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Abstract

During glacial times, the North Atlantic region was affected by serious climate changes corresponding to Dansgaard-
Oeschger cycles that were linked to dramatic shifts in sea temperature and moisture transfer to the continents. However, con-
siderable efforts are still needed to understand the effects of these shifts on terrestrial environments. In this context, the Iberian
Peninsula is particularly interesting because of its close proximity to the North Atlantic, although the Iberian interior lacks
paleoenvironmental information so far because suitable archives are rare. Here we provide an accurate impression of the last
glacial environmental developments in central Iberia based on comprehensive investigations using the upper Tagus loess
record. A multi-proxy approach revealed that phases of loess formation during Marine Isotope Stage (MIS) 2 (and upper
MIS 3) were linked to utmost aridity, coldness, and highest wind strengths in line with the most intense Greenland stadials
also including Heinrich Events 3—1. Lack of loess deposition during the global last glacial maximum (LGM) suggests milder
conditions, which agrees with less-cold sea surface temperatures (SST) off the Iberian margin. Our results demonstrate that
geomorphological system behavior in central Iberia is highly sensitive to North Atlantic SST fluctuations, thus enabling us to
reconstruct a detailed hydrological model in relation to marine—atmospheric circulation patterns.
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INTRODUCTION and general climate configurations during the Quaternary

. (Rahmstorf, 2002; Rousseau et al., 2007; Martin-Garcia,
Interrelations between ocean surface water, atmosphere, and D . . .

. . . A 2019; Pinto and Ludwig, 2020). A general relationship

continental environments play a key role in understanding

mechanisms and causes of environmental change in terres-
trial ecosystems. For the European continent, the North
Atlantic Ocean represents the main source of humidity and
precipitation (Trigo et al., 2002), and stipulated temperatures

between reduced North Atlantic sea surface temperatures
(SST) and colder climate conditions over the continent during
glacial/stadial periods has been demonstrated based on vege-
tation reconstructed from analysis of deep-sea sediment cores
along the Iberian margin (Roucoux et al., 2005; Sdnchez
Goiii et al., 2008, 2018; Margari et al., 2010). It has been
shown that vegetation changes closely corresponded to the
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cycles, however, vegetation response to specific D-O warm-

atmosphere off the Iberian margin during the last glacial period. ; . . :
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across Europe, pointing to variable effects of different D-O
events (Fletcher et al., 2010; Sanchez Goiii et al., 2018; see
also Torner et al., 2019). On the other hand, Greenland stadi-
als (GS) were generally linked with marine cold spells in the
North Atlantic with severe effects on marine dynamics as
well as on vegetation development, especially in SW Europe.
In this context, Heinrich Events (HE) (Heinrich, 1988;
Broecker, 1994) that presumably strongly altered the thermo-
haline circulation as the main heat supplier to the NE Atlantic
were related to the most drastic marine temperature drops dur-
ing the last glacial period, with equally strong effects on con-
tinental environments in Iberia (Cacho et al., 1999; Bard
et al., 2000; Sanchez Goiii et al., 2000; Moreno et al.,
2005; Roucoux et al., 2005; Salgueiro et al., 2010). As
noted by Ganopolski and Rahmstorf (2001), marine cooling
linked to HEs was most pronounced in the subtropical Atlan-
tic instead of the northern Atlantic where conditions were
already cold. At the Iberian margin, in addition to the detec-
tion of ice-rafted debris (IRD) and strong declines of North
Atlantic SSTs, a dramatic decrease of thermophilous flora
over the Iberian mainland has also been related to Heinrich
stadials (HS; stadials comprising Heinrich Events, see, e.g.,
Sanchez Goiii and Harrison, 2010) (Turon et al., 2003; Rou-
coux et al., 2005). Given the close proximity to the North
Atlantic, a strong effect of marine cold spells on terrestrial
systems of the Iberian Peninsula should be expected, in par-
ticular when related to HEs. But apart from Iberian marine
records and some findings mainly from the northern Iberian
mainland (Gonzdlez-Sampériz et al., 2006; Moreno et al.,
2010; Vegas et al., 2010; Ortiz et al., 2013), terrestrial records
providing such indications are very rare (Gonzélez-Sampériz
et al., 2010; Moreno et al., 2012). In this context, a major
research gap exists for the central part of Iberia, which is char-
acterized by a strong continental climate due to isolating
effects of the framing mountain ranges. When effects of
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HEs on terrestrial systems on a global scale is considered
(Ganopolski and Rahmstorf, 2001; Claussen et al., 2003;
Pausata et al., 2011; Thomas et al., 2012; Han et al., 2015;
Xiong et al., 2018), the Iberian interior seems to be particu-
larly suitable to examine whether relations between terrestrial
system behavior and marine cold spells (and HEs in particu-
lar) can be established in regions linked to certain continental-
ity. In that regard, observations have been hampered so far by
the absence of appropriate archives.

