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Changes in the position and intensity of the Southern Westerly Winds (SWW) and related causal processes
during the Quaternary are controversial and not well understood. Here, we present a record from continental
Central Chile, based on coastal aeolian sand and dunes with intercalated palaeosols, reaching back 190 ka in
time. Sixteen samples for luminescence dating and additional samples for geochemical procedures were analysed
from three locations in the “Norte Chico” (La Serena, Los Vilos, Las Ventanas). Besides the recent Bw-horizons,
four palaeosols (Btb1, Btb2, Bth3, Btb4) are identified. They formed in periods with stable surface conditions
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Quaternary and a relatively dense vegetation cover, whereas sand accumulation reflects increased aeolian activity under
Southern Westerly Winds dry conditions and, in parts, glacial sea level lowering. Three of these soils are well bracketed by luminescence

Chile data to <14 ka (Bw), 59-47 ka (Btb4) and 135-125 ka (Btb2). The formation of Btb1 and Btb3 tentatively
Dunes occurred at 190-160 ka and 107-95 ka. Btb-horizons are interpreted to reflect wetter conditions than modern
1’31895015 ) ones (Bw-horizons). Since the only way to bring wetter conditions to the coastal area of the Norte Chico are
Luminescence dating the SWW, the documented changes should reflect changes in paleo atmospheric circulation. The more humid
periods appear to show a periodicity, dominated by the obliquity cycle. Increased Antarctic sea-ice during austral
winter combined with a weak South Pacific Anticyclone at subtropical latitudes, seem to have favoured winter

incursions of humid air masses from the Westerlies.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The Southern Westerly Winds (SWW), along with the Antarctic
Circumpolar Current (ACC), are an important component of the global
climate system. They regulate meridional heat flux and likely also the
concentration of atmospheric carbon dioxide (Marchant et al., 2007;
Rojas et al,, 2009; Hodgson and Sime, 2010; Moreno et al., 2010). Little
is known about the variability of these systems over longer time scales,
and this topic has led to controversial discussions over the past decades
(e.g., Kohfeld et al., 2013). Most studies have focused on changes during
the global Last Glacial Maximum (LGM), leaving it unclear whether
northward or southward shifts of the SWW occurred in the past, or if
there were even any shifts at all.

Based on most palynological studies, a northward shift of the SWW
during the LGM and a corresponding southward shift during the Early
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Holocene has been concluded (e.g. Heusser, 1989; Villagran, 1990;
Villagran and Armesto, 1993; Villa-Martinez et al., 2003; Villagran
et al., 2004; Mayr et al., 2007). However, Markgraf (1989), and
Markgraf et al. (1992) instead postulated a southward movement dur-
ing the LGM. Limnological (e.g. Jenny et al.,, 2002, 2003; Valero-Garcés
et al,, 2005; Gilli et al., 2005), pedological (e.g. Veit, 1996) and marine
(e.g. Lamy et al,, 2001, 2002; Stuut and Lamy, 2004; Stuut et al., 2006;
Toggweiler et al., 2006; Kaiser et al., 2008) studies point to a northward
shift of the SWW during the LGM and a southward retreat during
the Holocene which support the palynological assumptions. Glacier
advances, in Central Chile, however, predate the global LGM (Zech
et al., 2006, 2008, 2011), indicating an earlier northward shift of the
SWW and a dry LGM. Results from modelling studies are controversial,
including southward shifts during the LGM (Valdes, 2000; Wyrwoll
et al., 2000; Wainer et al., 2005), northward shifts (Caviedes, 1990)
and no shifts at all with only intensity changes (Kull et al., 2002; Rojas
et al., 2009).

In this paper, a palaeoecological reconstruction of the Norte Chico
(Fig. 1) reaching back 190 ka will be presented, based on alternating
periods of aeolian sand accumulation and soil development along the
semiarid coast of Central Chile. The sediments and soil horizons have
been characterised during field work and laboratory analyses, and the
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Fig. 1. Location of the study areas La Serena, Los Vilos and Las Ventanas.

age of aeolian sand deposition has been determined using luminescence
dating. As the latter is not a straight forward process, we put a major
focus on investigating the reliability of the dating results. The results
presented here are examined in the context of evidence from marine
deposits and implications for past dynamics of the SWW/ACC system
are discussed.

2. Regional setting

The “Norte Chico”, between Valparaiso and La Serena, is a semiarid
region with annual precipitation between 400-80 mm, with a clear
trend of decreasing precipitation towards the north (Fig. 2). According-
ly, vegetation shifts from sclerophyllous woodland in the south to xero-
phytic thorn shrub, with a sharp transition to the Atacama Desert north
of 28°S (Armesto et al., 2007). Precipitation is entirely linked to
moisture-bearing SWW during their northernmost position in austral
winter, which itself is controlled by the latitudinal position and strength
of the South Pacific Anticyclone (SPA) as well as the extent of sea-ice
around Antarctica (Stuut and Lamy, 2004; Ho et al., 2012; Fig. 2). A
weak SPA in a northerly position allows the westerly storm tracks to
penetrate further north. Vice versa, a strong SPA in a relatively southerly
position leads to a blocking situation and dry winters in Central Chile.
This geographical position makes the Norte Chico a very sensitive region
for changes in the position and intensity of the SWW and SPA. A major
component of the inter-annual variability in precipitation is linked to
the El Nifio Southern Oscillation (ENSO; Aceituno, 1988; Ruttland and
Fuenzalida, 1991; Simmonds and Jacka, 1995; Cerveny, 1998; Karoly,
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Fig. 2. Major climatic and marine features in the SE-Pacific; a) + b) seasonal precipitation
and position of the SPA (after Hijmans et al., 2005; Saavedra et al., 2010), c) ACC and
marine frontal systems (Ho et al., 2012). SPA = South Pacific Anticyclone; ACC = Antarctic
Circumpolar Current; PCC = Peru-Chile Current; CHC = Cape Horn Current; STF = Sub-
tropical Front; SAF = Subantarctic Front.

