
The global character of the time interval known as
the Little Ice Age (LIA) is at present relatively well
established.  The forcing mechanisms behind this
cooling interval, however, are still elusive.  Investiga-
tions in annually-laminated sediments have shown
that varved sediments are among the best climatic
archives to tackle these questions.

Proglacial Lago Frías  in northern Patagonia is fed
by the Tronador ice cap (3554 m). Previous investi-
gations have shown that this glacier has reacted
sensitively to climate change during distinct episodes
such as the Late Glacial-Holocene transition (Ariz-
tegui et al., 1997; Hajdas et al, 2003), and the Me-
dieval Warm Epoch and the LIA, with well identified
major glacial advances between A.D. 1800-1850
(Rabassa et al., 1979; Villalba et al., 1990). A mete-
orological record for the 1969-1985 interval at the
Mascardi weather station, located at 20 km from the
Frías Glacier, shows a mean annual temperature of
7.6 °C, varying from 12.9 °C in January to 2.4 °C in
July. Additionally, these data indicate a strong pre-
cipitation gradient between Mascardi (1409 mm year
-1) and the River Frías valley (4300 mm year -1).

During the twentieth century the El Niño/Southern
Oscillation (ENSO) and ENSO-like phenomena have
dominated climate variations in the Americas on in-
terannual and decadal time scales, respectively. The
ENSO impact on local climate has been well deter-
mined using meteorological, historical and a dendro-
chronological approach at the Frías valley. More re-
cently, a sediment trap study in Lake Mascardi
covering the 1992-1998 interval combined with me-
teorological data have shown changes in sedimenta-
tion rates that can be linked to ENSO climatic
events. Since both proglacial lakes, Frías and Mas-
cardi, are fed by the Tronador ice cap, the laminated
sequence of Lago Frías can provide a continuous
record of ENSO and ENSO-like variations through
time.

Results of a multiproxy study of Lago Frías sedi-
ments reflect variations in the transport of glacially
derived clay and silt to the basin that can be directly
linked to changes in climate.  Sedimentological evi-
dence combined with a good chronological model
indicate variations in varves thickness showing two
frequencies centered at 16.4 and 10.5 years that
have been previously attributed to the solar cycles
and the Tropical Atlantic Sea Surface Dipole (TAD),
respectively. The main frequency is, however, lo-
cated between 2.5 and 3.0 years pointing towards a
dominant ENSO signal.  Thus, the Lago Frías record
provides new insights about the myriad of complex
forcing mechanisms behind the cooling during the
LIA in an area of the planet with a paucity of high-
resolution climate records. It also points out the need
to develop regional networks of well-understood pa-
leoclimate archives such as lake systems with a reli-
able chronology. They will be critical evaluating the
impact of the various mechanisms triggering envi-
ronmental changes at different spatial and temporal
scales.

REFERENCES

Ariztegui, D., Bianchi, M. M., Masaferro, J., Lafargue, E. & Ni-
essen, F. (1997): Interhemispheric synchrony of Late-
glacial climatic as recorded in proglacial Lake Mascardi,
Argentina.  Journal of Quaternary Sciences 12/4:333-338.

Hajdas, I., Bonani, G., Moreno, P. I. & Ariztegui, D. (2003):
Precise radiocarbon dating of Late-Glacial cooling in mid-
latitude South America. Quaternary Research 59/1:70-78.

Rabassa, J., Rubulis, S. & Suárez, J. (1979): Rate of formation
and sedimentology of (1976-1978) push-moraines, Frías
Glacier, Mount Tronador (41°10'S; 71°53"W), Argentina. In
Schlüchter, Ch. (edt.), Moraines and Varves, Rotterdam,
Balkema:65-79.

Villalba, R., Leiva, J. C., Rubulis, S., Suarez, J. & Lenzano, L.
(1990): Climate, Tree-rings and Glacial Fluctuations in the
Rio Frías Valley, Rio Negro, Argentina. Arctic and Alpine
Research 22:215-232.

Dominant ENSO frequencies during the Little Ice Age (LIA)
in the rainshadow of the Andes -

The laminated record of proglacial Lago Frías, northern Patagonia
(Argentina)

Ariztegui, D., Bösch, P. & Davaud, E.

Institute Forel and Dept. of Geology and Paleontology, 13 rue des Marîchers, 1205 Geneva, Switzerland



The Andes represent the locus of continued plate
convergence from the Early Palaeozoic to the pre-
sent day.  However the early evolution of much of
the proto-Andean margin remains poorly understood.
This is because exposures of pre-Andean basement
rocks are in many places extremely limited, either
being obscured by later tectonic events along the
convergent margin or buried by the ubiquitous vol-
canic cover.  This problem is particularly acute in the
northern Andes, where Precambrian basement is not
exposed for over 2000 km along strike.  This corre-
sponds to the distance between the northern extent
of the Arequipa-Antofalla block (Fig. 1), a Protero-
zoic crustal block which has experienced Grenville
metamorphism (Loewy et al. 2004) and the south-
ernmost basement exposures in Colombia, the Pro-
terozoic Garzón inlier (Restrepo-Pace et al. 1997).
This zone, extending from 15º S in southern Peru to
2º N in southern Colombia (Fig. 1) is also character-
ized by substantial development of Andean foreland
sediments to the east, so that the basement geology
peripheral to the orogen is not known with any de-
gree of certainty.

However, in the Eastern Cordilleras of Peru and
Ecuador, Palaeozoic metasedimentary sequences
are well exposed, along with several generations of
cross-cutting Palaeozoic granitoid intrusions.  Most
of these sequences, including the Marañon Complex
in Peru and the Isimanchi Formation of the Cordillera
Real in Ecuador are considered to be autochthonous
with respect to the Gondwanan margin.  Hence their
heavy mineral assemblages, and in particular their
detrital zircon populations, should reveal information
regarding their source areas - in this case the
Gondwanan margin of the northern Andes.  Fur-
thermore, granitic magmas which intrude these se-
quences can carry inherited zircon during ascent.
These inherited zircons can also provide source in-
formation, particularly with respect to deeper crustal

levels which would otherwise be impossible to sam-
ple.

This study incorporates U-Pb LA-ICPMS dating of
detrital zircons from various Gondwanan margin se-
quences in Peru and Ecuador.  Additionally, conven-
tional U-Pb zircon and U-Pb titanite dating was un-
dertaken to constrain the timing of metamorphism
and magmatism in the Eastern Cordillera of Peru.

Figure 1.  Geology of South America illustrating tectonic prov-
inces and region of interest in this study.
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U-PB LA-ICPMS DETRITAL ZIRCON DATA

All samples exhibit prominent peaks between c. 0.45
– 0.65 Ga and c. 0.9 – 1.3 Ga, and display a minimal
amount of detritus older than c. 2 Ga.  Between a
third and a half of all grains in each sample lie within
the 0.45 – 0.65 Ga age range.  Nearly all samples
exhibiting a prominent peak between 0.45 and 0.5
Ga, which temporally overlaps with the onset of sub-
duction-related magmatism in the Famantinian ter-
rane (Fig. 1) of northern Argentina, the Arequipa ter-
rane of Southern Peru (Fig. 1, Loewy et al. 2004),
Venezuela (the Caparo Arc of Bellizzia & Pimentel,
1994) and Colombia.  Further prominent peaks are
found within the c. 0.5 – 0.65 Ga age range, ages
typical of the Brasiliano / Pan African orogenic cy-
cles.  The nearest rocks of equivalent age within the
Andean chain are the c. 535 Ma subduction-related
granitoids of the Sierra Pampeanas (Fig. 1) in north-
ern Argentina (Rapela et al. 1998) or the Neopro-
terozoic (c. 650-580 Ma) basement gneisses in
Venezuela (Bellizzia & Pimentel 1994).  Additionally,
there are no rocks of equivalent age exposed on the
western side of the Amazonian craton – the exten-
sive Neoproteozoic tectonic provinces of Brazil (the
Brasiliano orogenic cycle) are located on the eastern
side (Fig. 1).  It is difficult to invoke the eastern Ama-
zonian craton as a potential source because the
minimal amount of old detritus (i.e. Archean and
Paleoproterozoic) argues that the core of the Ama-
zonian craton (Fig. 1) was not a significant source of
detritus to the Gondwana margin during the Palaeo-
zoic.

