. (1996) for pelagic,
oligotrophic environments.
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Comparing the records produced by
these two proxies it has to be noted that
both proxies record different things:
organic carbon accumulation reflects the
total productivity of the water column
above the core location, while biogenic
carbonate accumulation reflects only the
production of calcareous organisms. The
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use of these two independent proxies of
paleoproductivity allows us to infer past
changes

upwelling

of

induced

productivity in the Peru-Chile Current
and of the ecology at the core sites. The
study of two gravity cores (GeoB 33751, 27.5°S; GIK 17748-2, 33°S, see Fig.
4.1) from the Chilean continental slope
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changes

that
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4.2. Study Area and Oceanographic Setting

The oceanographic setting off northem Chile has been summarised by Strub et al. (1998)
(Figures 4.1 and 4.2). The water co1umn above the core positions can be subdivided into four
levels (Shaffer et al., 1995; Strub et al., 1998). The surface 1ayer (0-50 m) is formed by the
equatorward flowing Chile Coasta1 CUlTent (CCC). Its water is a mixture of Subantarctic
Water (SAAW), Equatoria1 Sub-Surface Water (ESSW) upwelled from the Gunther
UnderculTent (GUC), and a fresh water component from the Chi1ean fjord region south of
42°S (Fjord Water). Approximate1y 40 km offshore the Peru-Chile Counter CUlTent (PCCC),
formed from Subtropica1 Surface Water (STSW), flows poleward. It limits the lateral extent of
the CCc. The equatorward flowing Peru-Chile CUlTent (PCC) or Humbo1dt CUlTent is found
150 km offshore and has no effect on the coasta1 upwelling. Be10w the thermoc1ine the GUC,
the main source of the upwelled water, flows poleward. It is formed from ESSW. Between
400 m and 1500 m Antarctic Intermediate Water (AAIW) flows slow1y towards the equator
(Shaffer et al., 1995). The southward flow be10w 1500 m may be associated with Pacific Deep
Water (PDW) (Pickard and Emery, 1990).
Remote sensmg studies of the

PCC

®

PCCC 0

CCC

®

Chi1ean coast identified 10calised
upwelling
severa1

centres,
capes

and

inc1uding
adjacent

northward-facing bays, as off Peru
(Shaffer et al., 1995; Strub et al.,
1998; Thomas et al., 1994). The

AAIW®

region of most intense upwelling
today lies between 35°S and 40 0 S
(Strub et al., 1998). The upwelled

Seetion view 0/ the Chilean upwelling
Figure 4.2
system at 28°S. Water masses are the Peru-Chile
Current (PCC), the Peru-Chile Countercurrent
(PCCC), the Chile Coastal Current (CCC), the Gunther
Undercurrent (GUC), and Antarctic Intermediate
Water (AAIW). Equatorward flow is shown by arrowtails, polewardflow by arrow-points.

water is sourced from 150 - 250 m
depth (Johnson et al., 1980),
main1y from the GUc. Under very
intense upwelling conditions even
AAIW can be brought to the
surface (Strub et al., 1998).
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4.3. Materials and Methods

Two sediment cores from the Chilean continental slope were studied: Core GIK 17748-2
(32°45.0'S, 72°02.0'W, water depth 2545 m, length 383 cm; Geological Institute, University
of Kiel) was retrieved from the Valparaiso Basin during cruise SONNE-80 (Stoffers and
Cruise Participants, 1992), core GeoB 3375-1 (27°28.0' S, 71°15.1' W, water depth 1947 m,
length 489 cm; Dept. of Geosciences, University of Bremen) was retrieved from the Chi1ean
continental slope during cruise SONNE-1 02 (Hebbeln et al., 1995) (Fig. 4.1).

The age models for the cores GIK 17748-2 and GeoB 3375-1 are based on AMS-14C dates,
oxygen isotope stratigraphy and orbital tuning of sedimentological parameters (Fig. 4.3). Only
the record of the last 12,900 years of Core GIK 17748-2 have been used, as the older sections
are strongly affected by resedimentation processes (Lamy et al., 1999; Marchant, 1997). All
ages are given in calendar years. The details on the age model of GIK 17748-2 can be found
in Lamy et al. (1999), the age model ofcore GeoB 3375-1 is described in Lamy et al. (1998a).

The cores were sampled at 5 cm intervals. The total carbon content of the sampies was
measured using an elemental analyser (Heraeus CHN-O-Rapid). The carbonate content
(CaC03) was calculated by subtracting the total organic carbon (TOC) content measured on

decalcified samples from the total carbon (TC) content. The carbonate content was calculated
using Equation 4.1. A detailed description ofthis method can be found in Müller et al. (1994).

CaC03 = TC-TOC·8.333

(4.1)

4.4. Results

The TOC content ranges from 0.48 to 1.11 wt.% in core GeoB 3375-1, and from 0.76 to 1.44
wt.% in core GIK 17748-2 (Fig. 4.3). The CaC0 3 content ranges from 7.9 to 22.5 wt.% in
core GeoB 3375-1, and from 6.2 to 17.7 wt.% in core GIK 17748-2 (Fig. 4.3). For all records
there are no extreme values, but rather a systematic variation between the maximum and
minimum values. There is no obvious relationship between these two parameters in the
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investigated cores. The rain ratio of organic carbon over carbonate carbon (Corg/Ccarb) in
core GeoB 3375-1 ranges between 0.23 and 0.87 (Fig. 4.3). In core GIK 17748-2 the
Ccorg/Ccarb ratio is between 0.52 and 1.62. Rain ratios exceeding 1 were measured on1y
during the last ~2,800 cal. yrs. B.P ..
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Figure 4.3
Time-series records in gravity cores GIK 17748-2 and GeoB 3375-1(the shaded
fields mark the stratigraphie range 0/ the record 0/ Core GIK 17748-2): (a) stable oxygen
isotope data measured on N. pachyderma (dex.) (GIK 17748-2) and N. pachderma (sin.)
(GeoB 3375-1), the triangles indicate the age control points (younger than 40,000 cal. yrs.
HP: 14C-AMS ages, older than 40,000 cal. yrs. B.P: tuning data (see Lamy et al., 1998a, and
Lamy et al., 1999/01' details), (b) sedimentation rates, (c) total organic carbon contents, (d)
carbonate contents, and (e) the ratio 0/ Ccorg/Ccarb.
The linear sedimentation rates have been derived from the published age models for core
GeoB 3375-1 (Lamy et al., 1998a) and for core GIK 17748-2 (Lamy et al., 1999). The
sedimentary record of core GeoB 3375-1 at the northem position spans the period 117,000 to
10,000 cal. yrs. B.P.. The sedimentation rate was 3.6 cm/ka from 117,000 cal. yrs. B.P. and
increased slightly to 4.3 cm/ka at about 65,000 cal. yrs. B.P. (Fig. 4.3). After 23,700 cal.yrs.
B.P. the sedimentation rate increased to 8.4 cm/ka. The period 10,000 cal. yrs. B.P. to present
is missing in the core. The sedimentary record of core GIK 17748-2 used here covers the
period from 12,900 cal. yrs. B.P. to the present. The sedimentation rate was highest

(~18
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cm/ka) from 12,900 to 10,700 ca!. yrs. B.P. and then dropped in two steps to 8.3 cm/ka during
the period 10,700 to 4,700 ca!. yrs. B.P. (Fig. 4.3). In the youngest part of the core the
sedimentation rate increased again to 16.7 cm/ka.

The

complete

data-set

can

be

found

In

the

Pangaea

database

at

URL:

http://www.pangaea.de/Projects/GeoB/JKlump.

4.5. Discussioll

4.5.1. Reconstructing paleoproductivity

Two different approaches can be found in the literature to reconstruct paleoproductivity
(Müller and Suess, 1979; Samthein et aI., 1992). Both are based on the accumulation of
organic carbon and on the preservation effect of total sediment accumulation. However, the
two forrnulae are sometimes not concordant in their results and may result in opposing
patterns of paleoproductivity through time. This is due to the different ways in which organic
carbon accumulation and preservation is thought to be influenced by the sedimentation rate. In
this study, the forrnula of Müller and Suess (1979) (equation 4.2) was used to reconstruct
paleoproductivity on the basis of organic carbon in the sediment because it is more suitable
for hemipelagic environments than other available forrnulae (Rühlemann et aI., 1996):

p

C

•

P

org
=-_:::--_ü

0.0030. SR

.