1989; Lu et al., 2010). A weakening of the SPA during El Nifio conditions
leads to increased precipitation through stronger influence of the SWW
in mediterranean Chile, whereas La Nifia episodes are characterised by
dry conditions and a strengthening of the SPA.

The modern wind regime along the coast is characterised by pre-
dominantly southerly to westerly winds (Saavedra et al.,, 2010). Wind
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speed is highest during austral summer, reaching ca. 6.5-10m s~ ! in the
monthly mean (Garreaud and Falvey, 2009; Rahn and Garreaud, 2013),
which is sufficient for transporting fine to medium sand. The prevailing
winds are reflected by the activity of modern dunes, which are mostly
restricted to areas north of river mouths with sufficient sand supply. In-
active and fossil dunes are found far more widespread than modern
ones along the coast of the Norte Chico, typically situated on top of Qua-
ternary marine terraces (Herm and Paskoff, 1967; Paskoff, 1970; Radtke,
1989).

3. Methods
3.1. Characterisation of soils and sediments

Sediments and soil/palaeosol horizons were described during field
work according to their visible characteristics (stratification, grain size,
colour). Thin sections were investigated to trace clay illuviation of the
Bt-horizons. Sediment and soil samples were taken to analyse grain
size, clay minerals, heavy minerals, pH, pedogenic iron, and cation
exchange capacity (CEC) following standard procedures. Prior to grain
size measurement sesquioxides were removed from the samples by
adding 0.3 M sodium citrate-solution, 1 M sodium carbonate-solution
and sodium dithionite. Organic matter was removed by oxidation with
30% H0,. A solution of sodium hexametaphosphate with sodium car-
bonate was added as a dispergent agent. The sand fractions were deter-
mined by wet sieving (dispersion with Na,COs). The silt fractions and
the clay fraction were analysed using the Micromeritics SediGraph
5100. The soil samples did not show reaction to HCl in the field,
therefore, CaCO3 was not analysed in the lab. The pH was measured
with a glass electrode in 0.01 M CaCl, in a proportion of 1:2.5
(soil:solution). Total pedogenic iron (Fey) and amorphous pedogenic
iron (Fe,) were extracted with dithionite and oxalate (Mehra and
Jackson, 1960; Schwertmann, 1964) and measured with a photome-
ter (Merck Pharo100). Clay minerals were identified by X-ray dif-
fraction using orientated samples with three pre-treatments: air-
dry, saturated with ethylene glycol, and heated to 550 °C. For heavy
mineral analyses, samples were sieved to separate the 100-200 um
fraction. This fraction was pre-treated with 10% HCI (100 °C) to remove
coatings of iron oxides and clay minerals. Heavy minerals were sep-
arated using heavy liquid (solution of sodiumpolytungstenate in water,
2.9 g/cm?), embedded into synthetic resin and determined using a pet-
rographic microscope. For CEC 5 g of soil were treated with 100 ml am-
monium nitrat (NH4NOs) for one hour and measured using atomic
absorption spectroscopy (AAS).

3.2. Luminescence dating

Altogether, 16 samples for luminescence dating were taken from the
base and the top of the different generations of aeolian sand deposition.
Soil ages were estimated to lie between the age of the older parent
material and the covering sands. For equivalent dose (D.) determi-
nation, samples were dry sieved to separate the 150-200 pum grain
size fraction, followed by HCI and H,0, treatment. A quartz and
feldspar fraction was extracted using heavy liquids (2.70 g cm ™3,
2.58 g cm™3), and quartz was subsequently etched in 40% HF for
1 h. As the samples were taken from aeolian deposits, the material
was assumed to be well bleached and the use of large aliquots (4 mm)
for all subsequent luminescence measurements was considered appro-
priate. Luminescence measurements were carried out on a Risg DA-20
TL/OSL reader fitted with an internal ®°Sr/°°Y beta-source. Quartz signals
were detected through a Hoya U340 detection filter, and feldspar signals
with a combination of a Schott BG-39 and a 410 nm interference glass
filter.

