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implications

Frank Lamy *, Dierk Hebbeln, Gerold Wefer

Fachbereich Geowissenschaften, Universitdt Bremen, Postfach 33 04 40, D-28334 Bremen, Germany
Received 4 November 1997; accepted 23 January 1998

Abstract

The palaeoclimatic conditions during the Last Glacial Maximum (LGM) of southern South America and especially
latitudinal shifts of the southern westerly wind belt are still discussed controversially. Longer palaeoclimatic records
covering the Late Quaternary are rare. A particularly sensitive area to Late Quaternary climatic changes is the Norte
Chico, northern Chile, because of its extreme climatic gradients. Small shifts of the present climatic zonation could cause
significant variations of the terrestrial sedimentary environment which would be recorded in marine terrigenous sediments.
To unveil the history of shifting climatic zones in northern Chile, we present a sedimentological study of a marine sediment
core (GeoB 3375-1) from the continental slope off the Norte Chico (27.5°S). Sedimentological investigations include bulk-
and silt grain-size determinations by sieving, Atterberg separation, and detailed SediGraph analyses. Additionally, clay
mineralogical parameters were obtained by X-ray diffraction methods. The *C-dated core, covering the time span from
approximately 10,000 to 120,000 cal. yr B.P., consists of hemipelagic sediments. Terrigenous sedimentological parameters
reveal a strong cyclicity, which is interpreted in terms of variations of sediment provenance, modifications of the terrestrial
weathering regimes, and modes of sediment input to the ocean. These interpretations imply cyclic variations between
comparatively arid climates and more humid conditions with seasonal precipitation for northern Chile (27.5°S) through
the Late Quaternary. The cyclicity of the terrigenous sediment parameters is strongly dominated by precessional cycles.
For the palaeoclimatic signal, this means that more humid conditions coincide with maxima of the precession index,
as e.g. during the LGM. Higher seasonal precipitation for this part of Chile is most likely derived from frontal winter
rain of the Southern Westetlies. Thus, the data presented here favour not only an equatorward shift of this atmospheric
circulation system during the LGM, but also precession-controlled latitudinal movements throughout the Late Quaternary.
Precessional forcing of latitudinal movements of the westerly atmospheric circulation system may be conceivable through
teleconnections to the Northern Hemisphere monsoonal system in the Atlantic Ocean region. © 1998 Elsevier Science
B.V. All rights reserved.
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1. Introduction

Palacoclimatic records from southern South
America and the adjacent Southeast Pacific are rare.
Existing reconstructions include exclusively conti-
nental records which are primarily based on paly-
nological data from central to southern Chile and
Argentina (e.g. Heusser, 1990; Markgraf et al., 1992;
Villagran, 1993). Additionally, glaciological (review
in Clapperton, 1993), limnological (e.g. Grosjean et
al.,, 1995) as well as geomorphological and pedo-
logical studies (e.g. Veit, 1996) have been car-
ried out in order to reconstruct the palaeoclimatic
evolution, basically since the Last Glacial Maxi-
mum (LGM). Longer palacoclimatic time-series (e.g.
Heusser, 1984; Clapperton et al., 1995; Lowell et al.,
1995) are rare and the age control of continental
records is often problematic.

During the LGM, latitudinal shifts of the South
American atmospheric circulation systems, espe-
cially of the Southern Westerlies, were proposed.
However, it is still being discussed whether the lat-
itudinal shift was equatorward (e.g. Heusser, 1989)
or poleward (Markgraf, 1989). More recently, mod-
elling studies for the LGM palaeoclimate of Patago-
nia (Hulton et al., 1994) and glacier fluctuations in
southernmost Chile (Clapperton et al., 1995) support
a moderate northward shift of the Westerlies.

In this paper we present a marine palaeocli-
matic data set, comprising the last 120,000 years,
as recorded in terrigenous sediments on the conti-
nental slope off the Norte Chico, northern Chile.
This region is particularly suitable to study Late
Quaternary climatic changes, due to the extreme
modern climatic gradients at the southern boundary
of the Atacama desert (Miller, 1976). Thus, small
shifts of the present atmospheric circulation systems
could cause significant climatic changes and modi-
fications of the terrestrial sedimentary environment,
which may alter the terrigenous sediment input to
the ocean and, thus, to the core position.

Due to robust and high resolution age-control,
our palaeoclimatic record provides the opportunity
to investigate climatic changes of southern South
America throughout the Late Quaternary. Particu-
larly latitudinal movements of the Southern West-
erlies are recorded and insight into cyclicity and
forcing of these movements is given.

2. Study area

The analysed sediment core GeoB 3375-1 was
taken from the continental slope off the Norte Chico,
northern Chile at approximately 27.5°S (Fig. 1A).
This area is characterized by an extremely narrow
shelf, only 10 to 15 km wide on average, and a
deep, only partially sediment-filled trench reaching
maximal water depths of 7000 m (Scholl et al.,
1970). The continental slope is generally steep, with
maximum inclinations of 10° to 15° in the lower
part. The middle part is less inclined and often
comprises structural terraces or troughs which form
sediment traps (Scholl et al., 1970). At 27.5°S two
terrace-shaped sectors occur, one at water depths of
1900 to 2100 m and the second at 2400 to 2600 m
(shipboard Parasound data). Core GeoB 3375-1 was
taken near the landward edge of the first terrace.