3

(4.2)

where P is primary productivity (gC m- 2 a- I ), Corg is the organic carbon in the sediment
(wt.%), r is the dry bulk density of the sediment (g cm-3), and SR is the linear sedimentation
rate (cm ka- 1). The primary productivity calculated here on the basis of organic carbon
accumulation is equivalent ofthe primary productivity ofthe total biomass.

An alternative, though uncommon, approach to reconstruct paleoproductivity is to use marine
carbonate in the sediment as a proxy. Brummer and van Eijden (1992) showed from deepmoored sediment traps that a strong positive correlation exists between modem carbonate and
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organic carbon fluxes. Using data on sediment traps from the literature, they developed an
algorithm to reconstruct paleoproductivity from carbonate accumulation and tested it on
pelagic carbonate sequences drilled during ODP Leg 121 (Peirce et al., 1989). This approach
assumes a fixed ratio between carbonate and organic carbon in carbonate shell-secreting
orgamsms. It has to be noted that this method was developed to quantify productivity in
oligotrophie 'blue-ocean' environments, where carbonate shell-secreting organisms dominate
the biocoenosis. In these oligotrophie areas the primary productivity of carbonate-shell
secreting organisms is the predominant component of the total primary productivity
(Rühlemann et al., 1996). This method was further tested and refined by van Kreveld et al.
(1996) who extended the data set ofBrummer and van Eijden (1992). From this extended data
set they derived a new equation to correlate the flux of organic carbon to the carbonate flux.
The fOfl11ula ofvan Kreveld et al. (1996) (equation 4.3) can be used to estimate the organic
carbon flux at a depth of 3200 m (PF3200 in mg m- 2 d- I ) from the carbonate accumu1ation rate
(ARCarb) in the sediment.

PF3200

= AR cm'b ·0.043 + 0.353

(4.3)

The non-zero intercept b = 0.353 indicates that in oligotrophie regions of the ocean a minimal
organic carbon flux remains even when the carbonate flux is zero, due to the production of
opaline shell-secreting and non-skeletal organisms. We will use this method to quantify the
carbonate-based productivity, not total productivity, so a modified version of equation 4.3
with a zero intercept will be used instead (equation 4.4).

PF 3200

= AR Cm'b

•

0.043

(4.4)

The organic carbon flux at 3200 m was then converted to the carbon flux at 100 m (PFlOO in
gC m- 2 a- I ), which is equivalent to export paleoproductivity, by applying the equation of Suess
(1980) (equation 4.5), which relates export production to organic carbon flux (PF3200) at
depth (z = 3200 m).

PF;oo

=

PF32QO ·0.365· (0.0238· z + 0.212)

(4.5)
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The tenn 0.365 is a conversion factor from (mg m- 2 d- 1) to (g m- 2 a- I ). This procedure provides
us with an estimate of the expOli productivity (PFlOO in gC m- 2 a- I ) of carbonate shellsecreting organisms. This export productivity can then be converted to primary productivity
of carbonate-shell secreting organisms (PPCarb in gC m- 2 a- I) by applying the fonnula of
Eppley and Peterson (1979) (equation4.6).

PPCnrb

= 20 . .J PF;oo

(4.6)

4.5.2. Paleoproductivity off Chile

Following the method ofMüller and Suess (1979), the primary paleoproductivity in the PeruChile Current ranged from 94 to 280 gC m- 2 a- I during the last 117,000 years (Fig. 4.4). This
total paleoproductivity follows a precessional cycle with maximum productivity during
precession minima (Fig. 4.4). It was higher on average during the late Pleistocene (200 gC m2 a-l) than during the Early and Middle Holocene (170 gC m- 2 a- 1). The lowest productivity
was found during the Last Glacial Maximum and the latest Holocene (130 gC m- 2 a- I ,
equivalent to Pnew = 42 gC m- 2 a-\ Eppley and Peterson, 1979). This value is comparable to
the modem-day situation detennined from sediment traps in the region. For the period July
1993 to July 1994 export productivity was measured to be 42 gC m- 2 a- J in traps moored at
30 0 S in the Peru-Chile Current (Hebbeln et al., in press 1998).

The paleoproductivities (primary productivity) based on carbonate accumulation range from
65 to 165 gC m- 2 a- I (Fig. 4.4). This carbonate-based paleoproductivity shows quite a different
pattern compared to the total paleoproductivity, resulting from the fact that the organic
carbon-based estimate reflects the productivity of the total biomass, while the carbonate-based
estimate primarily represents the paleoproductivity of calcareous organisms only. The
carbonate-based paleoproductivity was fairly unifonn around 90 gC m- 2 a- J throughout the last
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(a) Preeession index after Berger (1978). (b)
Paleoproduetivities ealeulated from organie earbon and from biogenie
carbonate aeeumulation in eores GIK 17748-2 and GeoB 3375-1 for
the last 120,000 years. The paleoproduetivity eurves are overlain with
a 5-point moving average. (e) Detailed diagram of the
paleoproduetivities shown in (b) for the Last Glacial Maximum and the
Holoeene. The expansion/eontraetion eycle of the upwelling eell at
32°8, as diseussed in the text, is indieated by arrows. The shaded jields
in (b) and (e) mark the stratigraphie range ofthe reeord ofCore GIK
17748-2
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glacia!. There is an increase in carbonate-based productivity in two steps to about
110 gC m- 2 a- I from 25,000 to 24,000 ca!. yrs. B.P., and another increase to 160 gC m- 2 a- I
from 16,000 to 12,000 ca!. yrs. B.P. During the Early and Middle Holocene the carbonatebased paleoproductivity declined back to glacial levels, followed by another peak around
3,700 ca!. yrs. B.P. and a sharp drop to modem productivity levels of approximately 110 gC
m- 2 a- I (Fig. 4.4).

The two records presented are assumed to be unaffected by any changes in the degree of
preservation of organic carbon and biogenic carbonate in the sediment. Since the
sedimentation rates were always higher than 2 cm ka-1 removal of organic carbon by postdepositional oxidation ('bum-down') is unlikely (Jung et al., 1997). Changes in the
accumulation rate of biogenic carbonate are unlikely to be caused by dissolution because the
core positions are weIl above the regional lysocline (Archer, 1991a; Hebbeln et al., in prep.
1998). Since the ratio of Ccorg/Ccarb is always <1 (Fig. 4.3), carbonate dissolution by
metabolic COz from organic carbonate degradation can also be discounted as the cause of the
observed variations ofthe carbonate accumulation rate in core GeoB 3375-1 (Archer, 1991b).
In core GIK 17748-2 this ratio is always <1 in sediments older than 2,800 yrs. despite high
organic carbon accumulation rates. However, in the top part of the core the Ccorg/Ccarb ratio
is >1 (Fig. 4.3), but detailed studies on the foraminifera in this core show no signs of
carbonate dissolution (Marchant, 1997).

Sometimes the values of carbonate-based productivity estimates exceed the total productivity
(Fig. 4.4). This, of course, is impossible and is an artefact resulting from the inaccuracy ofthe
respective algorithms for estimating paleoproductivity. For the same reasons it is of limited
use to quantify the percentage contribution of calcareous organisms towards the total
productivity. However, the general pattern deduced from these records appears to be a good
reflection of the history of productivity along the Chilean slope. Comparing the two
productivity indicators and how they vary through time, it is noticeab1e that the respective
calculated paleoproductivities sometimes show changes in opposite directions (Fig. 4.4).
Especially during times of decreased total productivity the proportion of calcareous organisms
as part of the total biomass increases. This change in the proportion of the carbonate-based
paleoproductivity relative to the total paleoproductivity points to a change in the ecology at
the sampling sites.
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All major upwelling areas in the oceans show a typical floral succession from the central
upwelling cells through the filament zone to the open ocean (Armstrong et al., 1987; Blasco et
al., 1980; Richert, 1975). Nonnally, the biocoenosis of the centre of an upwelling cell is
dominated by diatoms. As the availability of nutrients decreases in the transition to the
filament zone, diatoms are replaced by coccolithophorids. As nutrient levels in the filament
zone dec1ine even fmiher with increasing distance from the centre of the upwelling cell, the
total biomass decreases as weIl. In the sediment this general pattern is reflected by the
predominance of siliceous diatom frustules under the central upwelling cell, which are
gradually replaced by coccoliths towards the filament zone, reflecting the floral change in the
water column above (Mortyn and Thunell, 1997; Richert, 1975). Thus, changes in the floral
assemblage and in bulk biogenie accumulation rates at a given core site in an upwelling area
can be used to infel' changes in the spatial extent ofupwelling cells.

