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Abstract

The Late Pleistocene glacial and climate history in the dry Central Andes is not well known so far, mainly because of the lack of
suitable material for radiocarbon dating. In order to establish a glacial chronology, we applied surface exposure dating, using in-situ
produced cosmogenic '°Be, for 11 boulders from moraines in the Encierro Valley (29°S), northern Chile. We discuss sample-
specific effects (topographic shielding, sample geometry, rock surface erosion, inheritance and post-depositional geomorphological
instability) and systematic uncertainties (production rate of '°Be, latitude and altitude scaling). Minor glacial advances probably
occurred around 11.6 & 1.2 ka BP, whereas major advances are recorded at 14.0 + 1.4 ka BP and eventually at 24.1 +2.4 ka BP.

This may indicate synchrony of some Late Pleistocene glacial advances south and north of the so-called Arid Diagonal (~25°S).
Increased precipitation plays a dominant role for the observed Late Pleistocene glacial advances. In the absence of further glacial
chronologies south and north of the research area, it remains difficult to disentangle the influence of the complex and in space and

time variable westerlies and the tropical summer precipitation regime.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The arid Central Andes in South America are a key
area for the study of Late Quaternary climate changes
because they mark a transition zone between tropical
and extra-tropical circulation systems (Fig. 1). Any
changes in large-scale atmospheric circulation patterns
should therefore be recorded in lacustrine, fluvial and
glacial deposits. The palaco-environmental reconstruc-
tion at key sites, like, e.g. along the “Arid Diagonal”
that crosses the Andes at 25-27°S, improves our un-
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derstanding of the climate system. Besides, the
expected impact of global changes in South America
can only be recognised and fully understood through
the reliable knowledge and interpretation of global
changes in the past (IPCC, 2001).

Knowledge of Late Pleistocene climate changes in
the Central Andes is still limited (Garleff and Stingl,
1991, 1998; Harrison, 2004; Heine, 2004; Mark et al.,
2004). This is mainly due to the lack of suitable organic
material for radiocarbon dating. The climate in the
Central Andes is very arid so that conditions for organic
matter production and preservation are extremely unfa-
vourable. Due to the aridity, no glaciers exist today
between 18°S (Vulcan Sajama) and 27°S (Cerro Tres
Cruzes), even despite of elevations up to 6700 m
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Fig. 1. Location of the research area and atmospheric circulation patterns providing moisture to the arid Central Andes.

(Grosjean et al., 1998; Veit, 2000). This phenomena,
known as ‘thermal readiness’ (Messerli, 1973), implies
that glacier growth is not limited by temperature, but by
insufficient precipitation. Large moraines north and
south of the Arid Diagonal (Jenny and Kammer,
1996) document at least one Late Pleistocene phase
of substantially increased precipitation.

North of the Arid Diagonal, late-glacial transgres-
sion phases (Tauca) are well documented (Baker et
al., 2001; Chepstow-Lusty et al., 2005; Fritz et al.,
2004; Grosjean et al., 1995; Sylvestre et al., 1999)
and have been confirmed to be synchronous with last
maximum glacial advances (Clapperton et al., 1997;
Clayton and Clapperton, 1997). Maximum glacial

advances did thus not occur during the temperature
minimum of the global last glacial maximum (LGM)
at 18-20 ka before present (BP). Instead, the glacial
and lacustrine history was mainly controlled by in-
creased monsoonal moisture advection from the At-
lantic and the Amazon Basin (Ammann et al., 2001;
Hastenrath and Kutzbach, 1985; Kull and Grosjean,
1998).

