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Abstract

The paleoclimatic evolution of southern South America is characterized to a large extent by the behavior (strength and
latitudinal position) of the storm tracks of the Southern Westerlies. Our study site, Lago Cardiel (49°S), lies within the modern
influence of the Southern Westerlies and, therefore, is ideally located to track the past migrations of these storm tracks. With a
coring strategy taking into account the lateral differences in sedimentation and an excellent core-to-core correlation using tephra
layers, a composite sedimentological record of almost 25 m was established covering the last ~16,000 cal yr. Sedimentological
and petrophysical analysis of the cores revealed the establishment of a dominant lake current since 6800 cal yr BP leading to a
drift deposition, which is especially well-expressed in the sedimentary record by an increase in magnetic susceptibility values.
As this pattern of currents is most likely induced by wind activity, we propose that the observed increase in magnetic
susceptibility documents an intensification of the westerly storm tracks. This intensification occurred slightly earlier than
previously suggested based on palynological evidence. The strengthening in the Southern Westerlies during the mid-Holocene
is most likely caused by an increase in the temperature gradient as a result of enhanced influence and/or southward migration of
the Southeast Pacific anticyclone and a larger Antarctic sea-ice extent.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Few modern regional climates on the globe are as
dominated by the persistence and strength of westerly
winds, as the climate of Patagonia at the southernmost
tip of South America (Prohaska, 1976; Weischet,
1985). This dominance by a single meteorological
element is the result of the Southern Westerlies affect-
ing these high southern latitudes. As the Southern
Westerlies largely control the precipitation pattern
along the southern Andes (Fig. 1B), the past behavior
of this westerly storm belt is of special interest. The
paucity of multi-proxy paleoclimatic records in this
area has led to controversial discussions about the
past location of the Southern Westerlies, especially
for the time interval of the Last Glacial Maximum
(e.g., Heusser, 1989; Markgraf, 1989; Lamy et al.,
1999; Jenny et al., 2001). For the early Holocene,
there is evidence pointing towards a high southern
location of the Southern Westerlies between 45°S and
50°S. The onset of the modern behavior with a seasonal
latitudinal shift occurred sometime during the middle
Holocene (Markgraf et al., 1992). Since that time, the
westerlies storm tracks have migrated equatorward to a
latitude of ca. 40°S during austral winter (July), and
poleward during austral summer (December), centered
around 45°S (Markgraf, 1993, 1998)(Fig. 1B).

Our study site, Lago Cardiel (49°S/71°E, 276
m.a.s.l.) is strongly affected by the Southern Wester-
lies and, thus, is an ideal location to trace the past
behavior of storm tracks. The lake lies on the Pata-
gonian Plateau between the Andean cordillera and the
Atlantic coast (Fig. 1A), and it is a hydrologically
closed basin with a diameter of approximately 20 km
and a modern maximum water depth of 76 m (Fig.
1C). Rio Cardiel is the principal, perennial inflowing
river draining large parts of the catchment area west of
the lake, which consists of deformed Cretaceous/Ter-
tiary shales and flat-lying Tertiary volcanics (Feruglio,
1950; Heinsheimer, 1959; Ramos, 1982). The mor-
phology of the lake basin and the modern climate
conditions of the study region are described elsewhere
(Gilli et al., 2005). In the past, Lago Cardiel has
experienced major lake level changes as documented
by previously published research dating fossil shore-
lines. Galloway et al. (1988) and, in greater detail,
Stine and Stine (1990) documented periods of higher
than modern lake levels using radiocarbon dating of
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Fig. 1. (A) Map of the southernmost tip of South America showing
the location of Lago Cardiel. (B) Monthly precipitation for Decem-
ber and June along the west coast of South America (Lawford,
1996). (C) Map of Lago Cardiel showing the seismic network, the
coring sites of all long sedimentary cores and locations of the
seismic lines shown in (Figs. 2, 3 and 9).

bulk carbonate deposits from shorelines exposed
mainly in stream cuts. Stine and Stine (1990) pro-
posed a major lake level highstand of +55 m around
9500 '"*C yr BP, an intermediate highstand around
5000 '*C yr BP and four minor highstands in the
last 2000 yr. The sedimentological and paleoecologi-
cal analysis of on-shore Livingstone piston cores con-
firmed this early Holocene highstand, as well as
variable lake levels during the late Holocene (Mark-
graf et al., 2003). A study combining high-resolution



E

£

- %

w o

£ E

c 2

[

= =

o

@

L 90

100

w .E-110
160

Fig. 2. Interpreted summary seismic profile (W-E) showing the extent of seismic sequences as indicated by roman numbers. Small arrows indicate reflection terminations. The
locations of the three cores analyzed in this study CAR 99-7P/9P/10P are also shown. Depth is given in milliseconds (ms) of the two-way travel time (TWTT) and consequently
converted to sub-lake level depth (m) based on a P-wave velocity of 1450 m s~ ! for water and sediment.
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seismic and initial core analysis documented for the
first time the full spectrum of late Pleistocene lake
level fluctuations in Lago Cardiel (Gilli et al., 2001).
The detailed seismic stratigraphic analysis revealed a
desiccation horizon underlying sediments deposited
during much lower lake levels, which in turn are
overlain by a second desiccation horizon dated around
11,220 "C yr. BP. After that time a large transgression
apparently resulted in an over 135 m lake level rise
forming the previously dated early Holocene lake
level highstand at about +55 m (Stine and Stine,
1990). After this transgression, no seismic evidence
points towards a significant lowering of the lake level
below present-day levels during the entire Holocene.