Position and extent of coastal upwelling cells are governed by the dynamics of land-oceanatmosphere interaction. Off Chile upwelling is most intense in local upwelling cells
concentrated behind headlands ofnorthward facing bays (Armstrong et al., 1987; Johnson et
al., 1980; Strub et al., 1998) (Fig. 4.5). Nutrient-rich intennediate waters are mixed into the
euphotic zone by Ekman pumping where the direction of the trade winds is parallel to the
coast (Berger et al., 1989). Even though the broad zone of coastal upwelling might shift with
changes of the regional wind field following seasonal or c1imatic change, the individual
upwelling cells will remain in place. However, variations in the intensity of forcing will cause
the upwelling cells to expand or to contract.

A typical expansion/contraction cyc1e of an upwelling cell is reflected in the record of core
GIK 17748-2. Relatively high carbonate-based paleoproductivity and relatively low total
productivity between 12,500 and 10,300 cal. yrs. B.P. (Fig. 4.4) indicate that the core site was
beneath the filament zone dominated by calcareous organisms (Fig. 4.5b,d) during that period.
A much higher total productivity combined with a lower carbonate-based productivity
between 10,300 and 4,000 cal. yrs. B.P. reflects the expansion of the central upwelling cell
dominated by diatoms to the core site (Fig 4.5a,c). Its subsequent contraction is marked by the
shift back to similar conditions as between 12,500 and 10,300 cal. yrs. B.P. indicating the
return of the filament zone to the core site, which lasted there for another 1,000 years.
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(b) Reduced productivity during the
Last Glacial Maximum and late Holocene

(a) Enhanced productivity during the
last glacial, early and middle Holocene

core
position

core
position

(c)

(d)

Coccolithophorids

Diatoms

Figure 4.5
Schematic diagram 0/ the floral and faunal succession in an
upwelling cell offnorthern or central Chile (a: section, c: plan view) during
periods 0/ intense upwelling (precession minima), and (b: section, d: plan
view) during periods ofreduced upwelling (precession maxima).

Even though cores GIK 17748-2 and GeoB 3375-1 come from different 10cations and cover
different periods of the geo10gica1 past, there is a good agreement between the two
sedimentary records where they overlap. This indicates a parallel deve10pment of the Late
Quatemary paleopraductivity both off northem and centra1 Chile, driven by the same forcing
mechanisms. Core GeoB 3375-1 taken off northem Chile shows that total productivity was
very high between 110,000 and 24,500 cal. yrs. B.P., aperiod when also the trade winds blew
strang (see e.g. (Berger et al., 1989; Samthein, 1978)). In Chile the intensity of the trade
winds is c10sely tied to the position of the Southem Westerlies. During the last glacial the
Southem Westerlies shifted latitudinal in pace with a precessional forcing, reaching northem
positions during precession maxima and southem positions during precession minima
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(Heusser, 1989; Lamy et al., 1998a; Veit, 1996). Thus, by driving the atmospheric circu1ation,
precession affected the position and intensity of the trade winds and finally the wind forcing
of upwelling. Consequent1y, the record of total productivity is modu1ated by a precessiona1
signal with highest total productivity during precession minima. The strong dominance of the
total productivity over the carbonate-based productivity throughout the last glacial (except the
Last Glacia1 Maximum) (Fig. 4.4b) indicates a 1arge extent of the central upwelling cell at
27.5°S resulting in a continuous coverage of site GeoB 3375-1. Interestingly, also during
precession maxima, when total productivity was relative1y 10west, the central upwelling cell
was 1arge enough to cover the core site.

Decreasing total productivity and increasing carbonate-based productivity mark the
contraction of the upwelling cell at the northem site (27.5°S) at the beginning of the Last
Glacia1 Maximum (Fig. 4.4c). During this period the Southem Westerlies reached an almost
simi1ar position compared to the previous precession maxima (Lamy et al., 1998a; Lamy et

al., 1999). From this setting one wou1d expect productivity to be on a simi1ar high level as
observed during the preceding precession maxima, which was only slightly lower than during
the respective precession minima. However, the Last Glacia1 Maximum is characterised by a
much lower total productivity. As the atmospheric forcing of the upwelling is assumed to
have been simi1ar to the period before, something special to the Last G1acia1 Maximum must
have caused the drastic decrease in productivity.

From a coasta1 upwelling point of view the most significant difference between the Last
Glacial Maximum and the period before (110,000 to 24,500 cal. yrs. B.P.) is the height ofsealevel. Thus, the decrease in productivity at the beginning of the Last Glacial Maximum is
probab1y re1ated to a contemporaneous drop in global sea-level in the order of 25 m, which is
the final step towards the -120 m level associated with the last large continenta1 glaciations.
This drop in sea-leve1 possibly passed a threshold, which changed the coasta1 zone
morphology around 27.5°S in a way that it lost part of its upwelling favourab1e features.

An increase in the carbonate-based productivity at 16,000 cal. yrs. B.P. in core GeoB 3375-1,
when sea-level a1ready started to rise again, fits perfectly to a similar pattem in core GIK
17748-2 (Fig. 4.4b,c), supporting the comparability of the two records and thus of the two
settings. In core GIK 17748-2 this increased carbonate-based productivity marks the onset of
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the Early Holoeene expansionleontraetion eyc1e of the re1ated loeal upwelling eell deseribed
above. It is also reflected in the faunal analysis ofplanktie foraminifera in eore GIK 17748-2.
Maxima in the abundanee and flux rates of Globigerina bulloides and Neogloboquadrina

pachyderma (sin.) during the same period have been interpreted as a sign of intensified
upwelling (Marehant, 1997). The inereased upwelling intensity, espeeially between 10,300
and 4,000 cal. yrs. B.P., was most likely foreed by the Early Holoeene preeession minimum.
The generallower produetivity at site GIK 17748-2, in relation to the more northem site (Fig.
4.4), might be due to the loeal setting (distanee ofthe site from the main upwelling eentre) or
due to a more southerly position of the Southem Westerlies at this time (Lamy et al., 1999),
whieh might have resulted in a relative deerease of the atmospheric foreing of upwelling
eompared to the previous precession minima.

The data for the Late Holocene are not fully eonc1usive. A slight increase in total productivity
at ~3,000 cal. yrs. B.P. accompanied by a deerease in carbonate-based produetivity point to an
expansion of the upwelling cell. It coincides with an increase in the accumulation rates of
benthic foraminifera and of the planktie foraminifera speeies Neogloboquadrina dutertrei and
a higher relative abundance of Neoglohoquadrina pachyderma (sin.). (Marchant, 1997)
interprets this as a competing influence of subtropieal (indicated by N dutertrei) and subpolar
(indicated by N pachyderma (sin.)) water masses, intermittently supporting high productivity,
as indicated by the increased accumulation of benthic foraminifera (Herguera and Berger,
1991). However, throughout the last 3,000 years total productivity remains on a rather low
level. Paleoc1imatic (Lamy et al., 1999; McGlone et al., 1992) as well as paleoceanographic
(Marchant, 1997) studies from the region characterised this period to be very variable, which
has been related to increasing frequencies and intensities of Southem OscillationiEI Nifio
(ENSO) events.