Evidence for a humid late-glacial phase disappears
south of 25°S (Geyh et al.,, 1999; Grosjean et al.,
1995). Timing and precipitation source during the
maximum glacier expansion south of the Arid Diag-
onal are not yet known. Today, most precipitation
south of the Arid Diagonal is derived from extra-
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tropical winter precipitation with Pacific moisture
related to cyclone activity (Vuille and Ammann,
1997). Based on a glacier climate model, which
was applied north (Kull, 1999; Kull and Grosjean,
2000; Kull et al., 2003) and south (Kull et al., 2002)
of the Arid Diagonal, it was suggested that different
climatic conditions in the respective study areas,
especially temperature, point to different timing of
the most dominant glacial advance. Glaciers in the
south might have reached their maximum extent
under full glacial climate conditions around the
LGM, i.e. synchronous with dated glacial advances
in Central and Southern Chile (Denton et al., 1999;
Espizua, 1999; Heusser et al., 1999; Lowell et al.,
1995). The necessary increase in annual precipitation
at ~30°S (Kull et al., 2002) during full glacial times
is consistent with modelling studies (Caviedes, 1990;
Wyrwoll et al., 2000) and with findings from coastal
sediments (Stuut and Lamy, 2004).

Ammann et al. (2001) emphasised the lack of glacial
deposits at latitudes from 25°S to 27°S. It is not possi-
ble to confidently correlate the most prominent late-
glacial stage north of the Arid Diagonal with the most
prominent, hitherto undated Late Pleistocene glacial
advance south of the Arid Diagonal. In the absence of
absolute dates, timing and extent of glacial advances
remains speculative there.

In this paper, we present the first results of a palaco-
ecological study that tries to contribute to the recon-
struction of the Late Pleistocene climate history along a
transect from the Bolivian Andes in the north to the
Patagonian Andes in the south. One of the main objec-
tives is the direct numerical dating of moraines using
'Be surface exposure dating. Here, we discuss expo-
sure ages of 11 boulders from moraines in the Encierro
Valley just south of the Arid Diagonal (29°S), (i) with
respect to their stratigraphical position and (ii) in terms
of the uncertainties concerning the absolute ages. Fi-
nally, (iii) palaeoclimatic implications of the dating
results are addressed.

2. ""Be surface exposure dating

The development of surface exposure dating during
the last two decades enables the direct determination
of deposition ages of boulders and moraines (Cerling
and Craig, 1994; Gosse and Phillips, 2001). The
method is based on the in-situ production of so-called
cosmogenic nuclides (like, e.g. '°Be, *°Al and *°Cl)
within the first few decimetres of an exposed rock
surface. In quartz, '°Be is mainly produced by spall-
ation reactions of fast neutrons and muons with silica

and oxygen. The local production rate of cosmogenic
nuclides depends on the intensity of the cosmic radi-
ation. Therefore, both the latitude and the altitude of
the sample location must be known for the calculation
of the exposure time. The latitude determines the
amount of primary cosmic radiation (mainly protons
and a-particles) that reaches the upper atmosphere
after deflection in the geomagnetic field. A cascade
of nuclide reactions in the upper atmosphere produces
the secondary cosmic radiation (mainly neutrons and
muons), which is then more or less exponentially
attenuated on its way to the earth surface. Recently,
so-called scaling systems have been developed that do
not only allow to calculate local production rates for
all geographical positions (the reference production
rate refers to sea level and high latitude, SLHL);
additionally, these models enable to correct the expo-
sure ages for past changes in the geomagnetic field
(Desilets and Zreda, 2003; Dunai, 2001).

The exposure ages in this study were calculated
according to Desilets and Zreda (2003), using a refer-
ence production rate of 5.25 atoms a~ ' g~ ' SiO, for
neutron spallation. This value has been derived from
recalculation of cosmogenic nuclide data of the well-
dated Kofels landslide in Austria (Kubik and Ivy-Ochs,
2004; Kubik et al., 1998). All exposure ages were
corrected for changes of the magnetic field intensity
(and according to Guyodo and Valet, 1996, for the time
>10 ka BP; data according to McElhinny and Sena-
nayake, 1982, for the time <10 ka BP). The dipole
wobble can be accounted for during the last 10 ka (data
according to Ohno and Hamano, 1992). Before that
time, a geocentrical axial dipole can be assumed with-
out inducing major errors. Sample-specific corrections
were performed for topographic shielding according to
Dunne et al. (1999). No correction was calculated for
vegetation or snow cover, because vegetation is ex-
tremely sparse and the selection of large boulders for
sampling can be expected to reduce snow cover effects
in the arid research area.