As the analysis of the seismic profiles revealed
large lateral differences in the sedimentation rate
(Gilli et al., 2001, 2005), the seismic stratigraphy
was crucial in determining the coring locations cover-
ing the widest possible stratigraphic range. In this
paper, we present sedimentological analyses of three
long piston cores, which bring new insights into the
depositional system of Lago Cardiel, and allow us to
securely assess past variations in the strength of the
westerly winds at this latitude.

2. Coring strategy and methods

A ~245 km long grid of seismic lines was acquired
during two seismic field campaigns in October/

November 1999 and March 2002. Detailed analysis
of these data separated the sedimentary succession
into six major seismic sequences (Gilli et al., 2001,
2005) (Fig. 2). Sequence VI, the oldest sequence, is
interpreted as the acoustic basement consisting most
likely of Cretaceous claystone (Beres et al., submitted
for publication) of which only the topmost centimeters
were recovered in core CAR 99-8P (Fig. 2) and CAR
99-4P. Sequence V (not shown in Figs. 2 and 3) was
beyond the reach of the ETH-Kullenberg coring sys-
tem (Kelts et al., 1986) and was interpreted as a
former alluvial fan (Gilli et al., 2005). A relative
shallow and laterally restricted lake was present dur-
ing Sequence 1V, whereas the base of Sequence III
represents the large transgression at the beginning of
the Holocene. The youngest two Sequences II and 1
show a high accumulation of sediments in the central
part of the lake, and, therefore, a large variation in
thickness, being ~28 m close to the depositional cen-
ter and only a few meters towards the lake shore (Figs.
2 and 3). Based on the described seismic stratigraphy,
10 piston cores with maximal lengths of 12.3 m were
retrieved with the ETH-Kullenberg coring system.
Three cores (CAR 99-7P, 99-9P and 99-10P) were
analyzed in greater detail covering the youngest three
sequences (I-11I) and the uppermost part of Sequence
IV. Core CAR 99-7P (Fig. 2, total core length: 1111.1
cm) penetrated almost 2.5 m into Sequence IV and
recovered a complete Sequence III. Sequence II and I
are strongly condensed at this coring site. Core CAR
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Fig. 3. Seismic reflection profile running perpendicular to the northern border of the Lago Cardiel (see Fig. 1 for exact location). The drift-moat
structure is strongly amplified in this part of the lake causing large lateral differences in the thickness of Sequence I and the upper part of

Sequence II.
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99-9P is located slightly closer to the depositional
center and, with a total core length of 1232.7 cm,
covers Sequences I, II and part of III. The third core
presented here, CAR 99-10P, was recovered near the
depositional center on the sediment dome of Sequence
I (Fig. 2). With a total length of 1060.1 cm, CAR 99-
10P comprises almost two thirds of expanded
Sequence I at high resolution. Based on this coring
strategy a composite sedimentological record with a
length of almost 25 m can be compiled.

The fieldwork involved core retrieval, cutting into
1 m sections, and shipping of the cores to the Limno-
geology Laboratory at the ETH Ziirich, Switzerland.
They were stored in a dark cold room at 4 °C and
scanned prior to opening with a GEOTEK ™ multi-
sensor core logger to obtain the petrophysical proper-
ties (P-wave velocity, gamma-ray attenuation bulk
density and magnetic susceptibility) in all cores.
After opening, the cores were photographed and
described in detail. To examine the total mineralogical
content of some selected samples, X-ray diffraction
(XRD) was performed on a XDS 200 Scintag™ with
continuous measurements between an angle of 5° and
65°. The insolation values were calculated with the
Program AnalySeries 1.2 (Paillard et al., 1996) using
the solution of Berger (1978).

3. Core chronology and sedimentation rates

The chronology for the three cores is based on
tephrochronology and selected AMS radiocarbon
dates (Fig. 4 and Table 1). Three tephra layers were
sampled from the cores and geochemically finger-
printed by electron microprobe analysis to reference
material from the following volcanic eruptions:

(1) the Reclus volcano at 12,690 + 190 '*C yr BP
(15,3307°%%_ 1,70 cal yr BP) (McCulloch and
Davies, 2001);

(2) the Hudson volcano at 6700+ 65 C yr BP
(7570" 1%/ _ 1 4o cal yr BP) (Stern, 1991; Naranjo
and Stern, 1998);

(3) one of the three volcanoes in the Northern
Austral Volcanic Zone (NAVZ) at 3010 %45
14C yr BP (3230"''%_ 5 cal yr BP) (Stern,
1991; Markgraf et al., 2003).

These three tephra layers are excellent chronostra-
tigraphic markers and the prominent appearance of the
NAVZ and Hudson H1 tephra in the seismic profiles
was used to divide the sedimentary package into the
first three sequences (Fig. 2). This tephrachronology
was refined by one AMS '*C date on a piece of wood
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Fig. 4. Age—depth models for the three analyzed cores with the corresponding variation on sedimentation rates (below). Calibrated intercept ages
are shown with the 2¢ error. Abbreviations for dated materials are: T: Tephra with the name of the eruption in brackets, R: Reclus, H1: Hudson
1, NAVZ: Northern Austral Volcanic Zone; W: wood; R: Ruppia; H: humin fraction; HA: humic acid fraction; C: bulk carbonate; CF: carbonate
fine fraction. Open circles represent estimations in the age model, which are discussed in detail in the text.
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Table 1

Radiocarbon dates for the cores CAR 99-7P, CAR 99-9P and CAR 99-10P from Lago Cardiel, Argentina

Core Section Sec. depth Tot.depth AMS '“C age o'3C Calib. age Intercept age Lab. Number Material/Remarks