The upper Tagus Basin (Fig. 1) is part of the Iberian South-
ern Meseta and is characterized by vast deposits of Tertiary
gypseous and calcareous marls that have been intensely dis-
sected during the Quaternary (Silva et al., 2017). This erosive
environment generally prevented the preservation of sedi-
mentary sequences during the Pleistocene except for fluvial
deposits (Panera et al., 2011; Silva et al., 2013; Wolf et al.,
2013; Wolf and Faust, 2015; Wolf and Faust, 2016; Moreno
et al., 2019), which reveal an incomplete record of the last
glacial period. Continuous pollen records exist almost exclu-
sively in higher altitudes of the Spanish Central System
(Sierra des Gredos and Sierra de Guadarrama) and the Iberian
Range, and are temporally restricted to the time after moun-
tain glaciers retreated in the course of Marine Isotope Stage
(MIS) 2 (Turu et al., 2018). Glacial landforms provide valu-
able information on glacier advances and retreats in the Span-
ish Central System (SCS; Palacios et al., 2011, 2012;
Dominguez-Villar et al., 2013; Carrasco et al., 2015) that cor-
relate with main environmental changes in the high mountain
area. However, because glacier growth strongly depends on
both cold temperatures and sufficient moisture availability
(Dominguez-Villar et al., 2013), the glacial record is largely
insensitive to the most arid stages of the last glacial period.
Also, the last glacial maximum (LGM) advance has generally
overtaken deposits of older and less intensive glacier
advances.

Loess sections
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Figure 1. In the left portion of the figure, location of the study area in the center of the Iberian Peninsula indicated by red square; Eagle Cave in
the Gredos Range indicated by black star (SCS, Dominguez-Villar et al. 2013); locations of deep ocean sediment cores MD95-2042 and
SU81-18 indicated by black stars in the Atlantic Ocean off the Iberian margin (Sdnchez Goiii et al., 2008). In the right portion of the figure,
distribution of loess deposits is indicated in orange (following the geological map by de San José, 1973); studied sections are marked by yellow
triangles. (For interpretation of references to color in this figure caption, the reader is referred to the web version of this article.)
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Another area of the Southern Meseta, specifically the upper
catchment of the Guadiana River south of the Montes de
Toledo (Fig. 1), is characterized by having had less intense
surface erosion during the late Quaternary due to a higher
local base level of erosion. Here, the wetlands of the upper
Guadiana River represent a valuable Late Pleistocene archive
that is being intensively researched (e.g., Santisteban et al.,
2019). The sedimentary record of the Fuentillejo maar lake
in the volcanic field of Campo de Calatrava (Ortiz et al.,
2013) shows evidence of environmental fluctuations corre-
sponding to D-O cycles. More specifically, Vegas et al.
(2010) found cold and arid conditions related to HE 2,
HE 1, and the Younger Dryas, whereas HEs 3-5 were
assumed to relate to rather warm and arid conditions. How-
ever, relatively low chronological resolution was the limiting
factor here. Finally, there are numerous playa lakes in the
Southern Meseta (Schiitt, 2000). However, due to high salin-
ity and frequent desiccation events, these lake sediments
revealed a limited potential in recording last glacial paleoen-
vironmental evolution.

From this, it follows that reliable information about the
effect of marine cold spells linked to stadial phases on geo-
morphological systems in central Iberia is lacking, even
more if stadials comprising HEs (HS) are considered.
Hence, there is a need for systematic studies on fluvial, aco-
lian, and glacial sedimentary archives relating to relevant
past earth surface processes. In order to meet this need and
to verify whether Greenland stadials as well as Heinrich sta-
dials exercised a decisive influence on geomorphological sys-
tems, we undertook comprehensive studies on loess deposits
in the upper Tagus Basin to obtain a more complete picture of
late Pleistocene landscape dynamics in central Spain. Besides
a general evaluation of phases linked to loess deposition and
surface stability, we used a broad multi-proxy approach in
order to accurately characterize hydrological conditions, pale-
otemperatures, and wind strengths during the last glacial
period.