Significantly less detritus lies within the c. 0.7 –
0.9 Ga age range, while between a third and a half
of all grains in each sample lie within the 0.9 – 1.3
Ga age range, with the largest peaks commonly en-
countered between 1 and 1.2 Ga.  The Sunsas oro-
gen of the SW Amazonian craton is invoked as a
potential source region for the abundant c. 0.9 – 1.3
Ga peaks observed.  It is interpreted that the Sunsas
orogen continues in a northwestern direction under-
neath the thick pile of foreland sediments that are
developed to the east of the Northern Andes (Fig. 1),
where it is likely to be contiguous with the c. 1 Ga
gneissic basement inliers in the Columbian Andes
(Fig. 1, Restrepo-Pace et al. 1997).

We envisage that the basement to the Gondwa-
nan margin to the northern Andes was composed of
a metamorphic belt of Grenvillian age, upon which
was sited a late Neoproterozoic – Early Palaeozoic
(subduction-related?) magmatic belt, similar to the
Sierra Pampeanas of northern Argentina.

TIMING OF EARLY PALAEOZOIC METAMOR-
PHISM IN PERU

Existing age constraints on the timing of metamor-
phism of the Eastern Cordillera of Peru (Marañon
Complex) are very poor.  The pronounced c. 480 Ma
detrital zircon peak observed in Marañon Complex
rocks in this study implies that the metamorphism
must be post-480 Ma, and that the c. 600 Ma U-Pb
zircon ages from granulitic gneisses in central Peru
of Dalmayrac et al. (1980) are a result of inheritance.
Additionally, we have constrained the timing of
metamorphism in at least part of the Marañon Com-
plex to Silurian or younger.  High-grade metamorphic
assemblages (c. 650º C, 11 kb) are developed within
orthogneisses which yield U-Pb magmatic zircon
ages of  442.4 ± 1.4 Ma (TIMS) and 444.2 ± 6.4 Ma
(LA-ICPMS).  The timing of metamorphism is cur-
rently refined by a combination of Sm-Nd garnet, Ar-
Ar hornblende and U-Pb titanite dating.

The U-Pb detrital zircon data imply that orogenic
belts equivalent in age to the Famantinian / Pam-
pean and Grenville (= Sunsas) orogenies were
available to supply detritus to the Palaeozoic se-
quences of the Northern Andes.  Combined with evi-
dence that metamorphism of the Eastern Cordillera
of Peru document is Silurian or younger, it appears
the Early Palaeozoic evolution of the Gondwanan
margin of the Northern Andes is similar to that of
both northern Argentina and Colombia / Venezuela,
with broadly comparable tectonic histories over sev-
eral thousand kilometers along strike.
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There are correlated along-strike variations of
magma chemistry and mineralogy, and proportions
of mafic and more evolved magmas with regional
elevation (proxy for crustal thickness) of the Andean
cordillera among frontal arc volcanoes of the ‘acces-
sible’ Southern Volcanic Zone (SVZ; 33-41ES).
These regional-scale patterns are extremely useful
for defining testable hypotheses and identifying pos-
sible solutions, but such variations cannot be inter-
preted rigorously in terms of the processes and
components involved in magma genesis and differ-
entiation. Consequently, there is a lively debate con-
cerning the relative roles and contributions of the
subducted plate, subduction erosion, depth of mantle
melting, and magma interactions with the continental
lithosphere in generating these regional patterns.

We have evaluated over 2000 major and trace
element analyses of volcanic rocks as functions of:
(1) the related parameters of latitude, volcano eleva-
tion, structural position, and segmentation of the arc,
(2) the age and structure of the Nazca plate being
subducted beneath this portion of the SVZ, and (3)
the compositions of Oligo-Miocene granitoid ba-
tholiths underlying the arc between 35E and 38ES.
Our general conclusions are that magmatic varia-
tions along the arc are products of both lower plate
and upper plate contributions, and that local crustal
composition may play as large a role as crustal
thickness during magma contamination. We recog-
nize the distinctive signature of high fluid-flux asso-
ciated with subducted fracture zones between 36E
and 41E, but suggest that crustal overprints in-
creasingly dominate over a detectable lower plate
signature in evolved magmas north of 36E.

Along-strike magmatic patterns defined by Quaternary frontal arc
volcanoes of the Andean Southern Volcanic Zone (SVZ; 33-41ES),

Central Chile
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Seismic tomographic images of subduction zones
are characterized by strong positive and negative
anomalies in the wedge above the slab. We have
developed a 2-D thermo-chemical numerical model
to simulate the dynamics of such anomalies during
subduction. By using an internal consistent
petrological-thermomechanical approach we investi-
gate heat, water and melt transport in a subduction
zone including the propagation of partially molten
upwellings (cold plumes) originating from the sub-
ducting slab. The model demonstrates two chemi-
cally distinct types of plumes (mixed and unmixed),
and various rigid body rotation phenomena in the
wedge (subduction wheel, fore-arc spin, wedge pin-
ball). These thermal-chemical features strongly per-
turb seismic structure, and the results are compara-
ble with seismic tomographic images of subduction
zone. For example, high Qp anomalies (P-wave at-
tenuation) have been found below Salar de Atacama
basin (Schurr et al, 2003), and seismic properties
suggest a relatively cold and rigid block sank in
lighter material. Inferring from our results we can ex-
plain these anomalies as subduction “wheel” phe-
nomenon: a fragment of dry mantle wedge sur-
rounded by hydrated partially molten rocks. The
fragment is trapped between the plume and the sub-
ducting slab, and is put into stable rotational motion.
This is associated with significant (by 200-300 K)
lowering of temperature that causes gradual appear-
ance of strong positive seismic velocity anomalies
within a rotating body.

Figure 1. Picture shows  subduction “wheel” phenomenon,
where  part of a mantle wedge is surrounded by lighter material
of  rising upwelling.
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The Quindó-Risaralda Basin and the northern part of
the Cauca depression lie between the Western and
Central Cordilleras in Central Colombia (Figs. 1 and
2). This zone is dissected by the SSW-NNE trending
Romeral fault system which defines the boundary
between oceanic basement to the west and conti-
nental basement to the east. At this latitude the
system has a left-lateral strike-slip component. A
large part of this subsiding area was filled by Tertiary
continental sediments (Fig. 3). Following the cata-
strophic earthquake of Armenia (Fig. 2) in 1999, a
detailed geological study of the Quaternary infill of
this region has been undertaken aiming at estab-
lishing the mechanisms which may have led to the
opening of this interandean depression.

The late Andean tectonic phase caused the fold-
ing of the Serranía de Santa Barbara, thereby subdi-
viding the basin into two parts (Figs. 2 and 3). While
the western part was infilled by the fluvial-lacustrine
sediments of a paleo-Cauca River, volcaniclastic
mass flows derived from the Ruiz-Tolima volcanic
system in the Central Cordillera accumulated in the
eastern part.