Large granite boulders (e.g. Figs. 3 and 4) were
sampled at their top with hammer and chisel (0.5-1
kg). The laboratory procedure was conducted following
a slightly modified scheme of Ivy-Ochs (1996): After
separation of pure quartz by selective chemical disso-
lution and addition of a Be carrier, the samples were
dissolved in concentrated HF. Anion and cation ex-
change chromatography were then performed to purify
the Beryllium. For the AMS measurements (accelerated
mass spectrometer) at the ETH/PSI tandem facility in
Zurich, Be-hydroxide was precipitated, baked to the
oxide and pressed into targets.
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3. Research area—the Encierro Valley

The Encierro Valley (29°05'S, 60°54’W, Figs. 1 and
2) is located just south of the Arid Diagonal. It experi-
ences a steep precipitation gradient with rates of 100
mm/a at 26°S and at 4000 m a.s.l. increasing to 400
mm/a at 30°S and at the same altitude. Precipitation in
the Encierro Valley is estimated to 300 mm/a and
mainly falls in austral winter (Vuille and Ammann,
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Fig. 2. Geomorphological setting of the sampling locations and
exposure ages in ka BP. The dashed lines indicate terminal moraines
and the dotted lines pronounced lateral moraines. Labelling of the
moraines follows previous stratigraphic work (Grosjean et al., 1998),
supplemented by the division of the M-Il moraine into M-Il A and B,
the addition of M-V as a younger recession stage and the huge lateral
moraine LM.

Fig. 3. View from the inner terminal moraine arc in northern direction
(sampling of boulder EE62). Behind, the outer terminal moraine
forms the smooth east-facing slope.

1997). Due to the dry conditions, glaciers currently do
not exist, although the catchment reaches altitudes
above 5000 m. Moraines are found down to 3500 m
altitude and document the considerable extent of for-
mer glaciations. Previous investigations (Grosjean et
al., 1998; Jenny and Kammer, 1996; Veit, 1994) dis-
tinguish up to five glacial stages (Fig. 2). Apart from
Late Holocene radiocarbon ages (Grosjean et al.,
1998), absolute dates from the area are not available
so far. Based on correlation with glacial advances to
the north, Veit (1994) assigned an age older than 30 ka
BP and a late-glacial age to the most extensive mor-
aines (M-I and M-II, respectively, ELA depressions
~1000 m). Recent modelling suggests a precipitation
increase of ~550 mm/a and a regional temperature
depression of ~5.5 °C compared to today for the
prominent glacial stage M-II (Kull et al., 2002). It
has been proposed that this palacoclimate scenario
may indicate that the glacial advance M-II occurred
during full glacial climate conditions.

In order to contribute to the reconstruction of the
glacial history of the Encierro Valley, 11 large granite
boulders from several moraines were selected for '°Be
surface exposure dating (Triassic granites crop out in
the upper part of the valley according to Nasip et al.,
1990). Fig. 2 illustrates the geomorphological setting of
the sample sites:

(i) Two boulders (EE11 and 12) on a recessional
moraine in the main valley (M-V) were selected
for sampling, in order to characterise the degla-
ciation. Two more boulders (EE22 and 24) were
sampled on a lateral moraine to the northwest.

(ii) The large lateral moraine LM reveals a hum-
mocky relief in its upper part, but a crest-shaped
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Fig. 4. View from the outer terminal moraine arc (dashed line) in
southwestern direction (in the foreground sample EE71). Behind, one
can see the transition of the lateral moraine LM to the inner terminal
moraine arc (dotted line). The arrow indicates the ice-flow direction.

morphology in the middle and lower parts. All
three parts of LM were therefore sampled inde-
pendently (EE33, EE34, EE42 and EES1).

(iii)) Two boulders were sampled from an inner termi-
nal moraine arc (M-II B) at an altitude of 3680 m
(EE62 and 63) and, finally, one boulder (EE71)
was sampled from the outer terminal moraine arc
(M-II A) (see Figs. 3 and 4).