METHODS

Stratigraphic work

In total, five loess sections were included in this study in order
to obtain a representative composite profile for the last glacial
period (Fig. 1). All sections were analyzed in the field, includ-
ing differentiation of sedimentary units, the presence of pale-
osols or processes indicating soil formation, and evidence for
relocation processes. We took samples from all sections for
laboratory analyses. In general, sampling was oriented
towards stratigraphic layers with the aim of providing a repre-
sentative record of all dynamic phases during the last glacial
period. On average, samples for standard analyses were taken
at ~15 cm intervals from all sections. We took 28 samples for
heavy mineral analyses from each layer in three sections
(Fuentiduefia, Paraiso, and A3). We also took seven samples
from surrounding areas (for more details, see Wolf et al.,
2019). The same three sections sampled for heavy mineral
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analysis were also chosen for luminescence dating on 25 sam-
ples. The most complete section (Paraiso) was sampled for
n-alkane biomarker analyses and stable isotope measure-
ments, with 25 samples with an average sampling density
of 25 cm taken.

Standard analyses

Grain-size determination was conducted by pipette analyses
and wet sieve techniques (Schlichting et al., 1995) after dis-
persion with sodium pyrophosphate. Because samples con-
tained gypsum that disrupted the settling process in the
sample cylinder by flocculation, all samples were passed
through a repeated cycle of dissolution and centrifugation
until measured electrical conductivity fell below a value of
400 puS cm™ (Frenkel et al., 1986). For determining
fraction-specific carbonate contents for different grain-size
classes, we conducted grain-size analysis twice, with a first
run implemented without decalcification, and a second run
after carbonates were dissolved using 10% HCI. Following
this procedure, a particle size index (PSI) was calculated
based on samples that were not decalcified by forming a
ratio between the coarse silt/fine sand fractions (> 20 um
and < 200 um) and all finer fractions, including medium
silt, fine silt, and clay. The calcium carbonate content was
determined by measuring the carbon dioxide gas volume
after adding hydrochloric acid in a Scheibler apparatus
(Schlichting et al., 1995). Soil organic matter was measured
via suspension and catalytic oxidation (TOC-VCPN/DIN
ISO 16904). Total iron content (Fe(t)-values) was determined
after pressure digestion with concentrated nitric and hydroflu-
oric acid using atomic adsorption spectrometry (Analytic
Jena, Vario 6). Pedogenic iron content (Fe(d)-values) was
measured after dithionite extraction using atomic adsorption
spectrometry (Schlichting et al., 1995). The ratio between
pedogenic and total iron may provide information of the
intensity of weathering, and thus may indicate soil formation
in the case of higher values in comparison to the parent
material.

Micromorphological analyses

For micromorphological analyses, 18 oriented and undis-
turbed samples were collected from selected horizons of the
sequences at Paraiso and Fuentiduefia. Vertical thin sections
were prepared at the Laboratory of Soil Science and Geoecol-
ogy at the Institute of Geography, Eberhard-Karls-University,
Tiibingen. Thin sections were then analyzed and photo-
graphed using a polarizing microscope (Zeiss Axiovision).
Thin section descriptions mainly are based on the terminol-
ogy after Bullock et al. (1985) and Stoops (2003).

Age determination: luminescence dating

Optically stimulated Iuminescence (OSL) measurements
were applied to the coarse-grained quartz fraction (90-200
um). Following standard procedures (e.g., Fuchs et al.,
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2010), sample preparation was performed under subdued
red-light conditions (640 +20nm), including wet sieving,
removal of carbonates and organic material, and a density
separation using sodium polytungstate. We etched the quartz
separates in 40% HF for 50 minutes.

For OSL measurement, quartz grains were mounted on alu-
minum cups, using a 3-mm mask that restricted the number of
grains to ~100-300 grains per disc. Except for samples HUB
470, HUB 471, and HUB 472, which were measured at the
Humboldt University in Berlin, all luminescence measure-
ments were carried out at the University of Bayreuth using
an automated Risg-Reader TL/OSL-DA-15 equipped with a
90Y/90Sr B-source for artificial irradiation. Blue LEDs
(470 =30 nm) were used for OSL stimulation, and the lumi-
nescence signal was detected by a Thorn-EMI 9235 photo-
multiplier combined with a 7.5mm U-340 Hoya filter
(290-370 nm).

All luminescence shine-down curves were recorded for 40
seconds at an elevated temperature of 125°C, using a single
aliquot regenerative-dose (SAR) protocol (Murray and
Wintle, 2000), which was enhanced by an additional hot-
bleach step (Murray and Wintle, 2003). Equivalent doses
were determined using the first 0.6 seconds of the OSL signal
after subtracting a background that was derived from the last
7.5 seconds.