4.6. COl1clusiol1s

The study of gravity cores GIK 17748-2 and GeoB 3375-1 shows that the total
paleoproductivity along the Chilean margin generally followed a precessional cyc1e with
maximum biological productivity in the water column during precession minima. The driving
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factor of productivity variations is most likely the position of the Southem Westerlies, which
are known to move north and south in a precessional rhythm. As the Southem Westerlies are
responsible for the wind forcing of upwelling along the Chilean margin productivity is
directly linked to their position.

Total paleoproductivity was much higher during the last glacial (110,000 to 24,500 ca!. yrs.
B.P.) than it is today. However, the lowest productivity was found during the Last Glacial
Maximum and for the Late Holocene, with slightly enhanced values in the Middle Holocene.
The much lower paleoproductivity during the Last Glacial Maximum, which occurred despite
a wind forcing comparable to previous precession maxima, is most likely due to the late
glacial drop in sea level, which changed the coastal morphology in a way that previously
upwelling favourable features were lost. Although the two records investigated are from
different areas (off northem and central Chile), the reconstructed absolute paleoproductivities
match very weIl in their general pattems and in the period where the two records overlap. This
observation indicates that the pattem found in these two cores is typical for large parts of the
Chilean margin.

The evolution through time of the paleoproduetivity of carbonate-shell seereting organisms
shows a pattem partly opposite to the paleoproductivity of the total biomass. The proportion
of earbonate-based produetivity of the total paleoproductivity was highest during periods of
redueed productivity. This pattem was produeed by the biotie zonation typieal to upwelling
cells. As the loeal upwelling cells expanded and eontracted, in response to ehanges in the
regional wind field caused by Late Quatemary c1imatie ehanges, the biotie sueeession zones,
characterised by the proportion of diatoms to eoeeolithophorids, moved aeross the core
positions and, thus, ehanged the relation between total and earbonate-based paleoproduetivity.
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Chapter 5 - High eoneentrations of biogenie barium in marine sediments
around Termination I - A signal of ehanges in produetivity, oeean ehemistry
and deep water cireulation

by J. Klump, D. Hebbelll, alld G. Wefer

Fachbereich Geowissenschaften, Universität Bremen.

Abstract

High concentrations of barium have been found in sediments deposited on the Chilean
continental slope shortly after glacial Termination 1. These barium peaks coincide with
periods of increased productivity, as indicated by independent proxies of paleoproductivity.
However, the increase of the barium accumulation rate is too high to be explained by
increased productivity or changes in the terrigenous supply of barium, leaving the
concentration of dissolved barium in sea-water as the most likely variable causing these
barium peaks. Taking the accumulation rate of biogenic barium and the paleoproductivity, as
reconstructed on the basis of organic carbon accumulation, it was modelled how the
concentration of dissolved barium in the Pacific Ocean has changed in the course of the last
glacial and through the Holocene. This model shows that the barium concentrations in the
Pacific during the last glacial (90 nmol/kg) were lower than today (110 nmol/kg). The highest
dissolved barium concentrations were calculated for two short-term peaks in the Early
Holocene (140 nmol/kg) and in the Middle Holocene (180 nmol/kg). This is in good
agreement with Ba/Ca ratios in planktic foraminifera, as published in the literature. The
Holocene shoaling of the Pacific carbonate compensation depth caused an increased flux of
previously carbonate-bound barium from the sediment to the deep ocean waters, leading to the
observed broad maximum of dissolved barium in the Pacific during the Holocene.
Superimposed short-term changes in the concentration of dissolved barium probably reflect
changes in the influx of Ba-enriched waters exported from the North Atlantic as the
production ofNOlih Atlantic Deep Water resumed after the end ofthe Last Glacial Maximum
(LGM) and after a short interruption during the Younger Dryas.
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5.1. IntroductiOll

The regions of high biologieal productivity in the world's oeean are thought to play an important part in the transfer of earbon from the atmosphere to the sediment through the aetivity of
the 'biologieal pump' (Berger et al., 1989). To quantify past biological productivity various
paleoproductivity indicators have been devised (see e.g. Berger et al., 1989; Elderfield, 1990).
One of them is biogenie barite in marine sediments, whieh has been suggested to be a
potential proxy ofpaleoproductivity (Goldberg and Arrhenius, 1958; Schmitz, 1987). Its main
advantage over other proxies, such as organie carbon, is its high degree of preservation in the
sediment (30 to 60% preservation). However, the biogeochemical framework of biogenie
barite and how it is related to export produetivity are not yet weIl enough understood. Major
problems arise from the remaining uneertainty about the teITigenous contribution towards the
measured barium signal (Dymond et al., 1992; Klump et al., subm. 1999; Nümberg et al.,
1997), and how water depth, bulk sedimentation rate and changes in the dissolved barium
content of the water masses of the oceans influenee the accumu1ation rate of biogenic barite
(Dymond et al., 1992).

Particularly puzzling are the anomalously high biogenie barium concentrations found in sediments deposited just prior to glaeial Terminations I, II, and IV in the Atlantic (HaITis et ai.,
1996; Kasten, 1996; Thomson et ai., subm. 1998) and following Termination I in the Pacifie
(Schwarz et ai., 1996; this paper). Although sometimes assoeiated with productivity peaks,
the biogenic barium peaks are too high to be explained by inereased produetivity. In cores
from oxic sedimentary environments a dose assoeiation of biogenic barium with other productivity indieators makes a diagenetie redistribution of barium unlikely. Inereased Ba/Ca
ratios measured in benthie foraminifera were found to be contemporaneous with the biogenie
barium peaks in the sediment, and are interpreted to. reeord inereased coneentrations of dissolved barium in intermediate and deep waters of the Paeific Oeean (Lea and Boyle, 1990),
whieh eould have resulted in an inereased flux of biogenie barite to the sediment (Dymond et
al., 1992).

To assess the suitability of biogenic barium as a paleoproduetivity indieator, we investigated
whether the anomalously high biogenie barium peaks found around Termination I ean be ex-
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plained by changes in coneentrations of dissolved barium in intermediate and deep waters. To
aehieve this, the barium contents oftwo gravity cores (GIK 17748-2 and GeoB 3375-1) from
the Chilean continental slope were used to calculate the aecumulation rate of biogenie barium.
Preservation eon-eeted biogenie barium Dux rates (Dymond et ai., 1992) were then eompared
with the expOli produetivity ealculated from the organie earbon aeeumulation rate. The
ehanges in the eoneentration of dissolved barium in deep waters of the Southeast Paeific
during the past 30,000 years were reconstructed by using the relationship between dissolved
barium in sea water, and the Dux rates of organic carbon and of biogenie barium (Dymond et

ai., 1992). The resulting changes ean be explained by variations in oeean chemistry and ocean
cireulation. This shows that under eertain conditions biogenic barium might be a good paleoproduetivity indicator.

5.2. Materials and methods
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Figure 5.1: Locations 0/ gravity cores GIK 17748-2
and GeoB 3375-1 and sediment traps CH3-1 and
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the Chilean hinterland geology.

the

Chilean

continental slope during cruise SO102, also with the German R/V
SONNE (Hebbeln et ai., 1995). The
locations of cores GIK 17748-2 and
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Both core sites lie within the regional deep water mass, the Pacific Deep Water. In addition,
sediment trap sampies were collected during the period 22 July 1993 to 18 January 1994
during 20 sampling intervals of9 days each by traps CH3-1 (2300 m) and CH3-2 (3700 m) at
30 0 01.1'S, 73°11.0'W (Fig. 5.1). Further detail regarding the sediment traps may be found in
Hebbeln et al. (in press 1998).

For chemical analysis of the Fe, Al and Ba contents, the freeze-dried and homogenised sampIes were subjected to total acid digestion. The sampie material was weighed directly into
Teflon pressure vessels. The digestion was performed using HN0 3 , HCI0 4 , and HF in a PDS6 pressure system at 180°C over eight hours. Subsequently, the acid was evaporated c10se to
dryness, and the residue was dissolved in HN03 and again digested over eight hours in a PDS6 pressure system. Finally, the solution was decanted into a pre-c1eaned glass flask and filled
to 100 ml with deionised water and then filled into pre-c1eaned polyethylene bottles for cold
storage. The concentrations of Ba, Al, and Fe were measured by inductively coupled plasma
atomic emission spectrometry (ICP-AES). The relative error on repeat measurements is 4%
for Ba, 2.5% for Al, and 2.1 % for Fe. The accuracy was determined by repeated analysis (n =
22) of control standards (USGS Analyzed Marine Mud MAG-I).