Fluvio-lacustrine Quaternary sediments deposited
in the Cauca valley form the Zarzal Formation
(Neuwerth et al., 2005). In the eastern part of the
basin they interfinger with the volcaniclastic mass
flow deposits forming the Cartago, Pereira and
Quindío Fans (Fig. 2). Based on field and paly-
nological data, a sedimentary model (Suter et al.,
this symposium) has been proposed that shows the
synchroneity of the deposition of the Zarzal Forma-
tion with that of the volcaniclastic fans. Within the
last million years, this area has been exposed to an
intense tectonic activity (evidenced by the wide-
spread occurrence of seismites, Neuwerth et al.,

2005) and the Cauca Valley underwent a higher rate
of subsidence.

Figure1. Location map

The Quindío-Risaralda Basin (east of the Serrania
de Santa Barbara, Fig. 2) was filled during the Qua-
ternary by a sequence of stacked volcaniclastic
mass flows. According to their stratigraphic succes-
sion, lateral continuity, genesis and sedimentological
parameters, several individual units can be distin-
guished within these deposits (Guarin et al., 2005
and this symposium). So far the origin of subsidence
in the Quindío-Risaralda Basin can not be clearly
explained. Nevertheless, a sum of observations link
the active fault systems, the present-day drainage
pattern and the distribution of the volcaniclastic
units. The basin and the volcaniclastic fans bear the
imprint of three dominant major fault trends known at
a more regional scale (Guarin et al., this sympo-
sium). The interaction of this transpressional multiple
active system led to the formation of localized pull-
apart basins that became depositional lows for the
volcaniclastic units.

Contribution of Quaternary sediments to the understanding of the
tectonic history in Central Colombia: The volcaniclastic fans in
Quindío-Risaralda and the Zarzal Formation in the Cauca Valley
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Figure 2. Regional distribution of Pleistocene sediments in the
Cauca Valley, Risaralda and Quindío. Location of figure 3.

Similarly, field observations in the Zarzal Forma-
tion show lots of evidence of extension and the
northern part of the Cauca depression might also be
related to strike-slip movements. However, at this
point, further datings are needed to refine the dy-
namic interpretation of this basin during the last mil-
lion years. The whole area needs to be further stud-
ied from a tectonic and neotectonic point of view.
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Figure 3. Geological cross-section across the Cauca Valley
and the Quindío Fan (see location in figure 2). The Quindío
Fan and the Zarzal Formation are the subject of this re-
search.
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Due to the extreme latitudinal rainfall gradient in
Chile, reaching from hyper-arid conditions in the
Atacama desert through semi-arid Mediterranean
type conditions in central Chile to extremely high
rainfall values in the southern mountains, the terri-
geneous sediment input to the ocean off Chile, and
thus offshore sedimentation rates, increases signifi-
cantly to the south. This pattern of increasing sedi-
mentation rates is clearly revealed by a set of dated
sediment cores recovered from the Chilean conti-
nental margin between 24°S and 44°S.

Holocene sedimentation rates increase from ~5
cm/kyr off arid northern Chile, to ~10 cm/kyr off
semiarid north-central Chile, to ~50 cm/kyr off humid
central Chile, to ~100 cm/kyr at 41°S off year-round
humid southern Chile, and finally to ~200 cm/kyr at
~44°S where rainfall reaches extremely high values.
Sedimentation rates were even higher during the last
glacial reaching from ~10 cm/kyr at 27°S, to ~50
cm/kyr at 33°S, and to ~200 cm/kyr at 41°S. These
pronounced north-south gradients at the Chilean
continental margin provide a unique opportunity to
reconstruct late Quaternary paleoenvironmental
changes both on the continent and in the ocean with
time resolutions ranging from Milankovitch-scale (i.e.
~20,000 to ~100,000 year variability) off arid north-
ern Chile to centennial-scale off year-round humid
southern Chile.

All along the Chilean margin there are clear indi-
cations for enhanced marine productivity during the
last glacial compared to early and mid–Holocene
times. A detailed analyses of past planktic fora-
miniferal faunal compositions off central and north-
ern Chile reveals distinct periods with relatively low
productivities before ~ 32,000 cal yr BP, highest
productivities between 32,000 and 16,000 cal yr BP,
and lowest productivities after 16,000 cal yr BP to-
wards the present. Interestingly, the onset and end-
ing of these periods do not show any latitudinal pref-

erences. Relative variations in the paleoproductivity
calculated from accumulation rates (AR) of biogenic
compounds generally support these findings, al-
though with some local differences, mainly during
the last deglaciation.

The predominantly southward increase in marine
productivity, as it is also seen under present-day
conditions, is a continuous feature throughout the
last 40,000 years. This pattern implies that the same
circulation systems have been responsible for pro-
ductivity variations off Chile over this time span. The
comparatively consistent pattern of the planktic fo-
raminiferal fauna across ~10° of latitude (24°S to
33°S) over the last 40,000 years implies large-scale
changes in the oceanic circulation synchronously
affecting the whole area, i.e., changes in the position
and/or advection of the Peru Chile Current (PCC) /
Antarctic Circumpolar Current (ACC) system. During
the last glacial, a more northerly position for the ACC
probably led to higher productivities off Chile com-
pared to the Holocene. Such a northward shift of the
ACC brings this main macronutrient-source closer to
the PCC area, thus providing more nutrients and in-
creasing productivity.

Differences in the latitudinal paleoproductivity
pattern deduced from biogenic compounds can be
related to local differences in this region. At 33°S
and further south productivity was additionally
boosted by enhanced riverrine micronutrient supply
due to northward displacement of the Southern
Westerly belt (SW), resulting in a northward shift of
the associated rainfall gradient. This setting led to
the highest productivities recorded in this part of the
study area around the Last Glacial Maximum (LGM),
when the main circulation systems (ACC and SW)
were at their northernmost position. However, north
of 33°S, the highest productivities are recorded be-
fore and after the LGM, suggesting additional or dif-
ferent factors controlling the paleoproductivity. Con-

The Late Quaternary paleoenvironment of Chile
as seen from marine  archives
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tinental records from northern Chile do not imply any
influence of the Southern Westerlies since late
Pleistocene times, which might explain the different
productivity patterns north of 33°S. Within this area,
besides the more northerly position of the ACC, a
steeper hemispheric thermal gradient causing
stronger meridional and zonal winds and stronger
coastal upwelling led to generally higher productiv-
ities during the last glacial. The period of highest
productivity in marine sediments during the deglaci-
ation coincides well with the observed late glacial
humid phases in northern Chile and Bolivia. En-
hanced precipitations onshore and flooding of the
shelves might have launched additional nutrient
sources during deglaciation, leading to the highest
paleoproductivities in this part of the PCC.

During Late Holocene times productivity increased
within the PCC, most likely due to another northward
shift in the position of these zonal circulation sys-
tems. Such a shift towards more humid conditions in
northern and central Chile in the Late Holocene is
indicated in various archives. In addition, an intensi-
fication of ENSO events occurred in the last 7000
years when rapid fluctuations in the composition of
the planktic foraminifera fauna started to occur. The
timing of the onset (~7000 cal yr BP) and the inten-
sification (~5000 cal yr BP) of ENSO in the marine
records off Chile are consistent with records from
other sites in the Eastern Pacific.

Alkenone-based reconstructions of sea surface
temperatures (SST) reveal a common trend along
the Chilean margin with glacial SSTs being 6°C
(41°S) to 2°C (24°S) colder than SSTs during the
Holocene climate optimum (HCO), when SSTs were
1-2°C warmer than today. These data point to
stronger-than-today SST gradients during the LGM
(ACC/SW shifted equatorward) and relatively weak
gradients during the HCO (poleward shift).

For the continental paleoenvironment, there is
strong evidence for precession-driven variations in
the Norte Chico (27°S) marked by increased on-
shore precipitation related to relatively northward po-
sitions of the Southern Westerlies during precession
maxima (including the LGM) and vice versa. These
precessional cycles are evident in different sedi-
mentological parameters that suggest substantial
changes of sediment provenance, weathering re-
gimes in the source areas, and modes of sediment
input to the ocean.