Only aliquots with a recycling ratio of 0.9—1.1, a recuper-
ation of < 5% of the natural sensitivity corrected signal inten-
sity (Murray and Wintle, 2000), and an OSL-IR depletion
ratio (Duller, 2003) in the range of 0.9-1.1 were accepted
for equivalent dose calculation. Because dose response
curves of some samples (BT 1368, BT 1372, BT 1374, BT
1376, BT 1383, BT 1384, and HUB 470) suggested that
these samples might be close to their saturation levels, we
would like to emphasize that all ages derived from these sam-
ples may seriously underestimate the true burial age and can
only be interpreted as minimum ages.

For dose rate (D) determination, the U- and Th-concentrations
were detected by thick source a-counting, and the K-contents
were measured by ICP-OES. Calculations for determining the
environmental dose rate were done applying DRAC v1.2 (Dur-
can et al., 2015) in combination with the conversion factors
given by Guérin et al. (2011). Applying an interstitial water con-
tent of 8 +3% for samples BT 1375, BT 1381, BT 1383, BT
1384, and BT 1544, a water content of 5+ 3% was assumed
to be representative for all other samples as derived from
measurements of present-day water contents and considering
both sedimentological properties and differences in the geo-
graphical settings of the locations. Cosmic dose rates were cal-
culated according to Prescott and Hutton (1994) using the
‘calc_CosmicDoseRate’ function provided by the R package
‘Luminescence’ (Kreutzer et al., 2012, 2016; R Development
Core Team, 2016).

Heavy mineral analyses

The separation of heavy minerals was conducted after the pro-
cedure described by Mange and Maurer (1991), including
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drying the samples, sieving to a grain-size fraction between
40 pm and 400 pm, removal of carbonates by adding acetic
acid, eliminating gypsum by repeated soaking and sieving,
and dispersing with Na,P,0-. Finally, the heavy mineral frac-
tion was separated by using sodium polytungstate. For the
identification of the heavy minerals, we produced strewn
slides after Kurze (1987) for transmitted light microscopy
by coating with gelatin, and unilateral embedding in the
immersion fluid o-chloronaphtalene with a light refraction
of 1.633. For optimal analyses, we identified and counted at
least 200 translucent mineral grains. Determination of the
identity of translucent minerals was based on grain morphol-
ogies, colors, pleochroism features, fissility, break, light
refraction, double refraction, as well as inclusions (for details,
see Wolf et al., 2019).

Rock magnetic measurements

Magnetic susceptibility was measured on two different
frequencies (300 and 3000Hz) using the MAGNON
VFSM susceptibility bridge (320 Am™" AC field, sensitivity
greater than 5 x 107° ST) and transferred to mass specific sus-
ceptibility y after determining sample density. The frequency
dependent susceptibility (xsq) was calculated using the differ-
ence of both measured frequencies. The isothermal remanent
magnetisation IRM) was generated employing a MAGNON
Pulse Magnetiser II with fields of 2000 mT and 200 mT
(backfield) and resulting imposed magnetic remanences
were determined using an AGICO JR6-spinner magnetome-
ter. The s-ratio was calculated based on both values (s-ratio =
((IRM200 m1/IRM2000 mr) + 1)/2).