(cm) (cm) (yr BP) (%0) (cal yr BP)  (cal yr BP)
20 range

CAR 99-7P 0-B 15.5-16.5 1145 3010445 3343-3074 3230 NAVZ tephra®

CAR 99-7P 4 55-61 366.1 6700 + 65 76767433 7570 Hudson 1 tephra®

CAR 99-7P 4 61-62 369.6  18070+65  —27.76 22174-20815 21470 NSRL-13090 Humin fraction

CAR 99-7P 4 62.2-64.0 371.2 8050 £ 65 09+1.2 9237-8654 9010 ETH-27330  Carbonate, fine
fraction®

CAR 99-7P 6 92-93 601.6  13560+65  —24.65 16772-15827 16280 NSRL-13091 Humin fraction

CAR 99-7P 7 33-33.5 641.85 10370+75 3.8 12824-11772 12320 ETH-28325  Carbonate, fine
fraction®

CAR 99-7P 7 37-38 646.1 14200+ 55  —25.00¢ 17539-16548 17020 NSRL-13092 Humin fraction

CAR 99-7P 7 46.5-47 655.35 10370+ 75 32 12824-11772 12320 ETH-28326  Carbonate, fine
fraction®

CAR 99-7P 7 663.6 12590 Assumption: start
of lake level

CAR 99-7P 8 48-49 757.6  15960+55  —25.78 19674-18474 19050 NSRL-13093 Humin fraction

CAR 99-7P 9 43-44 853.1 16240+ 170 —21.6+1.2 20109-18676 19370 ETH-22767 Humin fraction

CAR 99-7P 9 47.5-485 857.6 12860+ 110 —25.00° 15980-14399 15490 NSRL-12383 Humic acid fraction

CAR 99-7P 9 53-59 865.6  11220+85 —243+1.2 13763-12906 13160 ETH-22124  Piece of wood in
gravel

CAR 99-7P 9 62-63 872.1 12750+ 120 —20.8+ 1.2 15859-14310 15390 ETH-22766 ~ Humin fraction

CAR 99-7P 9 77-78 887.1 12920+ 170 —22.5+1.2 16136-14379 15550 ETH-22765 Humin fraction

CAR 99-7P 9 97.5-98.5 907.6  11990+110 —21.2+1.2 15322-13636 14060 ETH-22764 Humin fraction

CAR 99-7P 10 58-59 968.6 12790 £ 160 —19+1.2 15965-14302 15430 ETH-22763  Humin fraction

CAR 99-7P 10 76-77 986.6 12390+ 85 -0.2 15509-14114 14330 ETH-28327  Carbonate, fine
fraction®

CAR 99-7P 10 87-88 997.6  14570+160 —25.00° 18094-16851 17450 NSRL-12384 Humic acid fraction

CAR 99-7P 11 37.5-38.2 1048.5 12600 + 85 —1.9+1.2 1563614203 14450 ETH-27332  Carbonate, fine
fraction®

CAR 99-7P 11 45-45.5 10559 12690+ 190 15894-14161 15330 Reclus tephra®

CAR 99-7P 11 83-84  1094.1 18400+95  —22.34 22594-21168 21850 NSRL-12385 Humin fraction

CAR 99-7P 11 99-100 1110.1 12340+ 135 —20.6+1.2 15506-13852 14310 ETH-22125 Ruppia and Chara
macro rests

CAR 99-9P 6 26-28 560.1 6310+ 150 39412 7553-6802 7250 ETH-27329  Carbonate, fine
fraction®

CAR 99-9P 6 31.2-32.5  564.9 3010445 3343-3074 3230 NAVZ tephra®

CAR 99-9P 6 32.5-33.5  566.1 7470+£35  —25.58 8368-8179 8330 NSRL-13097 Humin fraction

CAR 99-9P 8 88-89 823.7 8190+35  —26.06 9395-9026 9130 NSRL-13098 Humin fraction

CAR 99-9P 10 41-42 975.7 9420+40  —25.53 11036-10508 10610 NSRL-13099 Humin fraction

CAR 99-9P 11 33.8-38.5 1069.85 6700+ 65 76767433 7570 Hudson 1 tephra®

CAR 99-9P 11 39-40.5 1073.45 1131040 —26.76 13774-13028 13180 NSRL-13100 Humin fraction

CAR 99-9P 11 40-41.5 107445  8875+70 0.6+ 1.2 10209-9696 10010 ETH-27328  Carbonate, fine
fraction®

CAR 99-9P 12 80-81  1213.7 12680%+50  —25.65 15703-14303 15320 NSRL-13101 Humin fraction

CAR 99-10P 1 88-89 147 550435 3.21 643-514 540 NSRL-12386 Bulk carbonate

CAR 99-10P 5 8687 538.1 1380+ 50 3.05 1351-1185 1290 NSRL-12387 Bulk carbonate

CAR 99-10P 9 23-24 879.6 2180+ 35 2.83 2324-2067 2150 NSRL-12388 Bulk carbonate

CAR 99-10P 9 65.5-66.5 922.1 2075+ 50 —14+12 2290-1901 2010 ETH-27331  Carbonate, fine
fraction®

CAR 99-10P 10 24-25 982.1 2730+ 55 2.55 2950-2750 2830 NSRL-12389 Bulk carbonate

CAR 99-10P 10 92-93  1050.1 2980 + 35 2.81 3320-3001 3160 NSRL-12390 Bulk carbonate

CAR 99-10P 10 1060.1 1820 Assumption: base of

core CAR 99-10P
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found in core 7P at the Sequence boundary IV/III
revealing an age of 11,220+85 '*C yr BP
(13,1607 2/, 690 cal yr BP) and four selected AMS
!4C dates on the carbonate fine fraction (see footnote ¢
in Table 1 for a detailed description of the prepara-
tion of this fraction) taken in the lower part of
Sequence III and within Sequence IV. Further 18
AMS 'C datings were conducted on different com-
ponents of lacustrine organic material (i.e., aquatic
plant, humin (acid washed, alkali insoluble) and
humic acid (acid washed, alkali soluble) fractions),
as well as 9 AMS '*C measurements on carbonates
(Table 1). However, a comparison of the ages of
these different fractions with the well-dated tephra
layers revealed significant offsets of up to several
thousand years towards older ages and, therefore, are
not included in the chronology of the cores (Fig. 4).
All calendar ages were computed using the radio-
carbon calibration program CALIB v 4.3 (Stuiver
and Reimer, 1993; Stuiver et al., 1998) reporting
the 20 range and the intercept age (Table 1).