Further south, off central Chile (~33°S), higher
sedimentation rates allow a more detailed recon-
struction of climatic evolution over the last ~30,000
years. As with the Norte Chico record, sedimen-
tological data clearly record changes in the relative

contribution of Andean versus Coastal Range source
rocks. However, as increased precipitation has en-
abled rivers originating from the Andes to cut
through the Coastal Range, these data instead re-
cord the relative dilution of the Andean signal by ad-
ditional input of Coastal Range material during com-
paratively humid intervals. The sedimentological
records clearly suggest more humid conditions dur-
ing the LGM, which is consistent with the Norte
Chico record. The deglaciation is characterized by a
trend towards a more arid climate that reached its
maximum during mid-Holocene times (8000-4000 cal
yr B.P.). The Late Holocene was marked by more
variable paleoclimates with a return to slightly more
humid conditions.

Off humid southern Chile (41°S), where extremely
high sedimentation rates allow a reconstruction of
terrigeneous sediment input on centennial time-
scales, Holocene “long-term” trends are generally
consistent with the results off central Chile. On mil-
lennial to multi-centennial-scales, terrigeneous input
changes reveal dominating bands of variability cen-
tred on ca. 900 and 1500 years suggesting signifi-
cant rainfall changes and thus latitudinal shifts of the
Southern Westerlies on these time-scales. Recent
ODP drilling off southern Chile now offers the
chance to extend the very high resolution records
into the last glacial. Under these glacial conditions,
ODP Site 1233 was located in an ideal position to
monitor Patagonian ice-sheet (PIS) extent variations
by recording compositional changes in the regional
terrigeneous sediment input to the continental mar-
gin. A rapid retreat of the PIS at ~17.5 kyr B.P. is
clearly documented in a significant decrease of sea
surface salinities at Site 1233 suggesting large in-
puts of melt-water. Thereafter, the record of Site
1233 becomes more and more dominated by rainfall
changes.

Combining the available datasets, it can be de-
duced that paleoenvironmental variability across
both onshore and offshore Chile mainly depends on
the large scale oceanic/atmospheric circulation in the
SE Pacific, which in turn is coupled to global climate
variability. While especially the ACC – SW system is
closely connected to Antarctic climate variability, it is
the south driving most of the paleoenvironmental
variability in Chile. However, north of ~30°S the im-
pact of the tropical system gains influence and has a
strong impact in northern Chile.



The coastal lowlands of Ecuador, representing the
outer Andean forearc between 1°N and 3°S, are
composed of distinct structural blocks separated by
major NNE and WNW oriented faults (Puerto Cayo,
Canande and Chongòn-Colonche faults; Fig.1).
Although their allochthonous derivation has been
proven (Roperch et al. 1987, Luzieux et al. 2005),
the origin and the timing of accretion of the individual
oceanic remnants is still poorly known. We present
new paleomagnetic and 40Ar/39Ar data derived from
Cretaceous basaltic lavas and their Late Cretaceous
sedimentary cover rocks, which define the origin of
the individual, fault-bounded blocks within the
Ecuadorian forearc.

Mafic, oceanic plateau derived rocks of the Piñon
Block (PB) are exposed in the southwestern part of
the forearc (Fig. 1). Gabbros from volcanic basement
were sampled and separated. Hornblendes were
dated by the 40Ar/39Ar step heating method at 88±1.6
Ma, corresponding to the cooling of the plateau
material. This in not in accordance with earlier
stratigraphic correlations of a pre-Turonian age
(Benitez 1995, Jaillard et al. 1995). Our
paleomagnetic investigation, additionally supported
by new micropaleontological results from the
overlying Calentura and (?) Cayo fms. indicate that a
first 30-40° clockwise rotation has taken place
between 70 and 75 Ma, suggesting that the PB
experienced a major tectonic event during the Middle
Campanian. The remaining 10-20° rotation into the
present position was probably achieved during the
Eocene final accretion of the blocks. The shallow
paleomagnetic inclination values measured in
basement and sediments point to an equatorial
latitude origin of the plateau sequence.

The San Lorenzo Block (SLB), which is in faulted
contact with the PB (Fig. 1), is composed of a mafic
oceanic plateau basement sequence, which is
overlain by Campanian (on biostratigraphic control)

island arc lavas and volcanoclastic deposits of
Campanian-Maastrichtian age (Cayo Fm.).
Measured declinations within the basement and arc
lavas show a clockwise rotation of 60-65° since
cooling, and a mean value of about 25° clockwise
rotation since the deposition of the Cayo Fm.
Paleomagnetic inclinations show little variation and
again strongly support an equatorial position during
the crystallisation of the basalts. The very similar
values and timing of rotations in comparison with the
PB strongly suggest a common origin and evolution
of both blocks.

The  paleomagnetic data acquired from the
coastal blocks prove an equatorial latitude during the
formation of the magmatic basement. Both
basement sequences yield similar geochemical
oceanic plateau signatures (Kerr et al. 2002).
Stratigraphic differences in their sedimentary cover
may be accounted for by their different locations on
the single plateau. The present investigation also
constrains in both blocks a major tectonic rotation
taking place between 70-75 Ma. Alps.

The blocks in all probability have their common
origin in the Caribbean large igneous province (also
referred to as the Caribbean Colombian Oceanic
Plateau, CCOP), which extruded from the
Galapagos Hotspot (Spikings et al. 2001). We
suggest that all oceanic basement blocks present in
the Ecuadorian forearc originally occupied marginal
parts of the CCOP that fragmented during collision
with the South American margin during the Late
Cretaceous. The first, Late Creaceous clockwise
rotation in both blocks occurred during the
contemporaneous accretion of the Pallatanga Block
against the South American margin at 75-70 Ma
(Vallejo et al. 2005).

Cretaceous block rotations in the coastal forearc of Ecuador:
paleomagnetic, chronstratigraphic evidences, and implications for

the origin and accretion of the blocks
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Figure 1. Position of the blocks in the Ecuatorian forearc in relation with the actual subduction zone. Only the PB and SLB are dis-
cussed in the present work. Faults - CCF: Chongòn-Colonche Fault, PCF: Puerto Cayo Fault, CF: Canande Fault, ChTSZ: Chimbo-
Toachi Shear Zone, CPF: Calacali-Pallatanga Fault Zone, MSZ: Mulaute Shear Zone. Blocks (Costa) – SEB: Santa Elena Block, PB:
Piñon Block, SLB: San Lorenzo Block. PED: Pedernales-Esmeraldas Block. Units (Cordillera Ocidental) – PaB: Pallatanga Block,
MB: Macuchi Block, PiU: Pilaton Unit, NB: Naranjal Block, DB: Rio Desgracia Block.



The Eastern Bolivian lowlands are situated at the
transition between the tropical-humid and the more
arid subtropical climate regime. They should there-
fore be particularly suitable for the reconstruction of
past climate changes. At least throughout the Qua-
ternary, weathering products from the Andean Pre-
cordillera have been deposited in the Eastern Boliv-
ian lowlands. Transport, accumulation, as well as
subsequent erosion of these sediments, include flu-
vial, aeolian and denudative processes, which are
primarily controlled by climate and tectonics. Ac-
cordingly, past climate changes can be expected to
have influenced type and intensity of the prevailing
geomorphic process, and they should be recorded in
the stratigraphy and sedimentology of the foreland.

Here, we present preliminary results from using
paleosol-sediment-sequences as archives for the re-
construction of landscape evolution and paleocli-
matic conditions in Eastern Bolivia. Absolute chro-
nologies are being established by 14C and OSL
dating, while analysis of remote sensing data en-
ables the extension of local interpretations to a more
regional scale.