The age models for the cores GIK 17748-2 and GeoB 3375-1 are based on AMS_ 14C dates,
oxygen isotope stratigraphy and orbital tuning of sedimentological parameters (Fig. 5.2). Only
the record ofthe last 12,900 years of Core GIK 17748-2 have been used, as the older sections
are strongly affected by resedimentation processes (Lamy et al., 1999; Marchant, 1997). All
ages are given in calendar years. The details on the age model of GIK 17748-2 can be found
in Lamy et al. (1999), the age model of core GeoB 3375-1 is described in Lamy et al. (1998a).

5.3. Results

The amount of biogenic barium in the sediment can be derived from normative ca1culations
by subtracting the estimated terrigenous barium from the measured total barium content
(Dymond et al., 1992). For the Chilean margin Klump et al. (subm. 1999) established a
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Figure 5.2: Time-series records for gravity cores GIK 17748-2 and GeoB
3375-1 (the shaded fields mark the stratigraphical range of the record of
Core GIK 17748-2): (a) stable oxygen isotope data measured on N.
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whether the sedimentary material on the continental slope was derived
mainly from the Coastal Range or from the Andes.
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provenance dependent relationship between the bulk Fe/Al ratio and the terrigenous Ba/Al
ratio in marine sediments, thus allowing to quantify the biogenie barium content from
analysing Fe, Al, and Ba. Following this approach, the Fe contents (GIK 17748-2: 37,300 to
47,300 ppm, GeoB 3375-1: 24,500 to 35,900 ppm, Fig. 5.2b), the Al contents (GIK 17748-2:
61,800 to 81,400 ppm, GeoB 3375-1: 56,000 to 73,500 ppm, Fig. 5.2c), and the Ba contents
(GIK 17748-2: 390 to 1680 ppm, GeoB 3375-1: 542 to 924 ppm, Fig. 5.2d) have been used to
calculate the respective Fe/Al ratios (GIK 17748-2: 0,54 to 0,66, GeoB 3375-1: 0,41 to 0,52,
Fig. 5.2e) and Ba/Al ratios (GIK 17748-2: 0,0050 to 0,0255, GeoB 3375-1: 0,0074 to 0,0168,
Fig. 5.2f). The difference in the Fe/Al and Ba/Al ratios in the two cores are due to differences
in the geochemistry of the main source areas, which are the Andes with high Fe/Al and low
Ba/Al ratios for core GIK 17748-2 and the Coastal Range with low Fe/Al and high Ba/Al
ratios for core GeoB 3375-1 (Klump et al., subm. 1999) (Fig. 5.1). Varying contributions
from these two source areas, induced by climatic changes, and hence variations in weathering
and transport, have resulted in changing Fe/Al and terrigenous Ba/Al ratios through time.
Based on the established relationship between the Fe/Al and the terrigenous Ba/Al ratios, the
biogenie barium content can be determined from the difference between the measured Ba/Al
ratio in the sediments and the reconstructed terrigenous Ba/Al ratio (dashed line in Fig. 5.2e;
GIK 17748-2:

°

to 1455 ppm, GeoB 3375-1:

°

to 546 ppm, Fig. 5.2g). Besides the extremely

high biogenie barium contents in the Holocene, there are no extreme values, but a rather
systematic variation between the maximum and minimum values. The data of Klump et al.
(subm. 1999) show that in the given framework of Chilean hinterland geochemistry changes
of sediment provenance cannot account for the increased barium flux during the Holocene.
The CoriBabio ratio of the sediment trap material was calculated for each trap from the sum of
Corg and Babio contents of all twenty sampling cups (Klump, unpublished data). The biogenic
barium component was derived from normative calculations using a terrigenous Ba/Al ratio of
0.0060 (Klump et al., subm. 1999). The resulting CoriBabio ratios are 62 for trap CH3-1 and 51
for trap CH3-2.

The

complete

set

of

data
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be

found

http://www.pangaea.de/Projects/GeoB/JKlump).

111

the

'Pangaea'

database
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5.4. DisClissioll

5.4.1. Biogenie barium as a proxy 0/ bioiogicai productivity in the ocean

Goldberg and Arrhenius (1958) were the first to point out a possible link: between high
productivity in the surface waters and the accumulation of barium in the sediments below.
Dehairs et ai. (1980) identified biogenic barite (BaS04) to be the carrier of this signal. Until
today the exact mechanism of formation of biogenic barite remains unc1ear. The proposed
models follow two different lines ofthought. Some authors interpret the barium enrichment in
decaying organic matter to be caused by biotic processes, i.e. organisms enriching barium in
their skeletons, like acantharians (Bernstein et ai., 1992; Bernstein et ai., 1998),
xenophyphores (Gooday and Nott, 1982), and filamentous blue-green algae (Gayral and
Fresnel, 1979). Other authors interpret the formation of biogenic barite as an abiotic process.
In their model the sulphate of decaying proteins in organic aggregates, such as faecal pellets,
and dissolved barium in sea-water combine and precipitate to form at first amorphous
aggregates of barium sulphate within oxic microenvironments. The barium sulphate
aggregates then recrystallise to barite and grow further on their way through the water column
(Dehairs et ai., 1980; Gingeie and Dahmke, 1994; Stroobants et ai., 1991).

The effect of water depth on the biogenic barium flux is indicated by sediment trap data from
various parts of the world ocean (Dymond et ai., 1992) as well as from our study area (this
paper), which show a decrease of the Cer/Ba ratio in the partic1e flux with water depth (Fig.
5.3b). The linear increase of biogenic barium contents with water depth, found in surface
sediments from the Chilean continental slope (Klump et ai., subm. 1999) shows that the
decreasing Cer/Ba ratio reflects increasing barium contents rather than continuing organic
matter degradation. These results also show that biogenic barium is found mainly in sediments
from water depths greater than 1000 m, both along the Namibian (von Breymann et ai., 1992)
and Chilean margins (Klump et ai., subm. 1999), which indicates that the crystallisation of
marine barite happens mainly below the oxygen minimum zone. The linear increase of
biogenic barium with water depth below the oxygen minimum zone makes it unlikely that
biogenic barite should be formed primarily by organisms in surface waters. It also rules out a
significant role of benthic organisms in the production of biogenie barite. Together these
observations support the model of an abiotic process in the formation of marine barite. In this
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ease the coneentration of dissolved barium in sea water may influenee the formation of
biogenie barite (Dymond et al., 1992; Martin and Lea, 1998). However, without organic
matter from export produetivity marine barite will not be formed. Therefore, the barium in
marine barite related to paleoproduetivity will be refened to as 'biogenie barium', regardless
ofthe details ofthe formation proeess.
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Figure 5.3: (a) Depth profile of dissolved barium in
the equatorial Pacific (GEOSECS, 1987), Sta. 204).
The concentration 0/ dissolved barium follows a
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Corg/Ba ratios 0/ particulate matter in sediment
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the North Pacific follows the increasing
concentration 0/ nutrients (and barium) along the
flow path 0/ the deep water masses. The trap data
tor the North Atlantic, the California current and
the Equatorial Pacific are taken from (Dymond et
al., 1992). The exponential fits have been /orced
through a Corg/Ba value 0/200 at a water depth of
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into the Southem Ocean and then
further into the South Paeifie and
North Paeific (Chan et al., 1977;
Chan et al., 1976; GEOSECS, 1987).
Sediment trap data published by
Dymond et al. (1992) and in this
paper show that today the deerease of
the Cor/Ba ratio in settling particles
with water depth is greater in the
Pacifie than in the Atlantie (Fig.
5.3b). Therefore, the barium uptake
through the deeay processes inside
organie aggregates may be dependent
on the barium eontent of the water
through

whieh

the

deeomposing

biogenie debris settles (Dymond et
al., 1992; Martin and Lea, 1998).
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5.4.2. Changes in the concentration ofbarium in sea-water

To assess past changes in the concentration of barium in sea-water we use an indirect
approach. Dymond et ai. (1992) developed an algorithm (equation 5.1) which links the flux of
biogenic barium and the concentration of dissolved barium in sea-water to (paleo) export
productivity:

P (F
=

SII

uw

•

0.171·Ba 2218 'Z0.476-0000478 SIIJI.504
2056
o

(5.1)

where P llew is the expOli productivity (gC m· 2 a· 1), F Bu is the flux of biogenic barium
(l-tg cm·2 a· 1), which is the accumulation rate ofbiogenic barium corrected for the preservation
effect depending on the sedimentation rate (see Dymond et ai., 1992) (Fig. 5Ac), Ba is the
concentration ofbarium in sea-water (nmol/kg), and z is the water depth (m).