Initial test measurements on quartz revealed that its optically
stimulated luminescence (OSL) signal is very dim and dominated by
an unstable signal component that makes it unsuitable for dating. This

appears to be a common problem for sediments from the western es-
carpment of the Andes (Steffen et al., 2009; Trauerstein et al.,
2014). The infrared stimulated luminescence (IRSL) signal of
potassium-rich feldspar offers an alternative, but is problematic
due to possible anomalous fading of the IRSL signal - an athermal
signal loss over time which leads to age underestimation (Wintle,
1973; Spooner, 1994). D, determination using the IRSL signal of feld-
spar was carried out on 5-7 aliquots per sample applying a single-
aliquot regenerative-dose (SAR) protocol. The same preheat of 250 °C
for 60 seconds was applied before the regeneration dose and test
dose measurement (Blair et al., 2005) and the signal stimulation was
performed at 50 °C (termed IR50 from this point). To detect possible
fading of the IR50 signal, delayed measurements with different storage
times between irradiation and IR50 measurement (Auclair et al., 2003)
were carried out on 6 samples (VEC02,03,06,10,11,12,14). They re-
vealed similar fading rates between 3.5 and 4.1% per decade for all sam-
ples. These results demonstrate that the IR50 signal is apparently
affected by fading and that the resulting IR50 ages very likely underes-
timate the true depositional age. The most commonly adopted fading
correction method of Huntley and Lamothe (2001) claims to be valid
only in the low-dose region of the dose response curve, which is to
say only for samples of young age (<50 ka). The corrected IR50 ages
are presented in Table 1.

A recently developed strategy to overcome the fading problem is to
focus on measuring IRSL at elevated temperature after IRSL readout at
50 °C (post-IR IRSL; Thomsen et al., 2008; Buylaert et al., 2009). This sig-
nal appears to exhibit little or no fading and therefore eliminates the
need for age corrections. Nonetheless, the possibility of residual doses
originating from hard-to-bleach or thermal transfer of non-bleachable
charge has to be taken into account. In this study, D. determination
using the post-IR IRSL signal was performed on 7-9 aliquots per sample
following the protocol of Buylaert et al. (2009). This protocol includes
preheating at 250 °C for 60 s, a first IRSL readout at 50 °C followed by
IRSL measurement at 225 °C (termed PostIR225 from this point). Resid-
ual doses were determined for all samples after bleaching the sample
material for 72 h with a Sunlux Ambience UV lamp. The residual dose
measurements revealed residual doses between 4 and 20 Gy (Fig. 3,
Table 1). Dose recovery tests were performed on three samples
(VEC03, VEC06 and VEC12), after using the same bleaching procedure
as for the residual dose measurements and with a given dose similar
to the determined PostIR225 D, (190, 430 and 80 Gy, respectively).
The dose recovery ratio for the three samples was 1.09 + 0.4, 1.06 +
0.3 and 1.06 + 0.03, respectively. The slight overestimation observed
in these tests could be explained by the effect of residuals.

Plotting the measured PostIR225 residual doses against the
postIR225 D, values reveals a positive correlation (Fig. 3). A tendency
for residual doses to grow with D, could also be observed by other au-
thors (Sohbati et al.,, 2011; Buylaert et al., 2012; Preusser et al., 2014).
It is unlikely that the residual dose prior to deposition is related to the
subsequent burial dose and therefore the measured residuals here
might reflect a hard-to-bleach component of the signal rather than an
actual residual that has to be subtracted. As the measured residuals ac-
count for only 3-8% of the determined D, values, subtracting them
would have a negligible effect on the interpretation of ages in the pres-
ent context.

The comparison between the fading corrected IR50 and the
postIR225 shows that they are proportional in the lower age range
(up to ca. 60 ka), whereas in the upper age range the fading corrected
IR50 ages tend to underestimate the PostIR225 ages (Fig. 4). This under-
estimation could be explained by the limitations of the fading correction
used as it is restricted to samples that are within the linear part of signal
growth, which for our samples applies to those aged <50 ka. Therefore
the postIR225 ages are considered more reliable and are further used
in the discussion.

The concentration of dose rate relevant elements was determined
using high-resolution low-level gamma spectrometry (cf. Preusser and
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Sample depth, concentration of dose rate relevant elements (K, Th, U), dose rates (D), number of aliquots used for D, determination for IR50/PostIR225, results of D, determination and
corresponding ages for IR50 and PostIR225, respectively. Fading correction after Huntley and Lamothe (2001) using an average g-value of 3.80 4 0.25%/decade for all samples.