The piedmont in Eastern Bolivia is bordered by
the Andean Precordillera and the alluvial plain of the
Río Grande. A series of small alluvial fans builds up
the piedmont. Several sequences along the pied-
mont, which have been exposed due to the lateral
erosion of the Río Grande, have been investigated
(see Fig. 1 for an example outcrop at Cabezas). Al-
ternating periods between geomorphological activity
(gravels, sands, erosion channels) and stability (soil
formation) have been identified .

Detailed sedimentological and stratigraphical
studies along the outcrops enable us to define char-

acteristic stratigraphical units. These form the basis
for regional correlation and interpretation.

In general, coarse fluvial gravels and sands form
the basis of the investigated profiles. They were
probably deposited during the Last Glacial Maximum
(LGM) or Late Glacial (LG) and grade into fluvial
sand and silts. A well-developed paleosol has devel-
oped at the end of the Pleistocene/ Early Holocene
at ~10 ka BP (all ages are uncalibrated 14C years). A
major erosional event then seems to have caused a
pronounced hiatus before rapid (fluvio-aeolian)
sedimentation and formation of a new, flat accumu-
lation surface occurred between ~8 and 4 ka BP.
Since ~4 ka BP, soil formation indicates surface sta-
bility. Base level changes resulting from large-scale
river shifts of the Río Grande may have played a role
in ending the depositional history of the piedmont at
that time.

Based on the concept of landscape activity and
stability, several conclusions regarding landscape
evolution in Eastern Bolivia can be drawn: Forest
cover may have been absent or significantly reduced
during or before the LGM/ LG, thus allowing for the
mobilization and sedimentation of the observed
coarse fluvial deposits at the basis of the investi-
gated sequences. This interpretation would be cor-
roborated by findings from lake sediments in Bolivia,
indicating dry conditions (Burbridge et al. 2004,
Mayle et al. 2000). However, the limited number of
age dates does not allow the precise temporal cor-
relation of these sediments. The Pleistocene/ Holo-
cene transition in Eastern Bolivia seems to be char-
acterized by relatively stable, wet conditions,
favouring soil formation and probably extensive for-
est cover. In contrast, the Early Holocene hiatus and
the subsequent rapid accumulation point to extreme

Paleosol-sediment-sequences along the Andean piedmont
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geomorphological instability. This might be due to
reduced forest cover under prevailing dry conditions.
This interpretation may be corroborated by appar-
ently reduced accumulation rates in Bolivian lakes
(Burbridge et al. 2004, Mayle et al. 2000). Dry  con-
ditions have also been proposed by Servant et al.
(1981) for the Mid-Holocene, based on widespread
accumulation of fluvial sands and subsequent for-
mation of dune fields. Even though modern aeolian
activity can locally be observed in the study area, the
Late Holocene transition to more humid conditions
seems to be well documented: Recent soil formation
at the top of our sequences are consistent with pol-
len findings from Bolivian lakes in the lowland (Bur-
bridge et al. 2004, Mayle et al. 2000) and from lake
sediments on the Altiplano (Baker et al., 2001b).
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To this date, the question of why and how a pla-
teau-type orogen formed with crustal thickening at
the leading edge of western South America remains
one of the hotly debated issues in geodynamics.
During the Cenozoic, the Altiplano and Puna pla-
teaux of the Central Andes (average elevation some
4 km, with an extent of 400 x 2000 km) developed
during continuous subduction of the oceanic Nazca
plate in a convergent continental margin setting – a
situation that is unique along the 60,000 km of con-
vergent margins around the globe. The key chal-
lenge is to understand why a first-order mechanical
instability of the later plateau extent developed along
the central portion of the leading edge of South
America only, as well as why and how this feature
developed only during the Cenozoic, although the
cycle of Andean subduction had been ongoing since
at least the Jurassic. Moreover, it would appear that
only rarely has this style of orogeny occurred in
Earth history, another example probably being the
Cretaceous North American Laramides. Since the
1980s, a plethora of models has been published that
attempt to find a solution to this ‘geodynamic para-
dox’ (Allmendinger et al., 1997). A major integrated
research program hosted by Berlin and Potsdam
Earth science research units has attempted to un-
ravel the mechanisms underlying plateau formation
at a convergent continental margin.

Deep geophysical data across the Central Andes
between 20°S and 24°S (ANCORP'96 and associ-
ated geophysical studies; ANCORP working group
2003) indicate the widespread presence of partial
melts or metamorphic fluids at mid-crustal level un-
der the plateau between the Cordilleras bounding
the latter. From structural balancing studies, these
fluids or melts are associated with decoupling of up-
per crustal shortening and lower crustal thickening.
Based on similar indications from the distribution of
magmatism it has been argued commonly that in fact

upper plate weakening from widespread heating and
partial melting may have been the key to under-
standing its widespread shortening behind the vol-
canic arc (Isacks, 1988; Allmendinger et al., 1997).
In addition, changes in plate convergence are usu-
ally considered to have been responsible in tuning
the changes in the upper plate system. While the
available wealth of geophysical data would seem to
lend support to the role of melts and fluids in upper
plate orogeny, the sensitivity of elastic, thermal, and
conductivity parameters as registered by most geo-
physical imaging techniques, may overemphasize
this role.

We therefore analyzed the temporal and spatial
evolution of deformation to provide better constraints
for the identification of key mechanisms (see Elger et
al., 2005, and Oncken et al., 2005 for details). An-
other feature unique to the Central Andes, is the
complete preservation of syntectonic volcanics and
sediments throughout the orogen and at its margins
allowing high spatial and temporal reconstruction of
the deformation history. Isotopic age-dating on these
deposits as well as seismic-sequence analysis dem-
onstrate that the Southern Altiplano crust was de-
formed with a complex partitioning of deformation
between various subunits that were partly synchro-
nized. The general acceleration of shortening rate
shows only a weak link to plate convergence rates
for the early stages. In contrast, our results show
that the differential velocity between upper plate ve-
locity and oceanic plate hinge and slab rollback ve-
locity is crucial in determining amount and rate of
shortening as well as their lateral variability at the
leading edge of the upper plate (see suggestions by
Russo and Silver 1996, Heuret and Lallemand,
2005). This first order control is tuned by factors af-
fecting the strength balance between the upper plate
lithosphere and the plate interface of the Nazca and
South American plates. These factors particularly in-
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clude a stage of reduced slab dip accelerating short-
ening (33 and 20 Ma) and an earlier phase of higher
trenchward sediment flux reducing plate interface
coupling with slowed shortening and enhanced slab
rollback (45 and 33 Ma). The latter was not con-
trolled by the Cenozoic climatic evolution (cf. Lamb
and Davis, 2003) but rather by construction and ero-
sion of local relief during early stages of shortening.
As a consequence of the interaction of these pa-
rameters at the site of the southern hemisphere
global arid belt, a plateau accumulating significant
shortening developed in the backarc of the South
American volcanic arc – as opposed to most other
circum-Pacific margins that focus deformation in the
forearc. The combination of these parameters (in
particular differential trench-upper plate velocity
evolution, high plate interface coupling from low
trench infill, and the lateral distribution of weak zones
in the upper plate leading edge) was highly uncom-
mon during the Phanerozoic leading to very few
plateau style orogens at convergent margins like the
Cenozoic Central Andes in South America or the
Laramide North American Cordillera.
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Theoretical models for the development of moun-
tainous topographies have animated discussions
about the magnitudes and rates of growth and/or de-
cay of relief in response to changes in climate, rock
uplift and exposure of bedrock lithologies. The west-
ern margin of southern Peru and northern Chile rep-
resent such a mountain belt for which one would an-
ticipate substantial relief growth. This is the case
because this part of the Andes has been an active
plate-boundary zone as documented by crustal
shallow seismic activities along the forearc and vol-
canic eruptions since the Oligocene. In addition, the
occurrence of >1000 m deep valleys (e.g., Lluta and
Azapa valleys) that dissect pediplains several thou-
sands of km2 wide suggest that this part of the An-
des has also been the location of substantial topog-
raphic modifications.