4. Results and discussion

The sample data and calculated exposure ages are
given in Table 1 and illustrated in their stratigraphical
context in Fig. 2. For the discussion of the exposure
ages, we will first concentrate on sample-specific
effects, i.e. topographic shielding, sample thickness

Table 1

and geometry, pre-exposure, rock surface erosion and
post-depositional geomorphological activity. The po-
tential effects of these factors on the dating results
must be understood in order to draw sound conclusions
from the sample exposure ages to the deposition ages of
the moraines. In a second step, we will discuss system-
atic uncertainties, i.e. those induced by the reference
production rate, the scaling system and potential neo-
tectonic activity. These uncertainties affect all samples
in the same way and must be considered when inter-
preting the exposure ages as ‘absolute’ ages in the
palaeoclimatic context.

4.1. Sample-specific effects—relative glacial
chronology

The concentration of accumulated cosmogenic
nuclides from boulders on one and the same moraine
do not necessarily agree with each other. Occasionally,
the data scatter can be much larger than the standard
deviations of the AMS measurements. This is also the
case for the lateral moraine LM (samples EE33, 34, 42
and 51) and the terminal moraine M-Il B (EE62 and
63, see also Fig. 5). Exposure ages may scatter due to
different topographic shielding of the cosmic radiation,
deviating sample geometries, pre-exposure, rock sur-
face erosion or due to unstable landform surfaces. The
correction factors for topographic shielding are less
than 1.5% (Table 1). Sample thickness correction,
which is the only feasible geometric correction hith-
erto, might be up to 3% (4 cm sample thickness)
assuming an exponential decrease of the isotope con-
centration with depth (Lal, 1991). This correction was
however not applied, because there is no consensus
yet (Masarik and Reedy, 1995). Other geometric

Sample data and exposure ages calculated according to Desilets and Zreda (2003)

Sample Latitude °S Longitude “W Altitude 19Be AMS SD? Topographic shielding Exposure age”
[m as.l] [at/g SiO,] [%] [ka BP]
EEIll 29.13 69.90 3971 801,054 4.1 0.997 11.6£0.5
EE12 29.13 69.90 3971 783,229 3.7 0.997 11.3+0.4
EE22 29.13 69.90 3998 732,037 3.7 0.997 10.4+0.4
EE24 29.13 69.90 3994 764,244 42 0.997 10.9+0.5
EE33 29.11 69.90 4055 791,946 5.9 0.997 10.9+0.7
EE34 29.11 69.90 4029 1,004,234 4.8 0.997 14.0£0.6
EE42 29.10 69.90 3955 838,268 43 0.997 123405
EES1 29.09 69.90 3900 897,528 42 0.984 13.7£0.5
EE62 29.07 69.90 3688 755,000 5.2 0.988 13.1£0.7
EE63 29.07 69.90 3684 530,162 4.1 0.988 93+04
EE71 29.07 69.90 3678 1,472,753 4.1 0.988 24.1+09

% AMS SD=1o standard deviation of the AMS measurement.

® Including the propagated 1o standard deviation of the AMS measurement.
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Fig. 5. Sample-specific effects and uncertainties on the exposure ages.
The error bars indicate the lo standard deviations of the AMS
measurements.

effects, like sample height or proximity to boulder
edges, should be less than 10% (Masarik and Wieler,
2003).

An explanation for the overestimation of the depo-
sition age of moraines is pre-exposure, also termed
inheritance (see Fig. 5). The probability of inheritance
is assumed to be as low as <3% (Putkonen and
Swanson, 2003; Shanahan and Zreda, 2000). On the
other side, underestimation of the deposition age
occurs when accumulated cosmogenic nuclides are
lost due to rock surface erosion (see Fig. 5). This
effect is largest for a sudden and recent erosion
event (~10% for a recent loss of the upper 10 cm
of the rock surface). Careful sampling, avoiding
boulders with signs of erosion and looking for
boulders with striae instead, can minimise the risk of
unrevealed erosion. The underestimation of the depo-
sition age of a moraine due to unstable landform
surfaces is most important in our case study. Formerly
buried boulders could be exhumed due to erosion of
surrounding soil matrix (Hallet and Putkonen, 1994;
Putkonen and Swanson, 2003), or due to upheaval or
rotation of boulders during cryoturbation processes.