The oceanographic setting is characterized by two
equatorward flowing surface currents: the Humboldt
Current (HC, Fig. 1A) and the Chile Coastal Cur-
rent (CCC, Fig. 1A). The HC, which originates
from the Antarctic Circumpolar Current, transports
Subantarctic Surface Water northward and is lo-
cated 100-300 km offshore (Strub et al., 1998). The
poleward flowing Peru-Chile Countercurrent (PCC,
Fig. 1A) separates the HC and CCC. The CCC is
more variable, consists of a narrow band of com-
paratively low-salinity water from the South Chilean
fjord region, and is part of the coastal upwelling
system (Strub et al., 1998). The most important sub-
surface current is the Gunther Undercurrent (GUC,
Fig. 1A), transporting Equatorial Subsurface Water
poleward, and is located primarily over the continen-
tal slope and outer shelf (Strub et al., 1998). The
GUC reaches maximal velocities of up to 25 cm/s
between 150 and 300 m water depth (Johnson et
al., 1980; Shaffer et al., 1995). Antarctic Interme-
diate Water flows equatorward below 400 to 600 m
water depth. It is underlain by sluggish poleward
flowing Pacific Deep Water. The deepest parts of
the Peru—Chile trench are filled with equatorward
flowing Antarctic Bottom Water (Ingle et al., 1980).

The main morphological and geological features
of the continental hinterland are the Coastal Range
and the Andes (Fig. 1B). The Coastal Range rises
rather abruptly from the coast to elevations of 2000
to 2500 m. It consists primarily of Mesozoic in-
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termediate calc-alkaline plutonitic rocks and subor-

dinately of metamorphics and basaltic to andesitic
volcanics (Fig. 1B; Zeil, 1986; Thornburg and Kulm,

1987b). A major tectonic discontinuity divides the
Andes in two segments (Fig. 1B). North of 27.5°S
products of the Plio—Quaternary volcanism, includ-

e Ls . ‘-"_u‘.: : .

Fig. 1. (A) Map of the study area with location of core GeoB 3375-1 and principal oceanographic features (after Strub et al., 1998).
Distribution of Quaternary volcanism and forearc alluvial basins (after Thornburg and Kulm, 1987b), continental hydrology and climatic
zonation (after Heusser, 1984). (B) Geological map of Chile between 25°S and 30°S (after Zeil, 1986 and Thornburg and Kulm, 1987b).

ing andesitic rocks and tephra overlying pre-Pliocene
thyolitic to andesitic ignimbrites, dominate the geol-
ogy of the Andes (Zeil, 1986). In this area a longi-
tudinal depression zone, marked by alluvial forearc
basins which trap most of the sedimentary debris
originating from the Andes, separates the Coastal
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Range from the Andes (Zeil, 1986). South of 27.5°S
Plio—Quaternary volcanism as well as alluvial fore-
arc basins are absent, possibly due to a low-angle
dipping subduction zone in this region (Jordan et
al., 1983). The geological features of this southern
Andean segment are characterized by pre-Pliocene
volcanics which are similar to those of the north-
ern segment, outcrops of Mesozoic plutonites and
metamorphic basement, as well as sedimentary rocks
(Zeil, 1986).

The modern climate of the region adjacent to the
core position (Fig. 1A) is hyper-arid with precip-
itation values of <50 mm/a north of 27°S. Here
begins the Atacama desert as part of the South
American arid diagonal zone (Garleff et al., 1991).
To the south annual precipitation increases slightly
due to occasional passages of frontal systems of the
Southern Westerlies (Miller, 1976), and episodic pre-
cipitation events occurring in this area in El Nifio
years (Veit, 1992). Only south of 31°S does the
amount of winter rain increase significantly and a
semiarid—-mediterranean type climate is developed
(Miller, 1976).

Transversal river valleys in the Coastal Range
are nearly absent north of 27°S. The continental hy-
drology of this area is characterized by dry valleys
with only sporadic water runoff (Abele, 1989). Fur-
ther south perennial rivers originating in the Andean
Cordillera generally cut through the Coastal Range
(Weischet, 1970) but fluviatile discharge values are
very low (Milliman et al., 1995). Even the Copiapo,
a major river reaching the ocean close to our core
location, presently does not supply significant dis-
charges (0.07 km®/a; Milliman et al., 1995). Due to
these climatic and hydrologic conditions the modern
sediment input to the continental slope in the area of
27°S can be attributed primarily to aeolian processes
and/or episodic rapid sediment input after continen-
tal floodings in relation to El Nifio events (Lamy et
al., submitted).

3. Material and methods

Gravity core GeoB 3375-1 (27°28'S; 71°15'W;
water depth 1947 m; core length 489 cm) was
recovered during the CHIPAL-Expedition of RV
Sonne (SO-102) at the continental margin of Chile

(Hebbeln et al., 1995). The sediment core was sam-
pled in steps of 5 cm using 10-ml syringes. Three
sample series were taken. The first was designated
for grain-size and clay mineral determinations and
the second for oxygen isotope measurements. The
third series was used for total organic carbon and
carbonate measurements.