This formula can be used to assess variations in the concentration of dissolved Ba, assuming
the paleoproductivity and the biogenie barium flux rate are known. Following the formula of
Müller and Suess (1979) the paleoproductivity record of the two cores studied has been
determined for the last 117,000 years (Klump et ai., in prep. 1999a). For the period considered
here the paleoproductivity was highest at around 30,000 cal. yrs. B.P. and during the Early
and Middle Holocene and lowest during the LGM and the Late Holocene (Fig. 5Aa)

Using the formula of Eppley and Peterson (1979) (equation 5.2) the paleoproductivity (P)
taken from Klump et ai. (in prep. 1999a) can be converted to paleo export productivity (Pllew ):

P

lIew

p2
=-

400

(5.2)

Assuming the export productivity P llew (Fig. 5Aa), derived from the reconstructed primary
production (Klump et ai., in prep. 1999a), the biogenie barium flux (Fig. 5Ab), and the water
depth are know, equation (5.1) can be solved for the concentration of barium in sea-water.
However, as the outcome of this operation the term Ba is found both as a base and as an
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exponent. This is a transcendental equation which can only be solved by iteration. The
equation was solved using a commercial software package (Mathematica TM).
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Figure 5.4: Reconstructed time series datafor gravity cores GIK 17748-2 and GeoB 33751 (the shaded fields mark the stratigraphical range of the record of Core GIK 17748-2):
(a) Export productivity calculated according to (Eppley and Peterson, 1979) from primary
productivity (Klump et al., in prep. 1999a), (b) Biogenic barium flux rate calculated
according to Dymond et ai. (1992), (c) Ba/Ca ratio measured in benthic forams from the
equatorial Pacific and Atlantic (Lea and Boyle, 1990), and (d) Changes in the
concentration of dissolved barium in sea-water in the Southeast Pacific derived from
geochemical modelling. Bold fines in (c) and (d) are 4th degree polynomial fits to the data
points.
The results of solving equation 5.1 for barium in sea-water show that the concentration of
dissolved barium in the Southeast Pacific was around 90 nmol/kg at around 30,000 ca!. yrs.
B.P. and then decreased to 85 nmol/kg during the LGM (Fig. 5.4d). The dissolved barium
concentration increased sharply after the end of the LGM to the end of the Younger Dryas to
140 nmollkg. Then it decreased slightly to 130 nmollkg around 9,000 ca!. yrs. B.P. The
highest dissolved barium concentrations were calculated for the Middle Holocene, around
5,000 ca!. yrs. B.P. (180 nmol/kg), after which they decreased to 130 nmol/kg at the core top,
which is dose to the present-day value of 110 nmollkg (GEOSECS, 1987).

Paleoceanographic modelling (Lea and Boyle, 1990; Rutsch, 1996) and Ba/Ca ratios in
benthic foraminifera (Lea and Boyle, 1990) have shown that the concentration of barium in
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sea-water has changed through time. In accordance with the data presented in Fig. 5.4d,
benthic Ba/Ca ratios showed that the concentration of barium in sea-water increased in the
Pacific after the LGM, while it decreased in the NOlihwest Atlantic (Lea and Boyle, 1990)
(Fig. 5Ac).

5.4.3. Effects

0/ changes in ocean chemistry and global ocean circulation

The changes in the concentration of dissolved barium in sea-water of the Southeast Pacific, as
shown by our geochemical model, occur on two different time scales: short-term peaks of
dissolved barium are found superimposed on a broad increase of dissolved barium from the
end of the LGM to the Middle Holocene, followed by a decrease of dissolved barium
concentrations during the Late Holocene (Fig. 5.4d). While the short duration and timing of
the superimposed barium peaks right after the end of the LGM and after the Younger Dryas
points towards changes in the global ocean circulation, the underlying broad barium
maximum found throughout the Holocene cannot be explained by similar circulation changes.

Recent data from measurements on benthic flux chambers by McManus et al. (1999) on
sediments from the equatorial Pacific and from the Califomian margin showed that there is a
constant ratio of barium over alkalinity in the remineralisation flux from the sediment to the
deep ocean. Since biogenic marine carbonate is the major source of alkalinity in the ocean,
these results show that the biogeochemical cyc1e of barium and the carbonate system are
linked (McManus et al., 1999). Although the amount ofbarium that may be accommodated in
the crystal lattice of calcite or aragonite is rather small (max. 200 ppm; Church, 1970), the
large amounts of biogenic carbonate raining to the ocean-floor can transfer significant
amounts of barium from the surface ocean to greater depths. This could explain the nutrientlike distribution of barium in the ocean, as surface waters would become depleted of barium
by its incorporation into biogenic carbonate, and its release to the deeper waters by carbonate
dissolution, thereby increasing the barium concentrations of deep and intermediate waters.
Here, in deep and intermediate waters, dissolved barium becomes available to be combined
with sulphate ions in aggregates of decaying organic matter, precipitating as barium sulphate
and crystallising to biogenic barite.
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Due to the coupled Ba/alkalinity remineralisation flux, changes in the carbonate system,
which occur on Milankovitch time-scales (Archer, 1991 a; Farrell and Prell, 1989), would
profoundly affect the biogeochemical cyc1e of barium in the ocean. Deepening of the
carbonate compensation depth (CCD) in the Pacific at the onset of the last glacial increased
the amount of preserved biogenic carbonate, decreasing the carbonate dissolution driven flux
ofbarium from the sediment to the deep waters ofthe Pacific. Shoaling ofthe CCD during the
Holocene greatly increased the flux of barium from the sediment by additionally dissolving
carbonate from shallower depths. This model would explain the broad maximum of dissolved
barium found in the Holocene sediments from the Chilean continental slope (Fig. 5.4d). The
continuous decrease until today is in accordance with the results of McManus et al. (1999),
who showed that in the equatorial Pacific the system has not yet retumed to equilibrium
conditions.

Short-teml peaks in the flux of biogenic barite to the sediment, which are probably due to
increased concentrations of dissolved barium in the deep waters, are found at, or immediately
prior to, glacial terminations in the subtropical and equatorial Atlantic (Kasten, 1996;
Matthewson et al., 1995; Thomson et al., subm. 1998), whereas in the Pacific barium peaks
were found right after the end ofthe LGM and Younger Dryas (Fig. 5.4e).

A possible explanation for these barium peaks observed in the Atlantic and the Pacific may be
changes of the global ocean 'conveyor belt' which facilitates the exchange of water between
the oceans (Broecker, 1998; Gordon, 1986), and in changes ofthe concentration of dissolved
barium in North Atlantic Deep Water (NADW) (Martin and Lea, 1998). The slowdown ofthe
North Atlantic thermohaline circulation lead to an increase of nutrient levels and also of
dissolved barium in the deep North Atlantic (Lea and Boyle, 1990; Martin and Lea, 1998)
probably resulting in the observed barium peaks in Atlantic sediments. With the resumption of
NADW export from the North Atlantic after the LGM NADW with unusually high barium
concentrations enters the Southem Ocean. The water masses being exported from the
Southem Ocean to the Pacific then had high concentrations ofbarium (Fig. 5.4c). During the
Younger Dryas the production of NADW decreased again and less water with high barium
concentrations entered the Southem Ocean. The resumption of NADW production after the
Younger Dryas again brought water masses with elevated barium concentrations into the
Pacific, producing the barium peak found after the Younger Dryas (Fig. 5.4d).
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5.5. COllclusiollS

Geochemical analysis of particulate material from sediment traps and from surface sediments
show evidence in support of an abiotic process goveming the flux of biogenic barium to the
sediment. The flux rate of biogenic barium depends on export productivity, water depth, and
on the concentration of dissolved barium in the water column, whereas the input of
terrigenous barium depends on the geochemistry of the sediment source rock and sums up to
the total barium flux. The combined record of two cores from the Chilean continental slope
shows that the flux of biogenic barium to continental slope sediments found in the Holocene
section of the record is by far too high to be explained by increased productivity or increased
input ofterrigenous barium. This points to changes in the chemistry ofthe water masses ofthe
Southeast Pacific.