Ice-cored moraines, which can often be recognised
from their hummocky relief, remain unstable as long
as cold conditions prevent the buried ice from melting.
This may take up to thousands of years (Zech et al.,
2005). Following this argumentation, the oldest expo-
sure age from a moraine can be considered to be the
best estimate for the deposition age, whereas the
youngest exposure age should be close to the time
of landform surface stabilization. This approach for
interpreting exposure ages, known as ‘oldest age mod-
el’, should generally be preferred over calculating
mean ages, unless an ‘inheritance-boulder’ has been
identified on the basis of stratigraphic constraints or
the exposure age distribution (i.e. an obvious outlier).
A huge number of available dates would of course be
useful to identify inheritance, but exposure dating is
elaborate and expensive.

Based on our 11 exposure ages, we tentatively sug-
gest the following relative chronology:

(1) The samples EE11, 12, 22 and 24 document the
deglaciation in the Encierro Valley. Although the
exact stratigraphic situation is complicated by the
western tributary valleys, the exposure ages clear-
ly date recessional glacial stages. According to
the ‘oldest age model’, the oldest sample, boulder
EE11, most likely dates the timing of the last
glacial advance. Rapid warming then caused de-
glaciation and melting of buried glacier ice (ap-
proximately dated by the youngest sample,
boulder EE22).

(i1) The samples on the lateral moraine LM stratigra-
phically belong to the most prominent glacial
stage, which terminates with M-II B. Similar
ages should therefore be expected for LM and
M-IT B. However, out of six samples, three seem
to underestimate the deposition age (EE33, 42
and 63). This is likely due to post-depositional
geomorphological instability. Boulder EE33 lies
on the hummocky upper part of LM, and boulder
EE63 might have been affected by delayed melt-
ing of buried glacier ice in an ice-cored terminal
moraine. According to the ‘oldest age model’,
sample EE34 can be considered to be the best
estimate for the timing of the corresponding gla-
cial advance. The youngest sample, boulder
EE63, approximately dates the stabilization of
the moraine surface.

(iii) Only one exposure age is available for M-Il A
(EE71). We tentatively interpret this age as de-
position age of a glacial advance that occurred
much earlier than the subsequent ones, but this
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conclusion clearly requires verification in future
studies.

4.2. Systematic uncertainties—absolute glacial
chronology

Before the exposure ages can be discussed in terms
of their absolute values and in the context of the climate
history, one should be aware of systematic uncertainties
of the dating method. These affect all samples in the
same way. Up to now, there exist only very few cali-
bration studies and no reference production rate that has
been agreed upon. Furthermore, slightly differing scal-
ing systems are available.

As outlined above, we recalculated a reference pro-
duction rate from the data of the well-dated Kofels
landslide (Kubik and Ivy-Ochs, 2004) and used the
scaling system described by Desilets and Zreda
(2003). In Fig. 6, the £10% error bars illustrate the
total systematic uncertainties as suggested by Gosse
and Phillips (2001). They include the uncertainty of
the basic calibration, altitude scaling and geographical
scaling. Only local calibration studies could further
reduce these uncertainties, because they could take
into account persistent anomalies in the atmosphere

@ Desilets & Zreda (2003)
ODunai (2001)
B Uplift 5 mm/a 24.1

30 f

20
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o
_|

EE11 EE34 EE71

Fig. 6. Systematic uncertainties of the exposure ages. The first and
second columns illustrate the age difference between calculations
based on the scaling systems of Desilets and Zreda (2003) and of
Dunai (2001), respectively. The third column shows the potential
influence of an assumed neotectonic uplift. The +10% error bar
represents the total systematic uncertainties (Gosse and Phillips,
2001).

(affecting altitude scaling) and anomalies in the geo-
magnetic field (affecting geographical scaling). Local
calibration studies are, however, not available for the
Central Andes so far. The second column in Fig. 6
illustrates the exposure ages that are obtained when
applying the scaling system of Dunai (2001) instead
of the one of Desilets and Zreda (2003). No significant
difference can be observed. A hypothetical uplift rate of
5 mm/a would not dramatically affect the exposure ages
either (third column in Fig. 6).