3.1. Grain-size measurements

In a first step the sediment was treated with 3.5%
hydrogen peroxide to remove organic matter and
disaggregation and with 10% acetic acid in order
to solve carbonate. Due to low concentrations of
opal and volcanic glass, no removal of amorphous
SiO, was applied. Estimates of the amorphous SiO,
content were deduced from X-ray powder diffraction
(XRD) measurements and smear slide data.

The separation of the sand fraction (>63 wm) was
achieved by wet-sieving, while the silt (2~63 pm)
and clay fractions (<2 pm) were split by Stokes’
law settling using Atterberg tubes (Miiller, 1967).
In order to separate the latter two size fractions
almost completely, a 9-12 times repetition of the
settling procedure was necessary. Coagulation of
clay size particles was avoided by using a 0.1%
sodium polyphoshate solution.

A detailed grain-size analysis of the silt fraction
was performed by measurements with a Micromerit-
ics SediGraph 5100. The SediGraph also detects
remaining sand and clay particles in the silt fraction,
which have not been removed by Atterberg- and
sieving-methods. The SediGraph analysis provides
a high resolution grain-size distribution in steps of
0.1 phi and is based on the X-ray scanning of a set-
tling suspension assuming again Stokes’ law settling.
Detailed descriptions of the operating principles of
this method can be found in Stein (1983), Jones et
al. (1988), and Syvitszki (1991). Statistic grain-size
parameters were calculated from the SediGraph data
by formuilas of Folk and Ward (1957).

Additional silt grain-size distributions of the car-
bonate fraction were calculated as proposed by Mc-
Cave et al. (1995). The difference between the size
distribution of the carbonate-free sediment and the
size distribution of the bulk sediment, which was de-
termined on a subsample, is interpreted as reflecting
the size distribution of the carbonate silt fraction.
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3.2. Clay mineralogy

The clay fraction was analysed for the four main
clay mineral groups smectite, illite, kaolinite and chlo-
rite following standard procedures described in detail
by Petschick et al. (1996). The method is based on
XRD measurements of oriented mounts of the Mg-
saturated clay fraction. For our samples a Philips PW
1820 diffractometer with CoKa radiation (40 kV, 40
mA) was used and three XRD scans were run: firstly
on the air-dry state (between 2° and 40° 26 and a step
size of 0.02°), secondly after ethylene glycol solvation
(2°-40° 26; 0.02° step size) and finally a slow scan be-
tween 28° and 30.5° 28 with steps of 0.005° 26 was
obtained on the glycolated mounts in order to distin-
guish the 3.54/3.58 A kaolinite/chlorite double peak.

The diffractograms were evaluated with the
‘MacDiff’ software (Petschick, unpublished). Semi-
quantitative clay mineral analysis was performed by
weighting integrated peak areas of the main basal
reflections in the glycolated state using smectite (17
A), illite (10 A) and kaolinite/chlorite (7 A). Rela-
tive proportions of kaolinite and chlorite were deter-
mined by the evaluation of the slow scans (Petschick
et al., 1996). Using the empirically estimated weight-
ing factors of Biscaye (1965), relative percentages of
the four clay mineral groups were obtained. Due to
the dominance of chlorite, the calculation of kaolin-
ite percentages, based on the evaluation of the slow
scan, probably contains a significant error. Thus,
especially for spectral analyses, the relative percent-
ages of chlorite + kaolinite were used.

The crystallinity of illite and smectite was mea-
sured as the half height width (HHW) of the 10 A
illite peak and as the integral breadth (IB) of the
glycolated 17 A smectite peak, respectively. The IB
represents the breadth (A°20) of an rectangle of the
same area and height as the peak.

3.3. Carbonate determinations

Carbonate contents of the sediment were deter-
mined with an elemental analyser (Hereaus CHN-
O-Rapid). Total carbon (TC) contents were mea-
sured on untreated samples and organic carbon
(TOC) contents on HCl-treated samples. Carbonate
contents were calculated according to the formula
CaCO; = (TC — TOC) x 8.333.

3.4. Stable oxygen isotope analyses

A Finnigan MAT 251 mass spectrometer with an
automated carbonate preparation device was used
to measure the stable oxygen isotope composition
(8'80) of the planktic foraminifera Neogloboquadrina
pachyderma (sin.). Twenty individual shells (>212
pm) were picked for each measurement. The isotopic
composition of the carbonate sample was measured
on the CO, gas evolved by treatment with phosphoric
acid at a constant temperature of 75°C. The ratio of
180 /160 is given in %o relative to the PDB standard.
A working standard (Burgbrohl CO, gas) was used
for measurement of the isotopic ratios of the samples
NBS 18, 19, and 20 of the National Bureau of Stan-
dards. Analytical standard deviation is about £0.07%.
PDB (Isotope Lab Bremen University).

3.5. 1 C-dates

Accelerator mass spectrometry (AMS) datings
were carried out at the Leibniz Laboratory for Age
Determinations and Isotope Research at the Uni-
versity of Kiel (Nadeau et al., 1997) using 10 mg
carbonate (only shells of N. pachyderma). All ages
are corrected for 1*C and for a reservoir age of 400
years (Bard, 1988). The *C-ages were converted to
calendar years after the method of Bard et al. (1993).