This paper, however, suggests that in the Andes
of northern Chile, the location of substantial relief
growth has been limited to ca. 20 km-long segments
along the major rivers since the Late Pliocene at the
latest. These segments are knickzones in the longi-
tudinal stream profiles, separating the stream pro-
files in two graded sections. In each of these sec-
tions, the valley and channel morphologies reveal
distinct trends in the upstream direction that corre-
late with the channel gradient and the distance from
the knickzones. In the flat segments beneath the
knickzones, the valleys are occupied by a 250 and
500 m-wide river belt, and a >400 m-wide floodplain.
Towards the knickzones, the valleys narrow to sev-
eral tens of meters, and the valley floor becomes oc-
cupied by single mixed bedrock-alluvial channels. In
the area of the knickzones, gravel bars are to large
extent absent, and the bedrock is exposed on the
channel floor. Above the knickzones, the valleys are
several tens to hundreds of meters wide, and the
river belt occupies the entire valley floor and is made
up braided channels and gravel bars.

In the lower reaches where the gradient is flat, the
presence of braided alluvial channels indicates
sediment bypass. The narrowing of the valleys to-
wards the knickzones, the increase in the channel
gradients and the mixed bedrock-alluvial nature of
channels imply that these valley segments are in a
phase of valley lowering. In the area of the
knickzones, exposure of bedrock implies ongoing
dissection into bedrock. Above the knickzones, how-
ever, the presence of braided channels with longitu-
dinal gravel bars implies sediment bypass. Hence,
the narrowing of the valleys towards the knickzones,
the increase in the channel gradients and the asso-
ciated change in the channel morphologies from al-
luvial to bedrock channels imply that these valleys
are in a phase of headward erosion. Von Rotz et al.
(2005) suggested that headward erosion was initi-
ated in response to baselevel lowering in the coastal
area that occurred somewhen after 7.5 Ma. The
knickzones then represent the erosional fronts that
have shifted headward since that time. They sepa-
rate the lower reaches that have adjusted to the low-
ered baselevel from the headwaters that still record
the Late Miocene situation.

The pattern of fluvial incision rates is based on
elevation differences between the valley floor and
the 2.7 Ma-old Lauca ignimbrite that was deposited
at the bottom of the Lluta valley at various locations
(Wörner et al., 2002; García  & Hérail., 2005). In the
flat segment, the Lauca ignimbrite rests at the bot-
tom of the Lluta valley at ca. 15 km distance from the
Pacific coast, and at 50 m above the valley floor 40
km farther inland. This implies no significant down-
cutting since the Pliocene. Similarly, concentrations
of multiple terrestrial cosmogenic nuclides (TCNs,
10Be, 26Al, 21Ne; Kober et al., 2005) imply extremely
low erosion rates of <1 m/My for the pediplains adja-
cent to these valleys due to the hyperarid climate. In
the area of the knickzoned, the occurrence of the
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Lauca ignimbrite between 400 and 700 m above the
recent valley floor implies incision rates >250 m/My
between the Pliocene and the presence. On the ad-
jacent pediplains, erosion rates have occurred at the
order of ca. 1 m/My according to concentrations of
TCNs (Kober et al., 2005). In the headwaters above
the knickzones, the post 2.7 Ma depth of incision is
<150 m, resulting in incision rates between 50-60
m/My since that time. Similar magnitudes of erosion
rates are measured with TCN analyses for the hill-
slope interfluves (Kober et al., 2005).

The geomorphic data imply that the 20 km-wide
knickzones in the longitudinal stream profiles of
northern Chilenean rivers represent headward shift-
ing erosional fronts. There, rates of valley downcut-
ting exceed erosion rates on adjacent pediplains by
two orders of magnitudes. Hence, these segments
are locations of substantial relief growth. Headward
incision was initiated in response to baselevel low-
ering in the Late Miocene. Since that time, no sub-
stantial changes in baselevels are recorded in the
topography. Indeed, beneath the knickzones, the
valley elevations have been stable since 2.7 Ma at
the latest as indicated by sediment bypass in these
segments and the occurrence of the 2.7 Ma-old
Lauca ignimbrite at the coast and in the Lluta valley.
Also, there is no evidence of substantial erosion on
the adjacent pediplains. Similarly, the channel mor-
phologies suggest no substantial fluvial dissection
and relief growth above the knickzones. Additionally,

identical erosion rates in valleys and on pediplains
and hillslope interfluves imply a nearly steady local
relief since the Late Pliocene at the latest. Hence,
the only geomorphic recorders of relief growth are
the knickzones, and therefore, the scale of relief
growth has been limited to 20 km-long segments
since the Late Pliocene. This also indicates that in
the Andes of Northern Chile, crustal uplift of the
Western Escarpment, and possibly of the Altiplano,
has ceased or has probably been negligible for the
observed timescale.
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 The Western Cordillera of Ecuador consists of al-
lochthonous terranes, which accreted to the South
American margin during the Late Cretaceous and
Early Tertiary. Each allochthonous terrane is com-
posed of a mafic oceanic basement, overlain by pre-,
syn- and post-accretionary Late Cretaceous and
Tertiary sedimentary rocks. Transcurrent displace-
ments along major N-S trending faults, resulting in
variable clockwise rotations, have produced a com-
plex juxtaposition of tectono-stratigraphic units. We
present both, provenance analyses of the sediments,
which overlie the mafic basement, as well as U/Pb
zircon (SHRIMP) and 40Ar/39Ar datings of basement
rocks between 0º 20’ N to 2º S. Based on this data
we propose a tentative geological history of parts of
the Western Cordillera.

The Pallatanga Terrane is exposed along the
eastern border of the Cordillera (Fig. 1) and is sepa-
rated from the continental margin by a deformed
suture zone (the Pujilí fault zone). Mafic basement
rocks (Pallatanga Unit) yield oceanic plateau geo-
chemical signatures and probably form part of the
Caribbean Oceanic Plateau, implying a Late Creta-
ceous age (Spikings et al., 2001; Kerr et al., 2002).
The Macuchi Terrane is located along the western
border of the cordillera, and is separated from the
Pallatanga Terrane by the regional-scale Chimbo-
Toachi dextral shear zone. Geochemically, the ba-
saltic-andesitic basement of the Macuchi Terrane
(Macuchi Unit) has an island arc affinity (Hughes and
Pilatasig, 2002). 40Ar/39Ar analyses of plagioclase
crystals yield a plateau age of 42.62 ± 1.3 Ma, which
is consistent with the Middle Eocene age determined
in the sedimentary rocks associated with this unit
(Eguez, 1986).

The San Juan Unit hosts ultramafic and gabbroic
mafic cumulates, which yield an oceanic plateau
geochemical signature, similar to the Pallatanga Unit
(Mamberti et al., 2004). U/Pb (SHRIMP) analyses of

homogeneous zircons extracted from a gabbro in the
San Juan Unit yielded an age of 87.1 ± 0.8. Ma. The
U/Pb age is interpreted as the crystalllisation age of
the gabbros. Zircons from a fractionated juvenile
pegmatite, which forms part of the Pallatanga Unit,
yielded a U/Pb (SHRIMP) zircon age of 85.5±0.6,
which we interpret to be the time of crystallisation of
late, fractionated melts that gave rise to the Palla-
tanga Unit. The San Juan and Pallatanga units have
very similar ages, suggesting that they probably rep-
resent a single plateau sequence that hosts both ul-
tramafic cumulates and younger fractionated se-
quences, similar to what is observed in the
Caribbean Colombian Oceanic Plateau sequence in
Colombia (Kerr et al., 2002).