Stable isotope analyses

In order to reconstruct paleoclimatic and paleohydrological
changes, we performed compound-specific stable isotope
analyses of 8'°C and 8”H on the aliphatic lipid fraction con-
taining n-alkanes. The 8'>C signal of leaf waxes can be used
to distinguish between C; and C, vegetation (Rommer-
skirchen et al., 2006), with C; plants showing lower values
(—23%0 to —34%0) compared to C,4 plants (—6%o to —23%o,
Schidlowski, 1987). Additionally, the 8'°C value of leaf
wax n-alkanes depends on the 8'°C of the atmospheric
CO,, as well as on its concentration, air temperature, relative
humidity, and precipitation during the growing season (e.g.,
Diefendorf et al., 2010). The §°H values of leaf waxes reflect
the isotopic signal of the precipitation, which depends mainly
on the isotopic composition of the moisture source, but is also
influenced by the temperature, amount, continentality, and
altitude effect (Berke et al., 2015; Sachse et al., 2012; Tipple
etal., 2013). Because we assume that §°Hy,,, variations in the
upper Tagus loess correspond to changes in 5'®0 in the North
Atlantic surface waters, thus indicating that the source effect
was one dominant control on 8°H,,,, (Schifer et al., 2018),
here we focus solely on 8'3C as proxy for hydrological
changes.
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Total lipid extraction and separation into lipid fractions is
described in Schifer et al. (2016a). The compound-specific
carbon isotope measurements were performed on an IsoPrime
100 mass spectrometer, coupled to an Agilent 7890A gas
chromatograph via a GC5 Pyrolysis/Combustion interface
that operated in combustion mode (CuO reactor) at 850°C.
Samples were injected using a split/splitless injector in split-
less mode. The GC was equipped with a 30 m fused silica col-
umn (HP5-MS, 0.32 mm i.d., 0.25 um film thickness). The
precision was checked by injecting a standard alkane mix
(Cy7, Cy9, C33) with known isotopic composition (Schimmel-
mann) twice every six runs. The analytical error was gener-
ally better than 0.5%o (triplicate measurements). The stable
carbon isotope composition is given in the delta notation
(8'3C) versus Vienna Pee Dee Belemnite (V-PDB). For the
compound-specific hydrogen isotope measurement, the
GC5 mode was changed to pyrolysis by using a Cr (Chro-
meHD) reactor at 1000°C. Adjustments for the GC, the stan-
dard and the injection procedure were the same as for the
stable carbon isotope measurements. The H3+ correction fac-
tor was checked every two days and was stable at 3.48 + 0.06.
The analytical error was generally better than 5%o (three rep-
licates), and we report only values with a standard deviation
better than 6%o (for more details, see Schifer et al., 2018).

RESULTS

Lithofacies and pedostratigraphic patterns of the
Upper Tagus loess record

The Upper Tagus loess record can be subdivided into 10 main
stratigraphic units (SU-1 to SU-10). The basal two units con-
tain the underlying substrates: Miocene marls (SU-1) and
Middle Pleistocene fluvial gravel terraces (SU-2). Unit
SU-3 is comprised of relocated material at the base of the sec-
tions, while SU-4 to SU-9 contain loess deposits that were
formed during the last glacial period. Holocene colluvial
deposits (SU-10) cover the top of most of sections. All strati-
graphic columns together with standard analytical results are
show in Figures 2—7. The Villamanrique section is strongly
influenced by slope processes and also contains runoff chan-
nels in its upper part (Fig. SE), indicating active surface
dynamics during loess deposition.

Lower part of the sections (SU-2 and SU-3)

General topographic positions of the described loess sections
are shown in Figures 1 and 8. The lower parts of the sections
differ significantly in relation to their respective elevation
above the recent river level. In the Fuentiduefia (Figs. 2, 3),
A3 (Fig. 4), and Villamanrique (Fig. 5) sections, which are
elevated between 10-20 m above recent river level, the last
glacial deposits rest on older fluvial terraces consisting of
poorly sorted, well-rounded gravels and coarse-grained
sand lenses (SU-2). The subsequent unit (SU-3) is character-
ized by a more than 2-m-thick succession of alternating layers
of dark brown clayey sediments with clay contents of up to
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55%, and sandy layers, some with more than 50% of fine
and medium sand. Among the sandy and clayey layers,
there are very thin, laminar, carbonate accumulations with
carbonate contents of up to 66% that indicate precipitation
from carbonate-saturated runoff (Fig. 5A, B). SU-3 lacks
clear indications of in-situ soil formation. Instead, the high
soluble salts and clay contents, and high values of magnetic
susceptibility (Fig. 2), indicate that SU-3 mainly consists of
relocated loamy soil material that was derived from surface
erosion of the surrounding evaporate marls. Sedimentation
features in these footslope positions are tentatively interpreted
as a mixture of slope processes and fluvial sedimentation pro-
cesses in a still-active floodplain environment.

In contrast to the sections at Fuentiduefia and Villamanri-
que, loess and loess derivates of the Paraiso (Figs. 5C, 6)
and Villarubia (Figs. 5D, 6, 7) sections, located 50 m and
93 m above recent river level (Fig. 8), rest directly on Mio-
cene marls (SU-1). These marls are characterized by soluble
salt contents between 48 and 78%, and carbonate contents
between 9 and 29% (Figs. 6, 7). At the beginning of section
accumulation, these more elevated areas were not influenced
by floodplain processes, but rather were affected by erosive
instead of depositional processes. Accordingly, in the Paraiso
section, there is no indication of major SU-3 deposition apart
from a thin layer of relocated marl deposits.