3.6. Stratigraphy
The age model for core GeoB 3375-1 is based
on three '“C AMS dates (Table 1) in the upper

Table 1
Age control points of core GeoB 3375-1

Core depth  '4C AMSage +Em. — Em.  Calendar age
(cm) (yr B.R) (yr B.P)

13 9,760 100 100 11,2622
118 20,060 330 320 23,722°
183 34,460 2120 168 39,1462
293 - - - 65,000°
403 - - - 95,000°¢
478 - - - 116,000°¢

2 Ages converted to calendar years following the method of Bard
et al. (1993).

b Stage 4.2. of SPECMAP 880 stack (Imbrie et al., 1984).

¢ Maxima of the precession index (Berger and Loutre, 1991).
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Fig. 2. Age model for sediment core GeoB 3375-1. Age control points (indicated by arrows, see Table 1) include three 14C AMS dates
and a graphical correlation point of the 8!80 record of N. pachyderma (sin.) with the SPECMAP 3180 stack (Imbrie et al., 1984). Further
downcore two more control points were obtained by correlation of the median of the silt fraction (thick line represents smoothed record
performed by three point moving averaging) with the precession index (after Berger and Loutre, 1991). Resulting sedimentation rates are

plotted to the right.

half of the core and a graphical correlation of the
3180 isotope record of N. pachyderma (sin.) with the
SPECMAP 380 stack (Imbrie et al., 1984). The age
model resulting from these four age control points
(Table 1) revealed that cyclic variations of grain-size
parameters, best documented in the median of the
silt fraction, strongly correlate to Earth’s orbital pre-
cession (Fig. 2). For this reason, in the lower part
of the core, we correlated grain-size minima of the
median record to maxima of the precession index
(Berger and Loutre, 1991, see Table 1, Fig. 2). Be-
tween age control points a linear interpolation was
applied. On this basis, the core is estimated to cover
the time span from approximately 10,000 cal. yr B.P.
to 120,000 cal. yr B.P. corresponding to the marine

isotope stages 1 to 5. The average sedimentation rate
is 5 ¢cm/1000 yr with above average values found
during the isotope stage 2 interval (Fig. 2).

3.7. Spectral analyses

Time-series analyses were carried out with the
SPECTRUM software package (Schulz, 1994). In
contrast to widely used spectral analysis methods
based on Blackman and Tukey calculation proce-
dures (Blackman and Tukey, 1958), the SPECTRUM
software does not require equidistant time-series.
Thus, time-interpolation of the geological data was
not applied.
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Fig. 4. Silt grain-size data. Sorting and median show cyclic variations. High resolution silt grain-size distributions are plotted for the
extremes of each cycle for the carbonate-free fraction (left) and carbonate fraction (right). Additionally, the carbonate content record
is shown on the right side. Thin lines with data points represent the original data set, thick lines are smoothed curves (except for silt
grain-size distributions). The lines were smoothed by using a three point moving average. Core intervals related to precession minima are
marked in light grey and those relating to precessional maxima in dark grey.

symmetrical, poorer sorted, poorly peaked (meso- to 4.2. Clay mineralogy
platykurtic) and exhibit medians of around 6 phi (16
pm). Clay mineral assemblages (Fig. 3B) are domi-

nated by smectite (approx. 45 to 65%) and illite
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(approx. 18 to 28%). Chlorite contents range from
approximately 12 to 22%, kaolinite only occurs in
minor amounts (approx. 2 to 7%). Relative con-
tents of clay minerals generally reveal strong short-
term fluctuations (Fig. 3B). However, the smoothed
curves, especially of the ratios of the two dominat-
ing clay minerals smectite and illite as well as illite
and chlorite (4 kaolinite), indicate precession-con-
trolled cycles (Fig. 5). Smectite contents are higher
in core intervals related to precession maxima and
illite amounts increase in intervals correlated to pre-
cession minima. Only in the uppermost part of the
core (approx. 10,000 to 40,000 cal. yr B.P.) it appears
that these cycles do not exist. The illite/chlorite (4
kaolinite) ratio record follows the precessional cy-
cles throughout the core with relatively higher illite
abundances in intervals which correlate to minima of
the precession index (Fig. 5).

Similar results are derived from crystallinity data
of smectite and illite (Fig. 5): precession-controlled
cycles occur in the lower part of the core with higher
smectite crystallinities for the precession maxima
and higher illite crystallinities for the minima. In
the upper section of the core illite crystallinities
remain relatively constant, while smectite crystallini-
ties reach a distinct maximum (= minimum of the
HHW, Fig. 5) near 16,000 cal. yr B.P. correlating to
a maximum smectite content.

4.3. Biogenous components

The biogenic fraction of the sediment is domi-
nated by carbonate. Carbonate contents range from
approximately 8 to 22 wt% and display cyclic varia-
tions which are again precession-controlled (Fig. 4).
Core intervals related to precession minima show
highest CaCOj; contents. Silt grain-size distributions
of the carbonate fraction reveal polymodal distri-
butions during both precession extrema. However,
during precession maxima more distinct modes in
the coarse silt range occur (Fig. 4). Carbonate com-
ponents are dominated by nannofossils and subordi-
nate foraminifera found in smear slide studies and
shipboard results (Hebbeln et al., 1995). Siliceous
microfossils only occur in minor amounts.