3.1. Core CAR 99-7P

The age model of core CAR 99-7P (Fig. 4A) is
based on the linear interpolation among the three
tephra layers from the eruption of the volcanoes
NAVZ, Hudson 1 and Reclts, one “C date obtained
on a ~5 cm large piece of wood at the Sequence
boundary VI/III and two '*C dates on the carbonate
fine fraction determining the onset of the lake level
rise in the lower part of Sequence III. Two further '*C
dates on the carbonate fine fraction within Sequence
IV confirm the proposed chronology.

The sedimentation rate for core 7P varies consider-
ably between 3.5 and 35.6 cm/100 yr (see Fig. 4A).
The highest sedimentation rate occurred at the begin-
ning of Sequence III with the deposition of silty dry

clay (see discussion later) and subsequently decreases
towards the core top; Sequences II and I are con-
densed (Figs. 2 and 3). A slightly higher sedimenta-
tion rate of 8.8 cm/100 yr is indicated for the cored
section of Sequence IV.

3.2. Core CAR 99-9P

The chronology of core CAR 99-9P was estab-
lished by linear interpolation between the Hudson
HI1 and NAVZ tephra layers (Fig. 4B). This indicates
a sedimentation rate for Sequence III and II of 11.6
c¢cm/100 yr and for Sequence I of 17.5 cm/100 yr.

3.3. Core CAR 99-10P

The 10.6 m long core 10P was recovered from the
depositional center of Sequence I, where this sequence
has a total thickness of over 18 m (Fig. 2). Therefore,
no tephra layer is found in the retrieved core and its
chronology is established based on a linear interpola-
tion within Sequence I derived from the seismic data.
An age of 1820 cal yr BP is then attributed to the base
of core 10P implying a very high sedimentation rate
of 56.7 cm/100 yr (Fig. 4C) for this interval.

3.4. Causes for the discrepancy in radiocarbon ages

With a few exceptions within Sequence IV and III,
all radiocarbon ages reveal an offset of at least several
hundred years to the age models mainly based on the
well-dated tephra layers. This raises questions about
(1) the cause of the age offsets and (2) the variation in
the offsets among the different fractions.

(1) The documented age offset between the radio-
carbon dates of different fractions and the pro-
posed chronology is most likely the result of a

Notes to Table 1:

All ages were calibrated using CALIB 4.3 (Stuiver and Reimer, 1993). In case of several intercept ages, the one closest to the highest probability

was chosen and rounded to the nearest ten.
# Markgraf et al. (2003).

® Naranjo and Stern (1998); the age was calibrated with an estimated radiocarbon error of + 65 yr.

¢ For the carbonate fine fraction, the samples were wet sieved through an 11 pm textile mesh using distilled water buffered with NH,4
(resulting pH=7.5-8). A very tiny amount of Triton®X-100 detergent was added to increase the dispersion of the particles. The resulting
suspension was centrifuged, freeze-dried, and subsequently submitted for AMS '* C dating.

4 Estimated.
¢ McCulloch and Davies (2001).
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variable radiocarbon reservoir effect. Weather-
ing of old carbonate sediments releases '*C free
carbon into the basin changing the initial
4C/'2C ratio of the lake water (Broecker and
Walton, 1959). In a lacustrine system with
rapidly changing lake levels, such as documen-
ted for Lago Cardiel, dating problems related to
differential weathering were expected. A second
process controlling this initial carbon ratio is the
exchange rate of carbon with the atmospheric
reservoir. Geyh et al. (1998) proposed that the
radiocarbon reservoir effect is dependent on the
water depth as this effect is, among others, a
function of the volume/surface ratio of the lake.
The only fraction clearly showing this relation-
ship is the carbonate fine fraction with almost
no reservoir effect during the lake level low-
stand of Sequence IV and at the beginning of the
lake level rise in Sequence III. In contrast,
carbonate fine fraction dates on sediments
deposited in times of intermediate lake level
reveal significant offsets from the known ages
of the tephra layers (see Fig. 4A and B). Dates
from other fractions are either restricted to some
core sections, or they show a certain consistency
in their offset independent of the lake level
evolution (i.e., the humin dates over the trans-
gression at the beginning of Sequence III; Fig.
4A). Furthermore, a contamination due to the
erosion of older sediment material deposited
during lake level highstands might be an impor-
tant factor.

(2) Discrepancies in the age of different fractions

have been documented earlier by several
authors (Fowler et al., 1986; Geyh et al.,
1998; Walker and Harkness, 1990; Lowe and
Walker, 2000; Xu and Zheng, 2003) and cannot
be explained solely by the presence of the
reservoir effect. There is a lack of consensus
in the literature about the reliability of the '*C
ages of different organic fractions. Some stu-
dies (Walker and Harkness, 1990; Walker et al.,
2001; Xu and Zheng, 2003) point towards a
general younger age of the humic acid fraction
than of the humin components, which is likely
more affected by the incorporation of old car-
bon and is, therefore, assumed to be less reli-
able in specific environments. On the other

hand, humic acids are mobile in most sedi-
ments and are, thus, more susceptible to con-
tamination. However, the two humic acid dates
in core 7P show a relatively small offset when
compared to the majority of the humin fraction
dates. Nevertheless, further systematic investi-
gations are needed to understand the response
of the different dated fractions to lake level
changes.