The results of modelling the concentration of dissolved barium in sea-water from export
productivity and from the flux rate of biogenic barium showed that barium concentrations in
the Southeast Pacific were lower during the last glacial than they are today. After reaching
minimum concentrations during the LGM, the concentration of barium in the Pacific
increased throughout the Early and Middle Holocene. Superimposed on this general increase
are short-term peaks following the end of the LGM, and the end of the Younger Dryas.
Through the Late Holocene barium concentrations declined, but were still higher than glacial
values.

Shoaling of the Pacific CCD during the Holocene lead to an increased flux of alkalinity from
the sediment into the deep waters of the Pacific. Because of the constant ratio of Ba:alkalinity
found in the remineralisation flux from the sediment this indicates an increased flux of
previously carbonate-bound barium from the sediment into the deep waters of the Pacific
during the Holocene.

The superimposed short-term changes in the concentration of dissolved barium in the Pacific
were caused by changes in the rate of production of North Atlantic Deep Water (NADW).
During times of low NADW production during the LGM and the Younger Dryas water with
low barium concentrations entered the Pacific from the Southem Ocean. With the onset of
increased NADW production waters with high barium concentration were exported from the
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NOlih Atlantic through the Southem Ocean into the Paeifie. This model agrees weIl with the
Ba/Ca ratios in benthie foraminifera from the equatorial Pacific and with the results of
biogeoehemieal oeean models.

The eoneentration of dissolved barium in Paeifie deep and intermediate waters was markedly
higher during the Holocene than during the last glacial period. This was caused mainly by
carbonate dissolution but also by increased barium supply from Atlantic waters. Through
these processes, more barium was available to be used in the fOlmation of biogenie barium in
the water column off northem and central Chile. The resulting biogenic barium flux signal
inereased out ofproportion ofthe mid-Holocene productivity maximum. These changes in the
biogeochmical cyele of barium in the oeean have to be kept in mind when assessing the
suitability of barium as a paleoproductivity proxy. Knowing the eoncentration of dissolved
barium in intermediate and deep waters, which can be derived from Ba/Ca measurements on
benthic foraminifera, and knowing the content of the terrigenous background barium in the
sediment, which can be determined from stream sediment and surface sediment analyses,
biogenic barium in deep sea sediments has a great potential as a paleoproductivity indieator.
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Chapter 6 - Conclusions

Starting from the original objective of this project to reconstruct the Late Quaternary
paleoproductivity in the southern Peru-Chile Current, Chapter 1 provided the background
infonnation used to tackle this problem. Due to the uncertainties associated with biogenic
barium as a paleoproductivity proxy a number of questions arose. The answers to these
questions were discussed in the manuscripts which make up this thesis and the conclusions
will be summarised in this chapter.

6.1 Reconstructing paleoproductivity from biogenie barium

Even though the association of barium in the sediment with regions of high biological
productivity in the ocean has been known for some time (Dehairs et al., 1980; Goldberg and
Arrhenius, 1958; Schmitz, 1987), quantifying paleoproductivity from biogenic barium turned
out to be more difficult than expected. Following the suggestion to measure biogenic barite,
the carrier phase of the productivity signal, directly (Dehairs et al., 1980; Dymond et al.,
1992) it was tested whether this method could be applied to our sampies from the Chilean
continental slope. However, the terrigenous input diluted the biogenic barite signal to such an
extent that biogenic barite could not be detected quantitatively. Therefore, the biogenic
barium component had to be derived from normative calculations (Dehairs et al., 1980;
Dyrnond, 1981; Dymond et al., 1984; Leinen and Pisias, 1984). Since detrital aluminosilicates
are the major carrier of terrigenous barium, the measured total barium signal has to be
corrected for the terrigenous barium input. To be able to do so an accurate knowledge of the
terrigenous BaiAl ratio is required. With no other data available, most authors used the
'average' crustal BaiAl ratio proposed by Dymond et al. (1992), and only few studies report a
regional estimates of this ratio from marine sediments (Dean et al., 1997; Nümberg et al.,
1997). However, if the terrigenous component exceeds 50 wt% an inaccurate estimate of the
terrigenous BaiAl ratio will introduce a significant error in any normative calculation of the
biogenic Ba fraction (Dymond et al., 1992). Chapter 3 reports the regional terrigenous Ba/Al
ratios that were measured in stream sediments of the rivers Rio Bio-Bio (35°S) and Rio
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Aconcagua (27°S). Also in Chapter 3, a method is shown to estimate the terrigenous Ba/Al
ratio from exponential regression of the Ba/Al ratios measured in surface sediments from
continental slope transects. Based on the biogenic barium contents in surface sediment
sampies it could be shown that the amount of biogenie barium in the sediment increases
linearly with depth (Chapter 3). Linear regression of biogenic barium content in sediment
surface sampies from continental slope transects plotted against depth show x-axis intercepts
at a depth approximating the base of the oxygen minimum zone along the Chilean margin.
These two characteristics, the linear increase with depth and the depth of zero biogenic
barium, strongly favour models of an abiotic formation of biogenic barite inside aggregates of
decaying organic matter (cf. section 1.5).

Having derived the actual regional Ba/Al ratio of the telTigenous material the question has to
be asked whether this ratio varies with changes of sediment provenance. The bimodal
distribution of geochemical characteristics of the sediments on the Chilean continental slope
can be used to devise a simple two-component mixing model, in which the Andes and the
Coastal Range constitute the two end-members. The contribution of these two sources
depends on the regional precipitation patterns that control erosion and transport on the
continent. Changes of sediment provenance, as indicated by changes in the Fe/Al ratio of the
bulk sediment, did result in changes of the terrigenous Ba/Al ratio. These paleo-ratios could
be derived from the geochemical model in Chapter 3. Using the bulk Fe/Al ratio of the
sediment as indicator of sediment provenance, and using i11ite crystallinity as an indicator of
the weathering regime in the Coastal Range, the spatial and time-scale of Late Quaternary
climate change in Chile could be reconstructed (Chapter 2). It turned out that the most
important factor, governing a11 climate dependent processes along the Chilean margin, is the
position of the Southern Westerlies, which determines the regional wind field (i.e. upwe11ing)
and precipitation (i.e. erosion).

Even though the biogeochemical framework of the barium flux to the sediments of the
Chilean continental slope is now much better understood than before the anomalous barium
peaks found in the Holocene section of a11 three cores used in this study need to be explained.
As discussed in Chapter 5, these barium peaks are too high to be caused by increased
productivity, when compared to the paleoproductivities given by organic carbon and biogenie
carbonate (Chapter 4). They are also not of diagenetic origin, and cannot be explained by
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changes in sediment provenance to a source rock with higher Ba/Al ratios (Chapter 3). Lea
and Boyle (1990) showed that Ba/Ca ratios in benthic foraminifera from the equatorial Pacific
increased since the end of the LGM. This is highly indicative of an increasing concentration
of dissolved barium in the deep waters ofthe Pacific. Since the flux rate ofbiogenic barium to
the sediment is also a function of the concentration of dissolved barium in sea water (Dymond
et al., 1992), the observed high flux rates of biogenic barium to the sediment, in excess of

what would be expected to be the result of the mid-Holocene productivity maximum, can be
explained by increased concentrations ofbarium dissolved in sea water.