4.4. Spectral analyses

Spectral analyses revealed the dominance of
orbital periodicities. Sub-Milankovitch frequen-
cies only rarely reach significant spectral power
(Fig. 6). The clay content, median of silt fraction,
smectite/illite- and illite/chlorite + (kaolinite) ratio
records have very high concentrations of spectral
power in the 23 (to 19) ka precessional band (Fig. 6).
Spectral peaks at 23 ka reach up to 55% of the total
variance while those at the remaining orbital period-
icities at 100 ka and 41 ka reveal comparatively low
variance. Though the records of illite crystallinity
and CaCOs; content are also dominated by preces-
sional frequencies, a significantly higher variance
occurs at 41 ka within the obliquity band (Fig. 6).
The 3'80 record reveals a strong 41 ka obliquity
spectral peak. The spectral power of precessional
periodicities remains below the significance level in
this record (Fig. 6). Cross-spectral analyses indicate
that grain-size and clay mineralogical data do not
reveal significant phase differences neither among
each other nor to the precession index.

5. Discussion

5.1. Sedimentological data

Cyclic variations of bulk- and silt grain-size pa-
rameters in tune with Earth’s orbital precession may
be explained by (a) variations of provenance due to
spatial changes of the catchment area, (b) modifica-
tions of the weathering regime, and (c) a variable
mode of terrigenous sediment input in response to
climatic changes. Additionally, (d) variations of ma-
rine (re)sedimentation processes have to be consid-
ered.

(a) Spatial modifications of continental catchment
areas can contribute to the precessional grain-size
variations through controlling the relative contribu-
tion of Andean and Coastal Range source rocks.
The Coastal Range is dominated by plutonic rocks,
revealing a coarser-grained primary texture, com-
pared to volcanic rocks, as primarily found in the
Andes, especially north of 27.5°S where Quaternary
volcanism occurs (Fig. 1B). Therefore, finer-grained
sediments in core intervals correlated to precession
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maxima indicate higher source rock influence of the
northern Andean segment and thus wider catchment
areas. The coarser sediment texture for precessional
minima points to source areas predominantly located
in the Coastal Range, implying limited catchment
areas.

(b) Chemical weathering leads to more complete
grain-size reduction of the source material. Thus,

generally coarser grained sediment in core intervals
correlated to precession minima (Fig. 3) indicates
prevailing physical weathering, whereas finer bulk
and silt grain-sizes, coinciding with precessional
maxima, imply increased chemical weathering rates.

(c) Silt grain-size parameters, especially the con-
trasting silt grain-size distributions for precessional
extrema (Fig. 4), indicate that significant variations
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of the mode of sediment input occurred. The shape
of the grain-size distribution curves in core inter-
vals related to precession minima, and the respective
statistical parameters median and sorting (Fig. 4),
point to notable aeolian sediment supply. They show
marked similarities to grain-size distributions which
are found in shelf and slope sediments off north-
ern Africa (e.g. Koopmann, 1981; Sarnthein et al,,
1984) as well as in abyssal sediments of the Pacific
Ocean area (Rea and Hovan, 1995), both dominated
by aeolian sediment input. However, rapid episodic
sediment input in connection with continental flash-
floods might result in similar silt grain-size distri-
butions. Due to the extremely narrow shelf, very
small amounts of sediment are trapped nearshore.
On the other hand, fluviatile sediment input produces
grain-size distributions (e.g. Sarnthein et al., 1984,
Rea and Hovan, 1995) which resemble our data for
precession maxima.

(d) Resedimentation processes, in this case vari-
able turbidity- and bottom current activity, probably
did not alter the grain-size signal, even though the
detection of very fine grained turbidites and con-
tourites and their differentiation is very difficult (e.g.
Faugeres and Stow, 1993). However, visual exami-
nation of the sediment core did not reveal any hints
for turbidites and/or contourites throughout the core.
Pathways of turbidity currents are channelized and
restricted to rare submarine canyons on the continen-
tal slope off Northern Chile (Thornburg and Kulm,
1987a). Bottom-current-induced influences on the
grain-size data can be excluded by comparing silt
grain-size distributions of the carbonate-free sedi-
ment and the carbonate fraction (Fig. 4). Assuming
that significant bottom current activity occurred, the
silt grain-size distributions of the carbonate-free, ter-
rigenous fraction and the carbonate fraction should
reveal similar patterns (Wang and McCave, 1990).
Our data indicate the opposite effect: in core in-
tervals related to precession maxima (finer grained
carbonate-free silt fraction) the carbonate fraction
contains even higher amounts of coarse silt.

In summary, each of the factors discussed above,
(a) to (c), can explain the cyclic variations of grain-
size properties, but most probable is a combina-
tion of all three leading to predominating plutonic
source rock contribution of the Coastal Range, im-
plying limited catchment areas, prevailing physical

weathering, and aeolian sediment input for preces-
sional minima. During times coinciding with pre-
cession maxima the greater part of the terrige-
nous material probably originates from the north-
ern Andean segment (north of 27.5°S, Fig. 1B),
implying significantly wider catchment areas, and
increased chemical weathering intensity providing
finer-grained source material to be transported by
rivers to the ocean.