Sample Depth K Th U D n IR50 De PostIR225  PostIR225 IR50 age IR50 age PostIR22
(cm) (%) (ppm) (ppm) (Gyka™") (Gy) De (Gy) residual (Gy)  (ka) corrected (ka)  age (ka)
VEC1 65 2.36 + 0.05 746 + 024 166 +£0.04 399 +0.14 5/7 42 +3 57 + 4 4+0 11 +1 15+ 1 14 + 1
VEC2 110 231 4 0.05 738 £0.17 1.66 £ 0.11 392 +£015 5/9 146 +3 187 + 4 7+1 37+£2 52 +3 48 4+ 2
VEC3 160  2.32 4+ 0.05 799 £ 011 153 +£003 389+012 7/7 189 +10 23347 11 +£1 48 +£3 67 £5 60 + 3
VEC4 220 229 £ 0.05 631 +022 135+008 373+£013 59 236412 381+18 1040 63 + 4 88+ 6 102 + 6
VEC5 300 232+ 0.05 795+ 028 161 +£003 378+0.11 5/7 302+18 474+24 13+1 80+ 5 111+ 8 125+ 7
VEC6 400  2.18 £ 0.05 966 £ 037 160 +£005 386+014 59 364+30 522424 1540 94+ 8 131 + 12 135 + 8
VEC7 600 216 + 0.04 1031 4+ 030 1.654004 392+016 5/7 402+34 763 +£37 20+3 103 £ 10 143 4+ 14 195 4+ 12
VEC8 300 1.68 + 0.03 735+ 017 1654005 326+ 011 5/7 262+5 348 £33 18+2 80+ 3 112+ 5 107 + 11
VEC9 600 1.77 + 0.04 693 +£011 171 +£004 3294010 7/7 263+14 412441 1541 80+ 5 111 +7 125 + 13
VEC10 900 1.61 4+ 0.03 6.98 + 026 1.68 + 0.01 311 +£011 7/9 327+15 497 +19 16+1 105 + 6 147 £ 9 160 + 8
VEC11 1000 1.57 4+ 0.03 615+ 015 138 +£004 292 +0.11 7/7 362414 560427 18+1 124 + 7 173 +£ 10 192 4+ 12
VEC12 400  2.08 4+ 0.04 533 +£007 134+006 340+0.12 5/7 63 + 2 74+ 3 6+1 18+ 1 25+ 1 2241
VEC13 200 1.94 4+ 0.04 552 +012 1354007 330+013 5/9 77 £ 3 92 +4 6+0 234+ 1 32+2 28 +£2
VEC14 330 1.41 4+ 0.03 747 £021 162 +£004 301 +£011 59 286+9 377 £12 13 +£1 95+ 5 133+ 7 125+ 6
VEC15 310 1.91 + 0.04 573 +£025 135+005 330+£012 5/7 11543 159+ 10 12 +1 35+2 49 +2 48 +3
VEC16 110 1.72 4+ 0.04 625 +0.18 1634+ 003 328 +£012 5/7 53+ 3 71+ 3 541 16 £ 1 22 +£2 2241

Kasper, 2001). Luminescence ages have been calculated using ADELE
software (Kulig, 2005) using present day depth for the calculation of
cosmic dose rate, assuming an internal K-content of feldspar of
12.5 £+ 0.5% (Huntley and Baril, 1997) and an a-value of 0.07 4+ 0.02.
For the calculation of dose rate, it was assumed that the average sedi-
ment moisture since was between 0 and 6%. The dosimetric data is
summarised in Table 1.

4. Profile descriptions and palaeopedological analyses

The investigated profiles “La Serena“, “Los Vilos*, and “Las Ventanas*
are situated between 30-33°S (Fig. 1). In all three sections, several
generations of aeolian deposition and intercalated palaeosols are
present. Modern surfaces are stable under natural conditions and cov-
ered by a xerophytic thorn shrub. The modern topsoil is always weakly
developed, with soft Ah- or Bw-horizons. In contrast, the indurated
palaeosols show intense clay illuviation (Btb-horizons; Figs. 5-7). All
Btb-horizons have a similar morphological development. According to
their ages they are named Btb1 to Btb4 (Figs. 8 and 9).

4.1. La Serena, Quebrada Pefiuelas (29°55'S)

The studied section at La Serena is situated at the transition from the
highest marine terrace, known as Serena-I (at about 120 m above sea-
level, about 4 km from the coast and probably Plio-/Pleistocene in age
(Herm and Paskoff, 1967; Paskoff, 1970; Radtke, 1989)), down to the
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Fig. 3. PostIR225 residual dose plotted against the PostIR225 D, value of each sample.

Herradura-I terrace (MIS 9 or MIS 11; Radtke, 1989). In the so-called
“Garganta del Diablo”, close to Tierras Blancas (Quebrada Pefiuelas),
several palaeosols intercalating aeolian deposits were exposed in a
gully (Fig. 5). The modern soil is characterised by a weakly developed,
light brown Bw-horizon down to 0.4-0.5 m (Fig. 5c). The parent mate-
rial consists of an aeolian sand cover, with a fairly constant thickness of
1-1.5 m. This sand overlies the surface of an older aeolian deposit, indu-
rated by a reddish-brown palaeosol. It is a 1-2 m thick, strongly
cemented Btb-horizon (Btb4) with clay cutans, clearly visible in the
field and in the thin sections (Fig. 5d). As a special feature, this Btb-
horizon shows impressive dry cracks, filled with the younger unconsol-
idated aeolian sand. In the upper part of the Btb, these cracks open to
10-15 cm, reaching down to 1 m or even more. The distance of one
dry crack to another is about 1-5 m, forming polygons at the surface
(Fig. 5e). The massive Btb grades into a laminated horizon down to
3.5 m, where the next aeolian unit is indicated by annother Btb-
horizon (Btb2). The texture of the sediments is dominated by middle
and fine sand, with minor amounts of silt (Table 2). The clay content
of the unweathered aeolian material is <1%, reaching 11-25% in the
Btb-horizons. Main components of the heavy minerals are Epidote and
Amphiboles, reflecting the granitic environment of the coastal cordille-
ra. Feq values are highest in the Btbs and lower in the Bw-horizons. Fe,
values are generally very low and pH-values show neutral conditions.
Aeolian sands do not show reaction to 10% HCI. Parts of the CEC are
characterised by Na™-contents of up to 13%, which might locally influ-
ence dispergation of the soil and favour clay illuviation.
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Fig. 4. Luminescence ages derived from the PostIR225 plotted against those derived from
the IR50 corrected for fading.
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Fig. 5. Profile La Serena; a) overview with three dune generations and corresponding soils (Bw, Btb4, Btb2); b) Btb4-horizon with dry cracks and overlying LGM-dune; c) weakly developed
modern Bw-horizon; d) thin section of fBt4-horizon with clay cutans; e) dry crack polygons on the palaeosurface of the Btb4-horizon.