4. Petrophysical and sedimentological results

All cores were divided into lithological units,
which are neither necessarily coinciding to the seismic
stratigraphic sequences IV-I, nor can they be corre-
lated among the cores. Seismic sequences have been
assigned to the retrieved cores by using a P-wave
velocity of 1450 m/s. This is in good agreement
with the measured velocity on the sedimentary cores
by multi-sensor core logger. In general, all three cores
revealed persistent high amounts of quartz and clay
minerals, especially smectite and in much lower con-
centrations kaolinite. This mineralogical composition
clearly points towards dominantly detrital sedimenta-
tion in the Cardiel basin.

4.1. Core CAR 99-7P

Six lithological units can be identified in core
CAR 99-7P covering seismic sequences IV to I
(Fig. 5). The oldest sediments of lithological unit 6
and 5 coincide with Sequence IV. Lithological unit 6
consists of pale-olive silty clay with 0.5-1.0 cm thick
laminations of slightly finer and lighter-colored layers
intercalated with slightly coarse and darker layers.
Several white layers, mostly composed of fine-
grained authigenic carbonate minerals, can also be
identified. The lowest 15 cm of this core contains a
high abundance of plant remains, tentatively identi-
fied as Ruppia sp. The 0.5 cm thick Reclis tephra
layer at 1055.9 cm shows only a small peak in
density and magnetic susceptibility. A dark grayish
to blackish color of speckled and sometimes lenticu-
lar appearance was found in the lower part of litho-
logical unit 5, which faded away immediately after
core opening. This dark color originates most likely
from the presence of iron monosulfides. The upper



A. Gilli et al. / Global and Planetary Change 49 (2005) 75-93

83

CAR 99-7P

1

©
¥ =% 8
O B »n G
— 4]
g
< [0A
@ =
Sl T T (NAVZ)
=
< 2
gl |
(=2
@
el3
1| 3
B |2
=
— 4= T (H1)
— 4
5
_ 5
3
s3] o -
w
e
E 71 ;
L . 7 - s S
w -
8 | E
=
— 8+
9 [ -\
2 n
8115
£ 110
& -
[
@ —
o ©
=3 =
{4
-&%} 1m|s T (Recliis)
11 g
g: Detrital layers
z =] Blackish interval
s = %tine laminated T Tephra
? § =] broad laminated R Ruppia
i ] ~m= Sand lenses W Wood
= <]
3 ; === Crosshedding < Stone
E ~~~H Hiatus = Disturbance

1 1 1 T I 1 T 1 T | T I T
1.5 0 100 200 300
Density (g/cm?) Mag.Susc. (10> Sl)

Fig. 5. Lithological column of core CAR 99-7P with the petrophysical data of density and magnetic susceptibility.

part of lithological unit 5 consists of light-olive to
yellowish-gray coarse silty clay with several distinct
graded sand layers. This is also reflected by the
general increase and strong variability of density, as
well as magnetic susceptibility. Some of the sand
layers are lenticular in shape, and disturbed bedding
is present in this part of the core. At a depth of

862.6-868.6 cm, a large piece of wood was present
within a sandy and gravelly peat matrix. Above this
layer, an almost 2 m-thick sedimentary package is
found with sticky silty clay and some sandy layers,
which characterize lithological unit 4. A ~1 cm-dia-
meter pebble, sand lenses and well-developed cross
ripples are found in the upper part of this lithological



84 A. Gilli et al. / Global and Planetary Change 49 (2005) 75-93

unit. At the top of lithological unit 4, three distinct
hiatuses occur within folded and disturbed sediments
and are overlain by a 7 cm-thick interval of lenticular
sand layers. A sharp change in lithology occurs at the
base of lithological unit 3, which consists of fine-
laminated silty clay with abundant light colored car-
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bonate layers. The thickness of the laminations varies
between 0.2 and 0.5 cm, but increases towards the
top of this lithological unit. Ten blackish intervals
with a thickness of approximately 1 to 5 cm appear at
an almost constant interval of 15 to 20 cm. The
youngest lithological unit 1 consists of laminated
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Fig. 6. Lithological column of core CAR 99-9P with the petrophysical data of density and magnetic susceptibility.
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silty clay with some broad light-colored carbonate

layers.

The thickness of the lamination ranges

between 0.5 and 1.0 cm. The color changes abruptly
at the beginning of this lithological unit from light
olive gray to a yellowish brown. The NAVZ tephra
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layer is present at a total core depth of 114.0-115.0
cm and displays a dominant peak in density. In
contrast to the HI Hudson tephra at around 366.1
cm, it shows only a slight increase in magnetic
susceptibility.
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Fig. 7. Lithological column of core CAR 99-10P with the petrophysical data of density and magnetic susceptibility.
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4.2. Core CAR 99-9P

Three lithological units can be distinguished in
core CAR 99-9P (Fig. 6). The lowest lithological
unit 3 consists of light olive gray-colored silty clay
with 0.3 to 1.0 cm-thick laminations. Embedded
within this lithological unit at a depth of 1067.7—
1072.3 cm is the Hudson H1 tephra layer with the
same characteristics as in core 7P. Just below, small-
scale deformation occurs, which is probably the result
of the sudden overload of the several centimeter-thick
tephra layer. The XRD-analysis of some hand picked
grains revealed the presence of pyrite in the upper
part of lithological unit 3. SEM analysis confirmed a
framboidal morphology of the pyrite grains. The limit
between lithological units 2 and 3 is transitional,
changing from a light olive gray to a moderate to
dark yellowish brown color. The character of the
lamination remains similar, but blackish colored
layers occur within lithological unit 2. With an iden-
tical appearance as in core 7P, the NAVZ tephra layer
is found at a depth of 564.3—565.6 cm. The magnetic
susceptibility profile shows a well-defined upward
increasing trend in the lower part of lithological
unit 2 reaching maximum values at a depth of
~750-850 cm, from where it gradually declines to
pre-unit 2 values. With the beginning of lithological
unit 1 the average thickness of the lamination
increases from about 0.3-1.0 to 0.5-2.0 cm. The
upper part of lithological unit 1 reveals remarkable
constant values for the magnetic susceptibility. A
small-scale discordance in a depth of around 62 cm
is likely attributed to core disturbance.