Similar palaeoenvironmental reconstructions are
derived from our clay mineralogical data. Gener-
ally higher illite contents correlate to better illite
crystallinities during precession minima (Fig. 5).
Higher illite contents may be caused by the source
rock distribution as illite preferentially forms from
plutonic source rocks (Chamley, 1989). This again
indicates predominating source rock contribution of
the Coastal Range and the southern Andean segment
(south of 27.5°S) at precession minima. Additionally,
high illite contents point to increased physical weath-
ering activity (Singer, 1984; Chamley, 1989). These
findings are consistent with the above interpretations
(a) and (b). Further evidence for the weathering
regime can be derived from the illite crystallinity,
which is thought to reflect the chemical weathering
intensity of the source area (Singer, 1984; Cham-
ley, 1989). Stronger chemical weathering leads to
an ‘opening’ of the illite structure (i.e. poor crys-
tallinity). Thus, well crystallized illite indicates less
hydrolyzing power capacity of the source environ-
ment due to more arid climatic conditions and/or
lower temperature (see below).

Smectite is generally better crystallized and con-
tents are higher during precessional maxima (Fig. 5),
implying a source rock signal and possibly also in-
creased smectite neoformation. In terms of a source
rock signal higher smectite contents point to a greater
contribution from volcanic rocks (Chamley, 1989)
and therefore again to increased sediment input
originating from the northern Andean segment. As
modern continental smectite formation is favoured
by semiarid climates with seasonal precipitation
(Singer, 1984; Chamley, 1989), this mineral can
therefore be directly interpreted palacoclimatically.

Well formed cycles of the illite/chlorite (4 kaoli-
nite) ratio record principally imply a source rock sig-
nal because both minerals preferentially form under
prevailing physical weathering. While illite refiects
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primarily the abundance of plutonic source rocks
in the Coastal Range (see above), chlorite develops
from low-grade metamorphic and altered basic ig-
neous rocks (Chamley, 1989; Weaver, 1989; Hillier,
1995). Metamorphic rocks occur in the Coastal
Range as well as in the Andes south of 27.5°S
(Fig. 1B). Tertiary to Recent volcanics of the Andes
are predominately intermediate. More basic igneous
rocks include mainly marine volcanics on the An-
dean side of the Coastal Range (Fig. 1B). Therefore
the source areas of chlorite are not easy to define but,
in combination with the above findings, an increased
fluvial input of chlorite from more inland areas is
likely for times of precessional maxima.

The reconstructions of the terrestrial sedimentary
environment derived from our sedimentological data
can be best explained palaeoclimatically in terms of
a precipitation signal (Fig. 7). For times coincid-
ing with precession minima limited catchment areas,
prevailing physical weathering, and increased aco-
lian sediment input imply enhanced aridity, possibly
episodically interrupted by catastrophic precipitation

events leading to flash-floods. In contrast to this,
for the precession maxima more humid conditions
with seasonal precipitation are concluded from wider
catchment areas, stronger chemical weathering, con-
tinental smectite neoformation, and predominating
fluvial sediment input.

In the records of smectite, as well as illite content
and crystallinity, precessional cycles seem to be less
evolved or absent in the uppermost part of the core
(Fig. 5), in contrast to the illite/chlorite (+ kaolin-
ite) ratio and grain-size data. Smectite in particular
might also originate from lateral transport by oceanic
currents due to its extremely small grain size, even
for clay minerals. Additionally, authigenic sources
(i.e. alteration of volcanic glass) of smectite have
to be considered, especially for the distinct smec-
tite content maximum correlating to a high smectite
crystallinity (Fig. 5). However, smear slide analy-
ses showed only minor amounts of volcanic glass
throughout the core, which was mainly unaltered.
The rather constant high illite crystallinities (= low
values of HHW, Fig. 5) approximately correspond

Precession Data Sedimentological Paleoclimatic
index interpretation interpretation
Bulk sediment:
gRtE L P increased eolian enhanced aridity
Siltfraction: ‘sediment input
rain-size: - coarse s
gorting: - befter dominating physical
weathering
Clay mineral . . dominance of Coastal'Range
Mo high higher contribution of - dominance of Coastal Rang
PR . ::saurce rocks implying limited
smectitefillite: - - dow plutonic source rocks: it
smectite crystall.: low catchment areas
iHite crystall.: high

Fig. 7. Summary of contrasting data and resulting sedimentological, as well as palacoclimatic interpretations for times related to

precession minima (light grey) and precession maxima (dark grey).
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to the coldest parts of the last glacial. This might
indicate that the continental chemical weathering in-
tensity remained weak due to low temperatures even
though more humid conditions prevailed during the
last precession maxima.