4.2. Los Vilos (31°51'S)

The profile at Los Vilos is directly situated at both flanks of the
Panamericana, at the end of the bay north of Los Vilos (Fig. 6). Aeolian
sand overlies marine gravels of the Herradura-I terrace. The succession
of aeolian deposits and palaeosols appears very similar to the profile at
La Serena. Weak Ah- and Bw-horizons on the youngest dune stand in
contrast with the reddish-brown Btb-horizon between 3.5-5.0 m
(Btb3). The next Btb (Btb1) follows below 7.0 m. As in La Serena, the
texture of the aeolian material is dominated by medium and fine sand,
with small amounts of silt. In contrast to La Serena, the sands of the
Btb-horizons contain small stones from the local basement, indicating
postsedimentary local hillwash processes. Mineralogy, pH and pedo-
genic iron contents are similar to La Serena and Los Vilos (Table 2).

4.3. Las Ventanas (32°46'S)

Between La Laguna and Quintero the marine H-I terrace is widely
covered by inactive dunes. The studied profile at Las Ventanas is directly
north of the power plant, at the eastern flank of the Panamericana. As in
La Serena and Los Vilos, it shows a weak Bw-horizon in the upper part
and a strongly developed Btb-horizon at 4.5 m depth (Btb3, Fig. 7). In
contrast to the other two profiles, the Bw-horizon is covered by even
younger aeolian sands. These sands show only minor soil development
(Ah-horizon).

5. Chronological framework

From field evidence alone, it is obvious that all studied sections over-
lie and are therefore younger than, the marine Herradura-I terrace,
which is assigned based on ESR dating to MIS 9 or MIS 11 (Radtke,
1989). Therefore, the sequences must represent at least the last two gla-
cial cycles. The profile at La Serena shows consistent ages between
195 £ 12 kaat the base and 14 + 1 ka close to the top (Fig. 8). The oldest
phase of aeolian deposition stopped shortly after 135 + 8 ka, after
which a strong palaeosol (Btb2) developed. It was covered by sand
prior to 125 £ 7 ka, when the next generation of aeolian accumulation
began building up. Therefore, soil formation occurred at ca. 135-125 ka.
The accumulation of the younger aeolian unit came to an end after
60 + 3 ka and the next Bt-horizon (Btb4) subsequently developed.
This soil was covered by sand prior to 48 4+ 2 ka. Soil formation occurred
in the intermediate time interval at ca. 59-47 ka. The accumulation of
the youngest aeolian sand continued at least until 14 + 1 ka. The
Bw-horizon developed during the Late Pleistocene/Holocene.

At Los Vilos, the interpretation of the luminescence data is not as
straightforward. Similar to La Serena, ages range from 192 + 12 ka at
the bottom to 22 4 1 ka at the top. The oldest palaeosol (Btb1) devel-
oped after 191 £ 12 ka and was covered by sand prior to 160 &+ 8 ka.
The overlying sands accumulated until 107 £ 11 ka. Soil formation of
the Btb3 is interpreted to have occurred shortly afterwards. The next
phase of sand accumulation only occurred much later during the LGM.
Soil formation of the Btb3 is interpreted to have occurred close to
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Fig. 6. Profile Los Vilos; a) Google image, showing white modern dunes north of Estero
Conchali (view northwards) and position of the studied profile (white star); b) view
from the studied profile with brown sands towards the south, over the modern white
dunes to Estero Conchali; c) detail of the profile, LGM-dune, overlying reddish-brown
palaeosol (Btb3-horizon, below spate).

106-90 (?) ka, whereas the younger age is only an estimate, assuming
that, as in La Serena (Btb2, Btb4), Bt-formation took ca. 10-15 ka.
The youngest dune sands accumulated during the LGM followed by
development of a Bw-horizon during the Lateglacial/Holocene, after
22 4+ 2 ka.