4.3. Core CAR 99-10P

Core CAR 99-10P was taken near the depositional
center of Sequence I revealing two major lithological
units (Fig. 7). Lithological unit 2 consists of light
olive gray silty clay with 0.5-1.5 cm-thick lamina-
tions. Several intervals of this lithological unit have
laminae with a blackish color. The petrophysical ana-
lysis of this lithological unit revealed generally ele-
vated values for magnetic susceptibility in the lowest
~130 cm with a subsequent gradual upward decrease
to a core depth of ~500 cm. Lithological unit 1 is
composed of dark yellowish brown silty clay with a
broader lamination between 1 and 2.5 cm. No major

petrophysical trends are recognizable within litholo-
gical unit 1.

5. Discussion
5.1. Indication for currents in Lago Cardiel

The analysis of the seismic profiles revealed no
indication of any current activity during the deposition
of Sequences IV and III. According to the geometry of
the reflection onlaps during Sequence IV the lake
level was relatively low during this time (Gilli et al.,
2005). This low lake level is further confirmed by the
occurrence of Ruppia at the base of core 7P, which is
restricted to a water depth of less than 10 m in Lago
Cardiel (Lucchini, 1975). The well-preserved lamina-
tion as well as the blackish colored interval in unit 5
of core 7P, most likely points towards reducing bot-
tom water conditions. During the identified lake level
lowering leading to a short desiccation at the
Sequence boundary IV/III, the sediment became coar-
ser with increased values in density and magnetic
susceptibility. In addition, the higher frequency of
distinct coarse layers and the occurrence of sand
lenses, crossbedding, pebbles, and some gaps point
towards a depositional environment proximal to the
shore. According to the proposed age model for core
7P, the corresponding sedimentation rate of the sticky
clay within lithological unit 4 was rather high during
the low lake level at the beginning of Sequence III
(Fig. 4). The end of lithological unit 4 is marked by
sand lenses and well-developed cross ripples, further
supporting a shore-proximal environment. The undis-
turbed and finely laminated sediments of lithological
unit 3 indicate deepening of the lake and, hence,
represent the onset of the transgression previously
identified in Sequence III. The nearly regular thick-
ness of Sequence III throughout the basin (Fig. 2) is
probably the result of an almost homogenous spread
of the incoming detrital material by density-driven
over- or interflows.

Sequence II and I can be compared in all three
cores. A compilation of the three magnetic suscept-
ibility records reveals significant differences (Fig. 8),
whereas the density in the three cores does not show
any relevant changes. Core 9P shows a significant
upward increase in magnetic susceptibility in the
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lower part of Sequence II (arrow in Fig. 8B) with a
subsequent decrease towards the top of the core. This
trend towards higher magnetic susceptibility values in
core 9P coincides with a change in sedimentation
expressed as a gradual color change, as well as the
disappearance of pyrite between lithological unit 3
and 2 (Fig. 0).

This lithological transition in core 9P coincides
with the beginning of the sediment focusing at the
onset of drift deposition, as seen in the seismic pro-
files. The increasing trend in the magnetic susceptibil-
ity is most likely caused by an enhanced deposition of
magnetic grains at the beginning of the drift formation
at this particular core site. In addition, the frequency of
distinct coarse layers is enhanced during this time
interval, as documented by the increasing occurrence

of peaks in the density record (Fig. 6). A modern
analog for the dependency of the magnetic suscept-
ibility on current velocity can be found at the northern
border of the lake, where a pronounced moat is present
(Figs. 3 and 9). A significant increase in density and
magnetic susceptibility as a result of increasing current
velocity is documented by a transect of short sediment
cores from the depositional center (coring site A)
towards the moat (coring site D)(Fig. 9). The inter-
pretation of the subsequent decrease in magnetic sus-
ceptibility in core 9P as a decrease in drift activity
would conflict with the seismic sequence analysis,
which indicates an even stronger sediment focusing
during the deposition of Sequence I (Gilli et al., 2005).
Therefore, the decrease in magnetic susceptibility is
related to the lateral migration of the drift system,
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which is especially pronounced at the western side of
the depositional center (e.g., drift migration towards
SW in Fig. 3). The onset of a lake current coincides
with the disappearance of pyrite between lithological
units 3 and 2 (Fig. 6). The exact reason for this
disappearance is difficult to assess as the knowledge
about the iron cycle of this lake is limited, but it may be
related to an increased availability of oxygen asso-
ciated with the presence of the lake current and/or an
increased freshwater input at this time (Fig. 8D). Both
processes are inhibiting the formation of pyrite (Ber-
ner, 1970, 1984). The onset of the drift deposition
started around ~6800 cal yr BP, as recorded by the
changes in the sedimentology and magnetic suscept-
ibility in core 9P (Fig. 8B).