In conclusion, being aware of the potential sample-
specific and systematic uncertainty of + 10% (Gosse
and Phillips, 2001), we propose the following glacial
chronology for the Encierro Valley:

(1) The recessional stage M-V occurred at 11.6 = 1.2
ka BP (sample EE11).

(i) The most prominent glacial stage, documented
by the large lateral moraine LM and the terminal
moraine M-Il B, belongs to a late-glacial ad-
vance that occurred at 14.0+14 ka BP
(EE34). Final melting of buried glacier ice and
subsequent stabilization of the landform surfaces
could be dated into the Early Holocene (EE22:
104+ 1.0 ka BP and EE63: 9.3+0.9 ka BP,
respectively).

(iii) Although based on one exposure age only, we
tentatively suggest that a slightly more exten-
sive glaciation occurred at 24.1+2.4 ka BP
(EE71).

5. Palaeoclimatic context and outlook

Our dates south of the Arid Diagonal suggest in-
creased humidity and related major glacier advances
before the LGM at ~25 ka BP, and afterwards at ~14
ka BP. Modelling results from a glacier-climate study
indicate a temperature depression of 5.5 °C and a
precipitation increase to 550 mm/a for the M-II stages
in the Encierro Valley (Kull et al., 2002). Today, the
study area is mainly influenced by the westerlies and
winter precipitation.

Based on the rise of (palaco) ELAs and the lack of
present glaciers towards the Centre of the Arid Diago-
nal, it has been argued that the areas north and south of
the Arid Diagonal are and were mainly influenced by
different climatic systems—by the westerlies in the
south (from 27° southward) and by tropical summer
precipitation in the north (from 24° northward). How-
ever, a not negligible amount of summer precipitation
in the Encierro Valley originates from the advection of
humid air masses from the Andean east-side and might
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have played an important role during the observed
glacial stages.

Whereas the glacier-climate model could not deter-
mine the seasonality of the precipitation in the study
area, modelling results from the western Cordillera at
18°S and 23°S indicate very wet past climate condi-
tions, which are clearly related to increased late-glacial
summer precipitation (Kull, 1999; Kull and Grosjean,
2000). The temperature depression there was calculated
to only 2-3 °C, which is less than the temperature
depression of 5.5 °C in the Encierro Valley. The exact
timing of the modelled glacial advances north of the
Arid Diagonal awaits further exposure age analysis.

Although a detailed surface exposure age chronol-
ogy from the Bolivian Altiplano is not yet available
either, the glacial chronology in the Encierro Valley
may indicate some similarities in the glacial history:
Clapperton et al. (1997) had proposed glacial phases
for 34-27 ka BP (Choqueyapu I), 14-13 ka BP (Cho-
queyapu II) and 12—-10 ka BP on the eastern Altiplano.
They correlated the glacial phases with periods of high
lake levels, implying that moisture advection to the
Central Andes is an important trigger for glacial
advances. Logging data from the Salar de Uyuni,
Bolivia, corroborate this view. Lacustrine muds were
deposited from 25 ka BP to the late glacial, with
peaks around 25, 15 and 12 ka BP (Baker et al.,
2001). The 6'*0 values from the Sajama ice core in
Bolivia (Thompson et al., 1998) can also be inter-
preted as precipitation proxy (Ramirez et al., 2003),
indicating wetter conditions until 15 ka BP and again
from 14 to 12 ka BP. The conclusions that can be
drawn from these proxies are, however, ambiguous.
Smaller hydrological catchments and lakes on the
southern Altiplano, for instance, indicate dry condi-
tions during the LGM (Grosjean et al., 2001), so that
the influence of the monsoon on the Altiplano remains
speculative.

The general view—that the areas south of the Arid
Diagonal are and were mainly influenced by the west-
erlies—may underestimate the complex and in space
and time variable interaction between the westerlies
and the tropical summer precipitation regime. Pollen
analyses around 25°S indicate, for example, increased
precipitation in both seasons between 17 and 14 ka
BP, but more winter precipitation before and more
summer precipitation thereafter (Maldonado et al.,
2005). It is the goal of ongoing research to date further
glacial stages north and south of the Arid Diagonal in
order to establish more precise glacial chronologies
and to identify changes in the atmospheric circulation
pattern.
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