So far two pools of barium, that are thought to govem the flux of biogenic barium to the
sediment in the ocean, have been discussed in the literature: particulate biogenic barite, and
dissolved barium in sea water. Recent work by McManus et al. (1999) pointed towards a third
pool of barium that, until now, had been disregarded as being of minor importance: barium
bound in biogenic carbonate. Measurements in benthic lander flux chambers, done on
sediments ofthe equatorial Pacific and ofthe Califomian margin, showed that in the flux from
the sediment to the deep water the barium/alkalinity ratio is fixed. Since carbonate dissolution
is the source of 95% of alkalinity in the ocean they concluded that the there must be a link
between the biogeochemical cyc1e of barium and the marine carbonate system. Even though
the amount of barium that can be incorporated into the crystallattice of calcite or aragonite is
fairly small (max. 200 ppm, Church, 1970), the great amounts ofbiogenic carbonate produced
in the ocean provide a substantial sink for barium. The results in Chapter 5 show that the
increase of dissolved barium in the Pacific is coeval with the Holocene shoaling of the CCD.
The increased carbonate dissolution in the Pacific during the Holocene tapped this enorrnous
reservoir and released great amounts of previously carbonate-bound barium into the deep
waters of the Pacific, providing enough dissolved barium to greatly increase the flux rate of
biogenic barite to the sediment.

Superimposed on this broad increase of the concentration of dissolved barium in sea water are
short-term peaks. These follow onto the end of the LGM and after the end of the Younger
Dryas. Paleoceanographic modelling (Lea and Boyle, 1990; Rutsch, 1996) showed that
changes in the global thermohaline circulation can result in changes of the barium
concentration in the ocean. It is currently understood that the formation of North Atlantic
Deep-Water (NADW) was substantially reduced during the last glacial and maybe even
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ceased during the LGM and during the Yolmger Dryas (Broecker, 1998). This lead to the
fonnation ofbarium-emiched deep-water masses in the North Atlantic (Martin and Lea, 1998)
which were flushed into the Southem Ocean and then expOlied to the Pacific when NADW
production resumed after the end of the LGM and after the Younger Dryas cold-reversal. The
short pulses of water with elevated barium concentrations entering Pacific resulted in shorttem1 increases ofthe biogenic barium flux.

The results presented in this thesis show that biogenic barite may serve as a paleoproductivity
proxy if the following background information is available:

(1) The regional terrigenous Ba/Al ratio has to be known to be able to ca1culate the biogenic
contribution of barium to the measured total barium content of the sediment (Chapter 3).
This ratio can be influenced by Late Quatemary climate change (Chapters 2 and 3).
(2) The concentration of dissolved barium in the water column has to be derived either from
Ba/Ca ratios ofbenthic foraminifera (Chapter 5).
(3) The exact relationship of biogenic barium flux to export productivity, water depth, and
dissolved barium in sea water has to be established in future work.

6.2. Late Quaternary produ ctivity variations in the Peru-Chile Current

The accumulation rate of biogenic barium can be compared with the results given by the
accumu1ation rates of organic carbon and of biogenic carbonate to assess its suitability as a
proxy of paleoproductivity (Fig. 6.1). The combination of three independent paleoproductivity
proxies shows that in this case the paleoproductivity can be reliably ca1culated from organic
carbon using the fonnula of Müller and Suess (1979). Biogenic carbonate cou1d be used to
assess the relative contribution of carbonate-shell secreting organisms to the total
productivity. This information helps to gauge variations in the size and productivity of the
local upwelling cell through time. The results from biogenic barite accumulation in general
agree with the results of the paleoproductivity ca1culations on the basis of organic carbon.
However, biogenic barite could only be used as a quantitative proxy of paleoproductivity after
investigating its biogeochemical framework in the Peru-Chile Current.
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Figure 6.1. Comparison 0/ the Late Quaternary accumulation rates 0/ (a)
biogenic barium with (b) paleoproductivities reconstructed /rom organic
carbon and biogenic carbonate. Productivity maxima are /ound during
precession minima (c). Carbonate-based productivities are highest during
periods 0/ low total productivity. Shown are the combined records 0/ GIK
17748-2 and GeoB 3375-1 (see Chapter 5). To give a better resolution 0/
the accumulation rate 0/ biogenic barium in core GeoB 3375-1, the record
is superimposed as a dashed fine on Figure 6.1 a. The precession index in
Figure 6.1 c is after Berger (1978).
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While orgamc carbon accumulation reflects the total productivity, biogenic carbonate
accumulation is only representative of the productivity of carbonate-shell secreting organisms.
Since upwelling cells remain fixed in their positions over time, but vary in their spatial extent
and always show the same phytoplankton zonation from a diatom-dominated centre to the
coccolithophorid-dominated filament zone (Abbott et al., 1997; Armstrong et al., 1987;
Blasco et al., 1980; Richert, 1975), the changes in the relative contribution of carbonate-shell
secreting organisms to the total productivity can be used to gauge the spatial extent of the
upwelling cell at the position of the sediment core (Mortyn and Thunell, 1997). In Chapter 4
organic carbon and biogenic carbonate were used as independent proxies of paleoproductivity.
The changes in the relative contribution of carbonate-shell secreting organisms to the total
productivity indicate how the biozones of the upwelling cell shifted across the sampled core
position as the upwelling cell expanded and contracted with changes in upwelling intensity.

The results from three gravity cores from the Chilean continental slope (GeoB 3302-1 at 33°S,
GeoB 3375-1 at 27.5°S, and GIK 17748-2 at 33°S) showed that the paleoproductivity in the
Peru-Chile Current during the last glacial shows regional variability on the scale of individual
upwelling cells. In general, the paleoproductivity in the southern Peru-Chile Current during
the last glacial followed the precessional cycle with productivity maxima during precession
minima. The lowest paleoproductivities were found during the Last Glacial Maximum. The
productivity increased during the early Holocene. Off central Chile it reached another
maximum during the middle Holocene. The productivity variations follow the changes in the
regional atmospheric circulation pattern, which is mainly determined by the position of the
Southern Westerlies (Chapters 2 and 4).

6.3. Future research

Working with biogenic barium showed that it may serve as a paleoproductivity proxy.
However, the biogeochemistry of barium in the ocean is still not weIl enough understood.
Further work with material from sediment traps and surface sediments from the Southeast
Pacific and from other ocean basins is needed to better understand the behaviour ofbarium in
the ocean. In particular, this future data must be used to umavel the relationship between
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expOli productivity, water depth, and the concentration of dissolved barium in sea-water. To
improve calculations which use the accumulation rate of biogenic barite, efforts have to be
made to derive exact mass accumulation rates for the surface samples and sediment cores, e.g.
by using 230Thex corrections or other suitable dating techniques. Recently ash layers have been
identified in cores from the Chilean continental slope. These could be analysed and dated to
serve as stratigraphie marker horizons.

More Ba/Ca ratios in both benthic and planktic foraminifera have to be measured to gain a
better understanding of how dissolved barium in sea water influences biogenie barite
accumulation rates and how the paleochemistry of barium in the ocean has changed in the
recent geological past. It will be of particular importance to gain further information on how
changes in the marine carbonate system and how changes in the marine carbonate system
affected the biogeochemical cycle ofbarium in the ocean.

It could be shown that any paleoproductivity information gained from sediment sampies is

only representative of the upwelling cell at the core location. More sediment cores from the
Chilean continental margin have to be investigated and additional ones need to be retrieved in
future expeditions to allow us to map the development of the paleoproductivity in the entire
upwelling system and its regional divisions. Any future expedition should also include an 'onshore leg' to collect stream sediments, both from near the estuary and from further upstream
beyond the Coastal Range, to obtain more information about the hinterland geochemistry and
how it is sampled by rivers.

A foreseeable complication in regions of the East Pacific Rise, and possibly in some locations
on the South American continental margin, will be barite precipitated from white smokers and
cold seeps, respectively. This hydrothermal barite may possibly be distinguishable from
biogenie barite by differences in the isotopic composition of its barium and sulphur
components.

As postulated by Paytan et al. (1993), biogenic barite could be used to measure the isotopic
composition of strontium in the paleo-ocean, which holds information about climate,
tectonics, weathering and hydrothermal activity at ocean ridges .
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