5.2. Implications for wind history

Lake current activity in Lago Cardiel and, thus,
drift deposition was most likely triggered by the
intensification of the westerly winds affecting this
region. The present-day latitudinal distribution of
major vegetation types has been interpreted to reflect
the seasonal behavior of the southern westerly storm
tracks. This is especially the case for the occurrence of
the Magellanic Moorland vegetation, which expands
only under extremely stormy and high precipitation
conditions (Villagran, 1988; Markgraf, 1993, 1998).
Pollen analysis in the southern part of South America
revealed the onset of the Southern Westerlies’ preci-
pitation regime at high southern latitudes in the early
Holocene (Markgraf, 1993, 1998). Our record of
magnetic susceptibility and the presence of the drift
deposition now further documents an intensification
of the westerly storm tracks at a latitude of 49°S after
6800 cal yr BP. As the Southern Westerlies is the
dominant weather system affecting Lago Cardiel, a
lake level highstand at the same time (Stine and Stine,
1990; Fig. 8D) further documents a strengthening of
westerly winds. And a third evidence for increased
wind activity comes from a change in pollen propor-
tions documented in the shoreline cores of Lago
Cardiel by higher percentages of long-distance trans-
ported pollen grains from the Andean forests (Mark-
graf et al., 2003).

A high-resolution paleoceanographic record from
core GeoB 3313-1 taken on the Chilean continental
slope at 41°S (Lamy et al., 2001, 2002) supports our

interpretation of the past behavior of the Southern
Westerlies. Analysis of iron content in the sediment
was interpreted to reflect the rainfall distribution in the
catchment area. Relative low iron content would relate
to enhanced runoff from the iron-poor Coastal Ranges
during times when the southern westerly storm tracks
were positioned over the latitude of the catchment area.
Without the influence of the Southern Westerlies, the
sediment material would have mainly been derived
from the higher-elevated and iron-rich Andean region
causing a relative higher iron influx to the coastal area.
Therefore, Lamy et al. (2001) proposed for the Fe-
enriched periods between 7700 and 4000 cal yr BP
(peaking between 6000 and 5300 cal yr BP) a more
poleward position of the Southern Westerlies and, thus,
less humid conditions at 41°S (Fig. 8E). After 4000 cal
yr BP when Fe was present only in low proportions, the
Southern Westerlies would have reached the latitude of
41°8S, even though some century-scale peaks in the iron
content point towards some short-lived reduced influ-
ence of the southern westerly storm tracks. This south-
ward migration of the Southern Westerlies is supported
by a synchronous southward shift of the Antarctic
Circumpolar Current (ACC). Lamy et al. (2002) related
a warming trend in the sea-surface temperature (SST)
between 7800 and 5500 yr BP (Fig. 8F) to a decrease in
advection of ACC-derived water masses by a south-
ward migration of the ACC. As the position of the ACC
and the Southern Westerlies are linked by the steepest
temperature gradient, both proxies show a coherent
southward migration of the westerly wind belt system
(Lamy et al., 2002). In contrast to this marine study, a
high-resolution pollen study from the same latitude
(41°S) documented a cool and wet climate interval
between 7600 and 4100 cal yr BP (Moreno, 2004).
This would imply an equatorward shift of the Southern
Westerlies, which would be in opposition to the inter-
pretation of Lamy et al. (2001, 2002) and demonstrates
the need for further high-resolution paleoclimate
records from this area. However, the magnetic suscept-
ibility records from Lago Cardiel reveal some striking
similarities with the marine iron record (Fig. 8). The
major increase in magnetic susceptibility in core 9P
between ~6800 and ~5300 cal yr BP, interpreted as a
strengthening of the westerly winds at 49°S, coincides
well with a focusing of the westerlies at their more
poleward location (Lamy et al., 2001, 2002). This
intensification of the Southern Westerlies could also
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be responsible for a glacial advance at Fachinal, Chile
(46°S) around 6200 cal yr BP (Douglass et al., 2005).
The late Holocene magnetic susceptibility record of
core 9P is dominated by a gradual decrease in sediment
thickness due to the lateral migration of the drift system
and does not indicate changes in the generally high
accumulation rate. In core 10P, the magnetic suscept-
ibility reveals higher values between ~1800 and 1200
cal yr BP (Fig. 8), which coincides with a period of high
iron deposition in the record of Lamy et al., 2001. As
the core 10P was recovered close to the depositional
center, a change in the magnetic susceptibility is more
likely related to a change in the current velocity than
due to the migration of the drift deposition. Therefore,
this increase in magnetic susceptibility and iron content
could indicate a focusing of the wind activity at higher
southern latitudes. However, this is not supported by
the lake level record showing no related lake level
highstand during this time interval (Fig. 8D). Further-
more, the contrasting climate conditions during the
Medieval Warm Period (MWP) and the Little Ice Age
(LIA) are not recorded in the magnetic susceptibility
record of Lago Cardiel as it is in the case of the marine
iron record off Chile (Lamy et al., 2001).

5.3. Paleoclimate implications

The documented evolution in the behavior of the
Southern Westerlies has major implications for the
climate system of the Southern Hemisphere. The gen-
eral position of the Southern Westerlies is primarily
dependent on the location and strength of the South-
east Pacific anticyclone in the north and the circum-
Antarctic low pressure belt in the south (Pittock, 1978,
p. 225; Aceituno et al., 1993; Markgraf, 1998). The
strength of the Southern Westerlies most likely
increases with a steeper temperature gradient (Mark-
graf et al., 1992). At the northern border of the south-
ern westerly wind belt system, the Southeast Pacific
anticyclone relates to the migration of the storm
tracks. The focusing of the Southern Westerlies after
6800 cal yr BP at higher southern latitudes is probably
the result of an intensification and/or southward
migration of the Southeast Pacific anticyclone,
which deflects the westerly wind belt further south.
As a consequence, central Chile received less preci-
pitation as indicated by the iron record at 41°S (Lamy
et al., 2001). Several other paleoclimatic records from