5.2. Regional palaeoclimatic implications

The palaeoclimatic interpretations of our sedi-
mentological data lead to the conclusion that the
Late Pleistocene continental climate of Chile around
latitude 27°S was characterized by alternating rela-
tively arid and humid phases (Fig. 7). During pre-
cession minima aridity was probably even stronger
than today and perennial rivers were absent. Episodic
flash-floods, like those that currently occur in arid re-
gions of northern Chile (Abele, 1989; Garleff et al.,
1991), might have occurred sporadically, indicating
catastrophic precipitation events. For precessional
maxima we suggest a semiarid climate with sea-
sonal precipitation similar to the mediterranean type
winter-rain climate that presently occurs south of
latitude 31°S (Fig. 1A). Precipitation was sufficient
to evolve a perennial river system probably including
the recent dry valleys (Fig. 1B) and led to signifi-
cant additional sediment input originating from the
northern segment of the Andes (north of 27.5°S).

Regional palaeoclimatic reconstructions focus
primarily on the Last Glacial Maximum (LGM) and
the Holocene. The LGM is equivalent to the preces-
sion maximum centred around 22,000 cal. yr B.P.
(Fig. 2). Thus our palaeoclimatic record indicates
relatively humid conditions for the LGM. Our data
set does not cover the Holocene.

There are two opposing views about the palaeo-
climate of Chile during the LGM, based primarily
on palynological data of mid-latitude Chile and Ar-
gentina between 34°S and 45°S. One postulates a lati-
tudinal equatorward shift by at least 5° of the westerly
precipitation belt resulting in a more humid climate
for central Chile during the LGM (Heusser, 1989,
1990). The second proceeds on the assumption that
generally arid and cold conditions prevailed except
for a narrow band at latitudes from 43° to 45°S. The
latter originates from a poleward shift, a latitudinal
compression and intensification of the westerly storm
tracks (Markgraf et al., 1992). Modelling of annual
rainfall and snowline levels in central Chile between

30° and 43°S (Caviedes, 1990) as well as Patagonia
(40°S to 56°S; Hulton et al., 1994) support Heusser’s
view of a northward shift of the Southern Westerlies.

For the closer surroundings of our study area
an increased influence of the Southern Westerlies
during the LGM is generally rejected. Veit (1992,
1996) found geomorphic and pedologic evidence
for increased westerly precipitation at latitudes from
27° to 33°S only for the Holocene and Fox and
Strecker (1991) concluded that moist westerlies did
not significantly affect the Andes north of 28°S dur-
ing the Late Pleistocene. However, a more humid
mediterranean-type climate in our investigation area
around 27°S during the LGM conforms to a north-
ward shift of the climatic zones of Chile (Fig. 1A)
and thus probably also to an equatorward movement
of the Southern Westerlies. A subtropical Atlantic—
Amazonian source of moisture, as proposed for late-
glacial humid phases on the Altiplano at 21° to 24°S
(Grosjean, 1994, Grosjean et al., 1995), but also for
mid-latitude Chile (Markgraf, 1989) is improbable
for our study area for two reasons. Firstly, the late-
glacial humid Tauca phase on the Altiplano occurred
significantly later (approx. 10,000 to 15,000 “C yr
B.P, e.g. Servant et al., 1995; Clapperton et al.,
1997) than the humid time span around the LGM in
our record. Secondly, an influx of subtropical mois-
ture from the northeast would mean a crossing of the
South American arid diagonal zone which is thought
to have remained in a stable position throughout the
Late Quaternary (Garleff et al., 1991).

Pre-LGM palaeoclimatic records are sparse in
southern South America. However, arid—humid cli-
matic cycles over the last >50,000 '*C yr B.P., as re-
constructed from the palynological record of Laguna
de Tagua Tagua (mid-latitude Chile, 34°S; Heusser,
1984, 1990), are identical with those deduced from
our data (Fig. 8). The palynological record is also
interpreted to reflect precipitation changes due to
latitudinal shifts of the Southern Westerlies. This
further emphasizes an identical moisture source for
pre-LGM precipitation variations in our record. The
palaeoclimatic interpretation of glacier fluctuations
in southernmost Chile (Southern Patagonia; Clapper-
ton et al., 1995), covering the last glacial cycle, also
supports our results. In this study reduced ice extent
during the LGM and earlier parts of the last glacial
has been interpreted in terms of less precipitation due
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Fig. 8. Comparison of palaeoclimatic record of Laguna de Tagua Tagua (after Heusser, 1984; based on palynological data) and climatic
cycles deduced from sedimentological data in this study, as represented by the smoothed median record (see Fig. 4 for scale).

to an equatorward shift of the Southern Westerlies
consistent with our data.

Indications of episodic flash-floods during preces-
sion minima might be explained by more abundant
El Nifio events resulting in torrential storms. Corre-
spondingly, El Nifio events were possibly less frequent
or absent during precessional maxima which approx-
imately correspond to global glacial maxima (i.e. ma-
rine isotope stages 2 and 4). This is in agreement with
the assumption that the El Nifio Southern Oscillation
was reduced or totally absent during glacial maxima
(e.g. Momer, 1993; Ortlieb and Macharé, 1993).