Associated with the Pallatanga Terrane is the Rio
Cala volcanic arc system, which comprises various
volcanic and volcaniclastic units (Natividad, Mulaute,
Pilatón units). 40Ar/39Ar analyses of plagioclase
crystals extracted from basalts of the Natividad Unit
yield a plateau age of 64.3±0.4 Ma, interpreted as
the time of crystallization subsequent to eruption.

Heavy mineral (HM) assemblages of volcanic rich
sandstones overlying the Pallatanga Unit (Mulaute
and Pilatón units), are characterized by high per-
centages (90 - 95%) of volcanic derived minerals,
suggesting that they were derived from a volcanic
source, distant from the continent. However, a sig-
nificant quantity of material derived from continental
crust occurs in the Saguangal Unit. The latter strati-
graphically overlies the Mulaute and Pilaton units.
Single grain geochemistry of clinopyroxenes (CPX)
extracted from these units indicate that their mafic
sources were tholeiitic and formed in a subduction
zone, suggesting an oceanic island arc origin. The
juxtaposed Campanian - Maastrichtian Natividad
Unit is dominated by volcanic derived minerals. The
composition of CPX extracted from basalts and
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sandstones in this unit indicates a tholeiitic island arc
setting.

In conclusion, similar U/Pb crystallization ages
from the San Juan and Pallatanga units suggest that
they represent ultramafic and fractionated compo-
nents of a single oceanic plateau sequence, which
crystallized during 88 – 85 Ma. These ages partly
overlap with those determined for the Caribbean
plateau (e.g. 91 - 88 Ma; Sinton et al. 1998). Heavy
minerals, single grain geochemistry and sedimentary
facies indicate that the associated Rio Cala island
arc units were derived from an island arc volcanic
source, which was separated from continental detri-
tal input until deposition of the Saguangal Unit.
40Ar/39Ar dating indicates that the island arc was ac-
tive during the Maastrichtian-Danian. However, mi-
crofossil data suggest it may be as old as the Cam-
panian (Boland et al. 2000). Furtheron, U/Pb zircon
dating (LA-ICPMS) in sedimentary rocks of the Sa-
guangal Unit yield a maximum age of 56 Ma for the
detrital zircons, which suggests that the Rio Cala is-
land arc system was already accreted to the conti-
nent during the Late Paleocene.

The Macuchi Terrane is interpreted as a volcanic
arc produced by subduction of oceanic crust below
the already accreted Pallatanga oceanic plateau
elements. The activity of this arc probably started in
the Paleocene and continued till the Late Eocene.
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Located at 55°S in the island of Tierra del Fuego,
Lago Fagnano occupies the deepest continental pull-
apart basin forming part of a chain of tectonic de-
pressions along the Fagnano-Magallanes left lateral
rift system. This tectonic lineament crosses the
Southern Andes dividing the southern Nova Scotia
plate from the northern South American plate. Fag-
nano is the biggest (~110 km long), southernmost
non-ice covered lake in the world close to Antarctica.
More than 800 km of geophysical data were ac-
quired in a recent seismic survey of Lago Fagnano
(March, 2005) combining simultaneously a high-
resolution pinger 3.5 kHz single-channel with 1 in3

airgun multi-channel systems. These data provide a
unique opportunity to look at the most recent lacus-
trine sediments with high-resolution, while imaging
the oldest sediments at the same time. Preliminary
interpretations show that the lake is divided into two
sub-basins: a deep eastern sub-basin (~200 m water
depth), and a shallower western sub-basin (~100 m).
The seismic survey penetrated more than several
tens of meters of sediments, exhibiting both lacus-
trine and glacial provenance, probably comprising
the LGM and the Holocene. A quick observation of
the seismic reflectors indicates the presence of sev-
eral neo-tectonic structures affecting even the most
recent sedimentary package including some mega-
turbidites. Thus, the geophysical survey provides
critical information to evaluate the tectonic impact on
the sedimentation, and to choose the appropriate
coring sites to obtain a meaningful climatic recon-
struction.

Given that Tierra del Fuego is secluded between two
oceans, several environmental factors including the
westerly winds, the Southern Ocean circumpolar
flow, and the South Pacific gyre directly influence its
regional climate and can be tracked in the sedimen-
tary record of the lake. Today, the magnitude and
intensity of the westerly winds dominate Patagonia’s
climate. They are the main transporters of moisture
from the Pacific Ocean towards the continent trig-
gering a seasonal precipitation pattern that shows a
conspicuous latitudinal change. Continental records
from southernmost Patagonia, thus, are ideally situ-
ated to follow after the changing behaviour of the
different components of the climate system and, to
investigate high-latitude climate variability through
time.

Gravity cores from both Lago Fagnano sub-basins
reveal a regular alternation of light and dark laminae
with abundant diatom content. Ultra-high resolution
X-ray fluorescence micro-profiles show fluctuations
at mm scale in major and trace elements that may
indicate seasonal influx changes into the basin.
These core data will provide a unique record of
changes in regional climate with decadal resolution.
The comparison of these results with other marine
and continental archives will improve our under-
standing of the forcing mechanisms behind climate
change that can be further used to validate the out-
come of ocean and atmospheric climatic models for
the Southern Hemisphere.  We are also using the
interpreted seismic profiles to identify piston-coring
sites, for field operations anticipated in 2006.

Reconstructing past and present environmental processes in the
southernmost tip of the Andean cordillera - The lacustrine record of
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Western Peru including the Western Cordillera and
the coastal margin is made up mainly of the Coastal
Batholith and the Precambrian to Palaeozoic Are-
quipa Massif. The Coastal Batholith of Peru consists
of over one thousand different plutons ranging in age
from Late Jurassic to Late Cretaceous and from Eo-
cene to Early Miocene (Pitcher, 1985). It forms a
complex but well-defined linear feature which follows
nearly the entire Peruvian coast, extending through
isolated plutons into Ecuador and Chile. The grani-
toidic petrology of the individual intrusive bodies
shows only minor variations. The climatic zone runs
parallel to the Andes and therefore almost the entire
coastal region is subject to the same very dry cli-
mate. Hence many parameters that might have an
effect on erosion rates such as variations in climate
and in rock type are tightly constrained and uniform
within the whole area. This makes Western Peru an
exquisite region to study the evolution of a coastal
margin in an area of active subduction. Additionally
the Nazca Ridge located on the oceanic Nazca Plate
is being subducted in an essentially east-west direc-
tion underneath the South American Plate. There is
a clear trend towards a south east passage of the
collision zone over the last 10-12 Myrs (Hampel,
2002; Pilger, 1981). The Peruvian coastal margin
therefore offers unique possibilities to study the in-
teraction of the different processes involved..

The tools best suited to constrain the evolution of
the Peruvian coastal margin and the Western Cor-
dillera as well as the processes induced by the
Nazca Ridge are low temperature geochronometers
such as fission-track and (U-Th)/He. Samples col-
lected at several locations in the Western Cordillera
and the Peruvian Coastal margin between Piura
(Lat. 5°30S) and Tacna (Lat. 18°S) at altitudes from
sea level to 3500 m have been analyzed. Cooling
histories determined through modelling of the fission

track data show two distinctly different types of
cooling histories.

a.) Rocks from Precambrian or Palaeozoic suites
show simple slow cooling. Significant changes in the
rate of cooling within these models can be correlated
with known major tectonic events like the Peruvian-
and the Incaic Phase. In the models from central and
northern Peru only the Incaic event is observed. This
implies that the older Peruvian phase was weak or
absent in these areas. The models from the very
south show a change in cooling which can be corre-
lated with the Peruvian Phase. There is no indication
of an event, which can be associated with the Incaic
Phase.

b.) The modelled cooling histories from the
Coastal Batholith show a phase of very rapid cooling
just after intrusion which was as high as 60°C/Ma.
This cooling slows down and eventually becomes in-
distinguishable from the slow cooling observed in the
Precambrian and Palaeozoic rocks. In most models
a significant slow down of the cooling rate is ob-
served at various times. These changes are thought
to represent the adjustment of the high geothermal
gradient of the intrusives to the surrounding gradient
of the “old” crust and are not believed to represent
tectonic events. In the majority of the models a rela-
tively long period of quiescence with slow continuous
exhumation follows. Depending on the variable age
of the intrusions and the rates of cooling, the dura-
tion of the subsequent period of quiescence varies.