At Las Ventanas, luminescence ages range from 125 + 6 ka at the
bottom to 22 + 1 ka at the top. Compared to Los Vilos, the accumulation
of the older dune sand probably did not stop at 125 + 6 ka but instead at
107 + 11 ka. At Los Vilos the luminescence sample was taken closer to
the palaeosurface, yielding a more accurate date for the end of the cor-
responding sand accumulation. Therefore, the Btb-horizon at Las
Ventanas is interpreted to stratigraphically reflect the same Btb3 as in
Los Vilos. After a hiatus, the basal part of the younger sands accumulated
at 48 + 4 ka and continued accumulating until 22 4+ 1 ka. In contrast to
Los Vilos and La Serena, the Bw-horizon is covered by even younger
sand, which show only minor soil formation (Ah-horizon). Due to the

Fig. 7. Profile Las Ventanas; weak Bw-horizon in LGM-dune, overlying thick Btb3-horizon.

colluvial character of this sand, no luminescence samples were taken.
The very weak soil formation may indicate a very recent, human in-
duced accumulation of the uppermost cover sands.

At all three locations, the development of the weak Bw-horizon is
indicated to have occurred after the accumulation of sands had come
toanend atabout 14 + 1ka, 22 4+ 1 kaand 22 + 1 ka (Fig. 7). Assuming
the youngest age to be the most probable, the Bw-horizon developed
during the Lateglacial/Holocene.

Besides the recent Bw-horizons, four palaeosols (Btb1-4) may
be distinguished. Neither all accumulation periods nor all soil forming
periods are reflected in each profile. There are clear discontinuities,
which is not astonishing for a terrestrial archive. The clearest chronolo-
gy is for La Serena, where Btb2 and Btb4 are well bracketed by lumines-
cence ages. Btb1 is only exposed at Los Vilos, and Btb2 appears only at La
Serena. The lack of Btb1 at La Serena as well as the lack of Btb2 at Los
Vilos could indicate an erosional hiatus or ongoing sand accumulation
due to, for example, high wind speeds and the close proximity of the
beach. Due to local environmental differences, not all locations neces-
sarily reacted with comparable sensitivity. Btb3 is present at Los Vilos
and Las Ventanas, whereas Btb4 is only present at La Serena. MIS 3
and MIS 4 sands are lacking at Los Vilos and Las Ventanas, but present
at La Serena. Sand from the pre-LGM to Lateglacial times (48-14 ka) is
present at all three locations.

6. Discussion

Accumulation of aeolian sands and soil evolution seem to follow a
periodic pattern during the last 190 ka (Fig. 9). Active coastal dunes in
the Norte Chico are typically restricted to relatively small areas, fre-
quently north of a river mouth, were there is enough nonvegetated
sandy material available (Fig. 6a). Due to the dominant rocky cliff-
coast in the Norte Chico, source material for aeolian transport and
dune formation today is scarce. Vegetated and inactive dunes are far
more widespread and characterise many parts of the coast between
Valparaiso and La Serena. The xerophytic thorn shrubs have allowed
the formation of Ah- and Bw-horizons on stabilised dunes. The Bw-
horizons seem to represent the modern - Late Glacial to Holocene -
semiarid conditions. The low Fe, values are typical for desert soils, due
to the lack of organic material and rapid crystallisation of the iron oxides
(Blume, 1985). Clay formation and infiltration is close to zero (Table 2).
Illites characterize 100% of the clay minerals. The development of the
Btb-horizons is in sharp contrast with the Bw-horizons. Clay formation
and infiltration resulting in clay enrichments of 11-25% (Table 2), clay
cutans (Fig. 5d), high amounts of interlayered clay minerals (Table 2),
thicknesses of the Btb-horizons up to more than 2 m with clay lamellae
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Fig. 8. Schematic sketch of the profiles La Serena, Los Vilos and Las Ventanas with luminescence ages (postIR225).

reaching further down, altogether points to wetter than modern condi-
tions. Where the Bt-horizons are not overlain by aeolian sand or other
younger cover-beds, they form the surface soils. Their colour and well
developed structure has already been used for classifying them as Pleis-
tocene palaeosols, reflecting wetter conditions (Fuenzalida, 1951;
Franz, 1966; Paskoff, 1970; Flores, 1983; Veit, 1996). The strong devel-
opment of the Btb-horizons may in parts be favoured by high potassium
values (Table 2). In many places of the Norte Chico, they may be classi-
fied as Solonetz or Natrargids (Luzio, 1986). The deeply reaching dry
cracks and polygons in the Btb-horizon at La Serena may be explained
by wetting-drying periods and the relatively high clay content. They in-
dicate the sharp contrast of relatively wet conditions during the forma-
tion of the Btb and the following dry environment. It is not possible to
deduce palaeoprecipitation values during the formation of the Btbs, be-
cause many factors may have played a role. The major problem is the in-
fluence of palaeoclimate versus time for soil formation (Schaetzl and
Anderson, 2009). Could the well developed Btb-horizons reflect a very
long stable time period (several 10x10* years) with semiarid conditions,
or are they really the result of a wetter palaeoclimate? Looking at the
chronological data (Fig. 8), the Bw-horizons developed in a period of
ca. 15 ka (Late Glacial/Holocene). It seems that 15 ka were not enough
to produce Bt-horizons under modern climatic conditions, with 400-
70 mm annual precipitation. At La Serena, Btb4 and Btb2 indicate a
duration of soil development for ca. 10 ka. For Btb1 and Btb3 the time
periods of soil formation cannot be fixed with a similar accuracy. How-
ever, in analogy to Btb4 and Btb2, a wetter climate seems probable. All
soils (the modern Bws as well as the old Bbts) reflect long-lasting stable

landscape conditions with a relatively dense vegetation cover, in
contrast to the periods of sand accumulation.