5.3. Global palaeoclimatic implications

The majority of the analysed sedimentological
parameters in the investigated sediment core is

strongly dominated by a precession-controlled cyclic-
ity (Fig. 6) which we primarily interpret in terms
of changes in precipitation. Precessional forcing of
low-latitude palaeoclimatic records has been iden-
tified extensively in the Northern Hemisphere, es-
pecially in tropical Africa and the adjacent eastern
Atlantic (review in deMenocal et al., 1993). The in-
ferred continental palaeoclimatic cycles reveal princi-
pally precipitation changes (deMenocal et al., 1993)
and are mainly controlled by a linear response of the
monsoonal circulation system to low-latitude inso-
lation variations (e.g. Rossignol-Strick, 1983; Prell
and Kutzbach, 1987, 1992; Mclntyre et al., 1989).
For the Northern Hemisphere monsoon higher rainfall
generally occurs during precession minima which are
equivalent to boreal summer insolation maxima. Cor-
respondingly, in the Southern Hemisphere stronger
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monsoonal rainfall should be expected during pre-
cessional maxima, as in our records, coinciding with
austral summer insolation maxima. However, for rea-
sons discussed above, the South American monsoonal
circulation system does not affect our study area. Even
northeast of the South American arid diagonal zone
low-latitude insolation forcing is not straightforward:
the late-glacial to early Holocene humid Tauca phase
coincides to a precession minimum (Grosjean et al.,
1995), whereas further northeast several palacoen-
vironmental records indicate more arid conditions,
as expected from austral summer insolation induced
monsoonal forcing (Martin et al., 1997).

As discussed previously, we suggest that precip-
itation changes in our study area are most likely
due to latitudinal shifts of the Southern Westerlies.
Thus, the latitudinal position of this extratropical
circulation system varies with the precessional or-
bital cycle. Latitudinal movements of the Southern
Westerlies have also been deduced from marine ge-
ological data of the South Atlantic (Jansen et al.,
1996) and southern Indian Ocean (Morley, 1989;
Howard and Prell, 1992). Jansen et al. (1996) pro-
posed that the shifts of the westerly belt are probably
induced by precessional growth and decay of the sea
ice fields in the Southern Ocean.

Meteorological studies indicate that enhanced
east—west circulation in the tropical South Atlantic
leads to a weakening of the Hadley-type circula-
tion in the South American—Southeast Pacific sector
(Pittock, 1980). The strength of the South Atlantic
zonal circulation, as reflected by the zonality of the
trade winds, varied in phase with boreal summer
insolation, indicating stronger zonal trade winds dur-
ing precession maxima (e.g. Schneider et al., 1995).
This would imply a weakened Hadley cell over the
Southeast Pacific during precession maxima which
should facilitate an equatorward movement of the
Southern Westerlies as attested by our data. The pre-
cession controlled latitudinal movements may there-
fore depend on interoceanic teleconnections forced
by low-latitude Northern Hemisphere insolation.

The illite crystallinity, CaCO; content and 3'30
records reveal significantly higher spectral power in
the obliquity (41 ka) band (Fig. 6). For the illite crys-
tallinity, as discussed above, this can be interpreted
in terms of a continental temperature signal, which
likely reflects a stronger influence of high-latitude

forcing. The carbonate signal is probably primarily
forced by marine biological productivity changes due
to variations of the upwelling intensity. The latter is
also dominated by precessional cycles off northern
Chile (J. Klump, pers. commun., 1997). However,
variations of the Chile Coastal- and Humboldt Cur-
rents might introduce a higher latitude temperature
signal in response to obliquity. The spectral data of
the 3'%0 signal reflect primarily the global ice vol-
ume and thus high latitude control (e.g. Imbrie et al.,
1992, 1993).

The absence of significant phase differences
among our terrigenous sedimentological proxies and
the precession index points to a very rapid response
of the continental sedimentary system to climatic and
hydrologic changes which themselves react immedi-
ately to precessional insolation changes. Previously
observed phase lags between proxies of the conti-
nental palaeoclimate of Africa and the precessional
cycle have been proved to be an artifact of the
14C chronology and nearly disappear if '“C-ages are
converted to calendar years (deMenocal et al., 1993).

6. Conclusions

Cyclic variations of grain-size and clay miner-
alogical parameters of Late Quaternary terrigenous
sediments from the Chilean continental slope (27°S)
can be interpreted in terms of significant changes
of sediment provenance, weathering regimes in the
source areas, and modes of sediment input from the
adjacent continent. The interpretation of these find-
ings provides an extended palaeoclimate model for
northern Chile, which for the first time comprises the
last 120,000 years.

Our data indicate alternating arid phases, when
aridity was probably even more severe than today, in
contrast to relatively humid time spans with seasonal
rainfall and a precipitation regime similar to that of the
modern mediterranean type climate of central Chile.

Spectral analyses reveal that the cycles of the ter-
rigenous sedimentological proxies are strongly con-
trolled by Earth’s orbital precession. The absence
of significant phase differences among the proxies
and between the proxies and the precession index
demonstrates the rapid response of the continental
sedimentary environment to insolation changes.
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Variations of palaeotemperature in the 41 ka
obliquity band, as indicated by down-core fluctu-
ations of illite crystallinity, document that shorter-
term precessional cycles of palaecohumidity were
overprinted by long-term temperature changes in
tune with high-latitude forcing.

Increased aridity during precession minima in
contrast to humid conditions during precession max-
ima (including the LGM) point to latitudinal shifts
of the Southern Westerlies. Precessional forcing of
latitudinal movements of the westerly atmospheric
circulation system may be conceivable through tele-
connections to the Northern Hemisphere monsoonal
system in the Atlantic Ocean region.
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