A renewed increase in cooling rates is observed
between 8-1 Ma in various samples at altitudes be-
tween 95 and 2895 m. In most cases these changes
are outside the APAZ (Apatite Partial Anealing Zone)
and therefore inconclusive. In samples from central
Peru, however these renewed phases of rapid ex-
humation are supported by He data. It is plausible
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that the event seen is real as the Cordillera Blanca
located east of these sites began uplifting at ~ 6 Ma.

In general the He ages of fast cooled samples like
the Coastal Batholith tend to reproduce nicely and
support the modelling of cooling histories based on
fission-track data. Apatite He ages from the slowly
cooled Precambrian and Palaeozoic suites with po-
tentially complex cooling histories and extensive pe-
riods spent within the HePRZ produce a huge scatter
of ages.

An impact caused by the subduction of the Nazca
Ridge is seen in the change of apparent apatite fis-
sion track- and He-ages occurring over today’s posi-
tion of the ridge. The younger ages in the north are
the result of enhanced erosion due to surface uplift
caused by the passing of the ridge. The very young
He ages determined in the vicinity of the knickpoints
in the Lunahuana and the Pisco valley are inter-
preted to be the result of enhanced river incision.
Data for a possible Late Neogene tectonic event re-
corded by the modelled cooling histories of central
Peru is difficult to interpret. A correlation with the
passing of the Nazca Ridge is plausible but ex-
tremely difficult to verify.

In conclusion it can be said that no significant ero-
sion has been taking place in the entire coastal mar-
gin. The modelled cooling histories are in good
agreement with notions that the area has been dry
since at least 23 Ma possibly 37 Ma (Dunai et al.
2005) or maybe even since the Jurassic as proposed

by (Hartley 2005). An increase in erosion has oc-
curred in the coastal areas uplifted by the subducting
Nazca Ridge. This increase is relatively small how-
ever and has lead to younger apparent apatite fis-
sion-track- and He-ages. It is however not big
enough to reveal the timing of the ridge induced up-
lift itself. At higher altitudes the enhanced erosion
was big enough to expose very young He ages.
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Figure 1. Geomorphological setting of the research location in
the Encierro Valley. The dashed lines indicate terminal mo-
raines, the dotted lines pronounced lateral moraines. Num-
bers behind sample labels are the exposure ages in ka.

Glaciers sensitively record climate changes, be-
cause their mass balance depends on both tem-
perature and precipitation. Moraines are therefore
potentially valuable archives for Quaternary climate
reconstructions. The possibility to determine the
deposition age of moraines has, however, often
been limited due to the lack of organic material for
radiocarbon dating. This is especially true for arid
high mountain areas, like e.g. the Central Andes.
There, little is known about the glacial history, al-
though the position between the tropical and ex-
tratropical circulation systems (westerlies vs. tropical
influence) makes them a key area for studying Qua-
ternary climate. Huge moraines north and south of
the so-called ‘Arid Diagonal’, have been interpreted
to document periods of substantially increased pre-
cipitation (Amman et al. 2001), but insufficient dating
control prevented detailed interpretations.

Recent progress in developing surface exposure
dating (SED) (Gosse & Phillips 2001) has provided a
new tool, which now enables to address questions
concerning
- the age of glacial advances north and south of

the Arid Diagonal,
- their value as archive for shifting atmospheric cir-

culation systems and concurrent precipitation
changes, and

- their potential correlation with well-known north-
ern hemispheric cold periods during deglaciation
(e.g. the Oldest, Older and Younger Dryas).

So far, we have obtained first exposure ages from
the Encierro Valley (~29°S), Northern Chile, just
south of the Arid Diagonal (Zech et al., submitted)
(Fig. 1). A very prominent moraine stage (M-II)
documents an extensive glaciation, which reached
an altitude of ~3500 m, resulting in an equilibrium
line altitude (ELA) depression of ~1000 m. A large
lateral moraine (LM in Fig. 1) corresponds to this ad-
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Figure 1. Geomorphological setting of the research location in
the Encierro Valley. The dashed lines indicate terminal mo-
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vance and has also been sampled. Several reces-
sional moraines (M-III, IV and V) can be found in the
valley bottom and probably document climate fluc-
tuations during deglaciation.

The exposure ages from M-II B and LM indicate
that the prominent glacial stage occurred at ~14.0 ±
1.4 ka BP. Too young exposure ages can be ex-
plained with post-depositional exhumation and insta-
bility of boulders, so that in the absence of obvious
outliers the oldest exposure age should generally be
considered the best estimate for the deposition age
(Zech et al., in press). The oldest sample (EE71 on
M-II A) may either be an outlier due to inheritance
(pre-exposure) or, more likely, document a previous,
more extensive glaciation than M-II B.

Deglaciation of the nowadays ice-free valley oc-
curred after a final glacial advance at ~11.6 ± 1.2 ka
BP.

Previous modeling has shown that a temperature
depression of ~5.5°C and a precipitation increase of
~550 mm/a (presently: ~300 mm/a) has been neces-
sary to create the most prominent moraine stage M-
II B (Kull et al. 2002). Today, the study area is mainly
influenced by the westerlies and winter precipitation.
It has therefore been postulated that a glacial ad-
vance could have occurred synchronous with the
temperature minimum during the last glacial maxi-
mum (LGM) at ~18-20 ka BP. Not only low tem-
peratures, but also a northward shift of the wester-
lies, deduced from marine sediments off-shore Chile
and pollen records, would have favored this sce-
nario. However, the glacier-climate model could not
determine any pronounced seasonality of the in-
creased precipitation, and it can therefore not be ex-
cluded that austral summer advection of humid air
masses from the Andean east-side might have
played an important role for the observed glacial
stages at ~14.0 and 11.6 ka BP. There is increasing
evidence for major climatic changes in tropical and
subtropical South American climate at these times
(e.g. oxygen isotope records from stalagmites in SE-
Brazil, from ice-cores on Vulcan Sajama and Illimani,
from lake sediments on the Altiplano, etc.), but hith-
erto both proxy interpretation and correlation are a
matter of ongoing debate.

We conclude that
- extensive glacial advances in the Encierro Valley

occurred during the Lateglacial,
- these advances required substantially increased

precipitation, which we speculate might originate
from the tropical circulation system, and

- that the timing of glacial advances resembles the
cold event stratigraphy in the northern hemi-
sphere (Oldest Dryas, Younger Dryas), but that
absolute uncertainties (~10%) need to be re-
duced for corroboration.

Further exposure age samples are currently being
prepared and results are anticipated for Octo-
ber/November. These ongoing studies are focusing:
- on the refinement of the glacial chronology in a

valley close to the presented Encierro Valley (at
least six glacial stages),

- on the spatial extent of the identified glacial ad-
vances: Comparison with exposure age chro-
nologies from Bolivia, as well as from south of the
Encierro Valley are expected to yield further in-
formation on past precipitation changes and
sources.
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