Besides climate, wind speed and varying sediment supply through
sea-level changes or river activity may have played a role in the alter-
nating periods of soil development and sand accumulation (Pye, 1982;
Pye and Tsoar, 1990; Clapperton, 1993; Lancaster, 1995; Stokes et al.,
1997, 1998; Radies et al., 2004; Chase and Thomas, 2006a,b).Today,
wind speed of 6.5-7.5 m s~ ! as the monthly mean along the Norte
Chico is high enough to transport fine to medium sand, as dominates
in the palaeodunes (Table 2). Increasing wind speed would not greatly
change, and only intensify, sand transport in areas where dune forma-
tion already takes place today, such as north of river mouths. However,
this would not supply sand to other areas along the coast. Additionally,
the coarse sand fraction in the aeolian record of the paleodunes is
consistantly lacking. Looking at the granulometry, there is no indication
of a changing wind regime during accumulation that would allow for
the transport of coarse sand. The same holds true for intensified sand
accumulation by rivers, probably related to climate change in the
Andes, far away from the coast. More sand accumulation would intensify
aeolian dynamics, but only in the same places where it occurs today.

Changing sea-level theoretically might have had a major influence
on dune formation (e.g., Radies et al., 2004). The continental shelf
north of 33°S is narrow, rarely exceeding a width of more than 5 km
(Marchant et al., 2007). The shelf edge to the deep-sea trench is situated
at a depth of — 120 to — 150 m. Therefore, during the LGM, a great part
of the shelf was probably exposed to winds, due to global sea level low-
ering. However, the generally lower sea-level during the glacial periods
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cannot explain the cyclicity of the record (Fig. 9). In spite of lower sea-
levels, several periods with landscape stability and soil development
occurred. A dry climate with sparse vegetation cover on the different
marine terraces along the coast would have allowed overall sand trans-
port and dune formation, no matter where the coastline was located.
The only other existing long palaeoclimatic record from the region is
the marine record of Stuut and Lamy (2004; Fig. 9a), at about 27°S. Their
interpretation of periods with increased humidity in the Norte Chico in
parts coincides with our palaeosol record. This applies for the periods
around 50 ka, 100 ka and probably 130 ka. In other words, all relatively

Table 2

wet periods identified by palaeosols (Btbs) in this paper coincide with
periods of increased humidiy as indicated by the marine record.
However, the wetter periods in the marine record at about 25 ka
(LGM) and 75 ka do not have an equivalent record in our sequences.
Two possible scenarios could explain this discrepancy: firstly, it
could simply reflect a lack of conservation of these two periods in the
palaeosol record. As a matter of fact, none of the investigated sections
is complete by reflecting all four Btb-horizons. Additionally, the LGM
with the maximal lowering of sea levels might reflect a special situation.
It cannot be excluded, that intensified aeolian dynamics on the dry shelf

Analytical characteristics of Bw-, Bt- and C-horizons. Values indicate the range between the 3 locations La Serena, Los Vilos and Las Ventanas. (x = rare; xx = frequent; xxx = dominant).

Grain size (mm; in %)

Horizon 0.63-2.0 0.2-0.63 0.063-0.2 0.02-0.063 0.0063-0.02 0.002-0.0063 <0.002

Bw 0 28-37 45-51 5-10 0-1 0-1 0-1

fBt's 0 26-35 30-49 3-10 0-2 0-1 11-25

C 0 32-36 54-59 6-9 0-1 0-1 0-1

Horizon pH (CaCly) Fe, (%) Feq (%) Na (%) Kaol. Illite Inter-layered
Bw 6.4-6.6 0.04-0.06 0.7-1.0 2-5 X XXX -

fBt's 6.5-7.1 0.02-0.03 1.0-3.0 8-12 X XX XX

C 6.7-7.0 0.0 0.0 8-13 X XX XX

Heavy minerals

Horizon Augite Epidote Garnet Amphibole Titanite Zircon
Bw 0-1 60-64 0-1 28-31 1-3 0-1
fBt's 0-3 60-67 0-2 27-35 1-2 0-1

C 0-4 60-63 0-1 28-33 1-2 0-1
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overprinted wetter climatic conditions along the coast. Looking to soils
further inland might help to answer this question in the future. For now,
when looking to the periodicity of the palaeosols, missing paleosols in
the profiles does not seem to be a very probable explanation. Secondly,
the interpretation of Stuut and Lamy (2004) and Marchant et al. (2007)
is mainly based on grain size variations in the marine sediments,
allowing for the differentiation of aeolian dust (coarse, dry) and fluvial
mud (fine, humid). Nevertheless, it should be considered that river dis-
charge around their coring site at 27°S is today clearly dominant during
austral summer (Gobierno de Chile, 2004; Houston, 2006). In the north-
ern Atacama, these peaks in summer discharge may be attributed to
tropical precipitation and a southward shift of the ITCZ. Therefore, in-
creased amounts of fluvial sediments in the marine record at these lat-
itudes might well reflect a major influence of the ITCZ on the Altiplano,
and dry conditions in the Norte Chico. The same interpretation might
also explain the maximum iron content of the LGM marine sediments
at 30°S (Kaiser et al.,, 2008). According to these authors, the iron stems
from volcanic rocks in the Andes and this could be explained by
enhanced tropical summer rains. Therefore, the marine proxy might
contain mixed tropical/extratropical information.