central Chile point also towards mid-Holocene aridity
(e.g., Villagran and Varela, 1990; Veit, 1996; Lamy et
al., 1999; Grosjean, 2001; Jenny et al., 2002) support-
ing the blocking by the strong Southeast Pacific antic-
yclone during this time period. This atmospheric
situation in the east Pacific resembles the modern La
Nifia phase (Markgraf et al., 1992), whose dominance
in the early and middle Holocene is supported by
paleoclimate reconstructions (e.g., Rodbell et al.,
1999; Moy et al., 2002) and model simulations (Clem-
ent et al., 2000). On the southern boundary of the
Southern Westerlies, a cooling and an enlarged extent
of sea ice around Antarctica occurred in the middle
Holocene. Although the climate evolution in the
southern Pacific Ocean is rather poorly documented,
there is evidence for a mid-Holocene cooling in this
sector of the Southern Ocean and Antarctica. A com-
pilation of ice core records from the Ross Sea sector
shows a general decreasing temperature trend after
~7000 cal yr BP (Fig. 8G)(Masson et al., 2000).
This is further supported by the methanesulfonic
acid concentration in the ice record of Taylor Dome
reflecting an increase in sea-ice cover after 6000 cal yr
BP (Steig et al., 1998). A similar trend is observed in
the East Atlantic Southern Ocean with a general cool-
ing in the summer sea-surface temperature and an
increase in the sea-ice presence after 6500 cal yr BP
(Nielson et al., 2004), as well as by the occurrence of
ice-rafted debris after 5000 cal yr BP (Hodell et al.,
2001). These results support a steeper temperature
gradient at the southern tip of South America and,
thus, to an intensification of the Southern Westerlies
as interpreted from the magnetic susceptibility record
of Lago Cardiel. This strengthening of the Southern
Westerlies is somewhat earlier than previously docu-
mented in pollen records from South America, as well
as from Australia and New Zealand (Shulmeister,
1999), but can possibly be explained by a direct
response of the lake drift system to the wind activity.

Additional constraints for a poleward position of
the Southern Westerlies during the early and middle
Holocene comes from the insolation characteristics at
that time (Markgraf et al., 1992; Markgraf, 1998).
Taking into account the orbital parameters defining
Earth’s insolation, the seasonality contrast in the
Southern Hemisphere increased since the beginning
of the Holocene (Fig. 8H and I; for further detail see
Fig. 3 in Martin et al., 1997). As the earth—sun dis-
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tance was minimal in June and maximal in December
during the early Holocene, the Southern Hemisphere
winters were relatively warmer and the summers
cooler than today (i.e., relatively lower seasonality
contrast). In the late Holocene, this astronomical con-
figuration reversed and the austral summers were
relatively warmer whereas the austral winters turned
relatively colder than today. Therefore, the Southern
Westerlies were positioned at the modern location
during the equinoxes in the late Holocene and started
to migrate latitudinal with an increase in seasonality in
the middle and late Holocene (Markgraf et al., 1992).
This could explain, together with a weakening of the
Southeast Pacific anticyclone, the seasonal northward
shift of the Southern Westerlies in the middle and late
Holocene affecting a latitude of 41°S and even further
north. As a consequence of the seasonal migration of
the Southern Westerlies, several paleoecological
records from southernmost South America revealed
an increased variability during the mid- to late Holo-
cene (e.g., Ashworth et al.,, 1991; Markgraf, 1993;
Markgraf et al., 2003). In the late Holocene, core
10P shows an interval of increased magnetic suscept-
ibility between ~1800 and 1200 cal yr BP. This inter-
val coincides with enhanced iron concentration in the
coastal marine core at 41°S (Fig. 8E) and is, therefore,
probably related to enforced westerly winds in a more
southern position.

6. Conclusion

The combined approach using seismic reflection
profiling and the analysis of sedimentary cores pro-
vides unique tool to disentangle the evolution of
closed lake basins (see also: Abbott et al., 2000).
With the aid of a well-defined coring strategy com-
bined with a good core-to-core correlation based on
seismic investigations and petrophysical data, a com-
posite sedimentary succession with a length of nearly
25 m was established. The chronology of the cores is
mainly based on well-dated tephra layers. The near
absence of terrestrial organic material and the pre-
sence of a radiocarbon reservoir effect limits the
establishment of a detailed core chronology, at least
for certain time intervals.

Magnetic susceptibility is one of the most sensitive
petrophysical sediment parameters in the Lago Cardiel

sedimentary record. Core 9P shows an increase in
magnetic susceptibility after ~6800 cal yr BP, indicat-
ing the presence of a lake current most likely driven
by strong winds. Therefore, this time can be regarded
as the beginning of the intensification of the Southern
Westerlies at the latitude of 49°S. From a climate
system point-of-view, this intensification in the wes-
terly winds of South America can be related to an
increase in the temperature gradient driven by the
narrowing from the southward migration and/or
strengthening of the Southeast Pacific anticyclone
and the increased extent of the Antarctic sea ice.
The absolute strength of the westerly winds documen-
ted by this sedimentary archive is partially masked by
the lateral migration of the drift system. Only core
10P, located in the depositional center of the drift, may
reveals a higher wind activity between ~1800 and
1200 cal yr BP, which is generally in good agreement
with a marine iron record off Chile (Lamy et al.,
2001). Our results show the unique possibility to
reconstruct past wind conditions in this area of the
Southern Hemisphere, which is crucial for paleocli-
mate modeling. The ongoing analysis of additional
geochemical and biological proxies on the sedimen-
tary cores will further refine the reconstruction of the
climate conditions in the past with a special focus on
the hydrological balance.
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