Other proxy data on the palaeoclimatic situation during the LGM for
the SWW as well as for the Altiplano remain controversial. Whereas
Baker et al. (2001) and Bobst et al. (2001) infer a humid LGM for the
Altiplano and northern Chile, most authors report a dry LGM in that
area, with increased moisture only during the Late Glacial and Early
Holocene, as reflected in lake levels (Grosjean et al., 2001; Placzek
et al., 2006; Servant and Fontes, 1978; Sylvestre et al., 1999), river
discharge (Nester et al., 2007), rodent middens (Latorre et al., 2006),
palaeowetlands (Betancourt et al., 2000; Latorre et al., 2002, 2003;
Rech et al., 2002, 2003; Quade et al., 2008) and glacier advances (Kull
et al.,, 2002; Zech et al., 2008).

For Central Chile and the SWW, overall humid conditions and a
northward shift of the SWW during the LGM have been inferred from
palynological studies in the Chilean Lake district (Heusser, 1983,
1989). Contrastingly, Markgraf (1989) concluded dry conditions and a
southward shift of the SWW during the LGM in the same area. In central
Chile, the water levels of Laguna Tagua-Tagua (34°30’) were highest
during the LGM and prior to 42 ka (Valero-Garcés et al., 2005). Glacial
records in the southern central Andes show major high stands prior to
the LGM (Denton et al., 1999; Lowell et al., 1995; Zech et al., 2008,
2011). During the LGM, marine sedimentary records at 33°S and 41°S
suggest SSTs of about 12 °C and 9 °C lower than today (Lamy et al.,
2002, 2004). Antarctic sea ice and the ACC were in a northward position
during the LGM (Ho et al., 2012). Antarctic cooling has been interpreted
as leading to a steepened pressure gradient and a strengthening or
southward displacement of the SPA (Garreaud and Falvey, 2009;
Kaiser et al., 2008), which should result in drier conditions in the
Norte Chico. The core zone of the SWW was probably intensified due
to the steepened temperature gradient, but the northern limit did not
change its position (Lamy et al., 2010).

All palaeosols appear to correlate with periods of low austral winter
insolation at 60°S (Fig. 9). Therefore, increased sea ice around Antarctica
could have acted like a “pushing factor” for the SWW during winter as it
does today, when the area covered by sea ice is about four times larger
than during summer conditions (16 million km? versus 4 million km?;
Kidston et al., 2011). Obliquity and Antarctic sea ice as a main influenc-
ing factor for the position of the SWW has also been discussed for South
Africa (Stuut and Lamy, 2004). As a Holocene analogue increased hu-
midity in the Norte Chico is documented after 6-4 ka, showing stronger
influence of the SWW, expanding sea ice around Antarctica, decreasing
SSTs (Lamy et al., 2002; Divine et al., 2010), and leading to glacier
advances and increased river discharges in the Andes of the Norte
Chico (Veit, 1996; Grosjean et al., 1998).

According to present day conditions, the intensity and position of
the SPA acts as a “blocking factor” for the SWW (Fig. 2). In Fig. 9 the win-
ter insolation at 30°S, which governs the medium position of the SPA, is

plotted, reflecting the precession cycle. All the soil forming periods coin-
cide with low insolation values, which is plausible, because this leads to
low intensities of the SPA and the SWW may penetrate further north.
Obviously, not every insolation minimum at 30°S is accompanied by
increased influence of the SWW. This might show the important role
of the obliquity cycle and Antarctic sea ice, which push the SWW north-
wards or not. Insolation at 30°S alone is not sufficient as an explanation
for the observed changes.

7. Conclusions

Aeolian sands with interbedded palaeosols along the coast of the
semiarid “Norte Chico” in Central Chile reflect environmental changes
during the last 190 ka. Palaeosols formed during periods of long-
lasting landscape stability with a relatively dense vegetation cover,
whereas the accumulation of sands reflects periods with increased
morphodynamics. These environmental changes can be mainly attrib-
uted to climate oscillations and changes in humidity. As is the case
today, increased moisture input to the coastal region of the Norte
Chico was only possible by increased influence of the Southern Westerly
Winds (SWW).

Based on 16 PostIR225 luminescence dates, the variable influence of
the SWW followed a periodicity, reflecting the obliquity cycle and inso-
lation values at high southern latitudes. Today, the position and intensi-
ty of the SWW and the amount of precipitation in the Norte Chico is
controlled by the strength and position of the South Pacific Anticyclone
(SPA) in the north, and the sea ice extend around Antarctica in the
south. In analogy to modern conditions, the variability of the SWW
during the past two glacial cycles may be interpreted as being strongly
influenced by Antarctic sea ice extend as a pushing factor, and the SPA
as a blocking factor.
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