First indications of loess deposition (SU-4)

The next unit, SU-4, marks the beginning of the last glacial
loess formation in the study area. Sediment samples show
higher silt and fine sand contents, while sections located
closer to the river level show generally higher sand contents
(e.g., Fuentiduefia) compared to sections in more elevated
positions (Fig. 8).

These relations are well expressed in form of texture-
related indices, such as the grain-size index (GSI) that
compares coarse silt contents with all finer fractions, thus
indicating wind strength in loess archives (Rousseau et al.,
2002). In view of the high fine sand contents (e.g., up to
27% in Fuentiduefia section, Fig. 2), loess deposits appear
to be mainly of local origin (see e.g., Bosq et al. 2018). In
order to consider the fine sand fraction for calculating a
wind-strength-related proxy, we applied a new particle-size
index (PSI=(20-200um)/<20um) which, besides coarse
silt, also emphasizes fine sand (Calvo et al., 2016; Wolf
et al., 2019). In the Paraiso section, which is (along with
the Villarubia section) the most suitable section for studying
aeolian transport processes due to its distal position from the
deflation area, the PSI rises to about 1.5 in SU-4 (Fig. 6),
which is quite low compared to other loess units. Further sed-
imentological characteristics of SU-4 include the highest car-
bonate contents in all sections (Figs. 2, 6, 7), the highest
content of medium and coarse sand in Fuentiduefa (Fig. 2),
and a scattered occurrence of angular, several-cm-thick
stones or pebbles in Paraiso and Fuentiduefia that indicate
the contribution of slope processes during the formation of
SU-4. In the upper part of SU-4, a strongly weathered
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Figure 2. (color online) Stratigraphic sequence and analytical data for the Fuentidueiia section (40°05'14.76"N, 03°12'18.03”W; 560 m asl),
showing OSL dating results, sediment units (SU), sampling points, palaeo surfaces (PS), grain-size parameters (soil texture %, coarse silt con-
tent % sand content %), organic content, carbonate content (total and coarse silt sized fractions), ratio between pedogenic and total iron as a
weathering index, and results of rock magnetic measurements (magnetic susceptibility, frequency-dependent susceptibility, s-ratio). See key
for detailed sedimentological features, pedogenic features, and kind of samples taken.
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Figure 3. Fuentiduefia section photographs and schematic stratigraphic sketch of cross-section. Insets with red lines in the stratigraphic sketch
refer to photographs. Shovel (~60 cm) for scale in photos. (A) Lower part of the section is comprised of layered loamy soil sediments (SU-3)
above fluvial gravels of mid- to late Pleistocene age (SU-2). (B) Photograph shows transition from the brownish sediments of SU-3 to loess
deposits above. PS-1 marks the dark reddish paleosol that was formed in SU-4 and the lighter loess of SU-5. (C) Middle and upper part of the
section. Above the intense PS-1, palaeo surface PS-3 appears much weaker. A whitish horizon with secondary carbonate enrichment is appar-
ent at the base of SU-7. The strong boundary between SU-8 and SU-9 marks the limit of moisture penetration from the surface. (For interpre-
tation of references to color in this figure caption, the reader is referred to the web version of this article.)
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paleosol (palaeo surface (PS) 1; Fig. 5C) shows a strong red-
dish ochre-brown color, bioturbation features, and numerous
carbonate nodules as well as up to 15-cm-long carbonate con-
cretions with rhizolith-like shapes. The paleosol (PS-1)
exhibits maximum values of magnetic susceptibility and a
peak in the Fe(d)/Fe(t)-ratio. However, the grain-size patterns
require closer consideration. Generally, in all sections, ~30-
70% of the silt and sand fraction are comprised of calcium
carbonate minerals. The clay fraction shows a much lower
percentage of carbonate, but in line with maximum values
of the total carbonate content, it rises up to more than 50%,
showing a sedimentary origin for the clay-sized carbonate
minerals. Therefore, grain-size patterns appear to be suitable
for analyzing sedimentation processes, but less suitable for
detecting pedogenic processes. This can be seen, e.g., in
the Paraiso section in SU-4, in which clay contents show
higher values in the parent material as compared to the pale-
osol (Fig. 6), although it is the most intensely developed pale-
osol of the whole section. However, if we also consider clay
contents measured after decalcification of the samples
(Fig. 9), 37-54% of the clay below the paleosol consists of
calcium carbonate minerals, while the paleosol itself also
shows an increase of clay after decalcification. This may be
due to the disaggregation of clay aggregates during
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decalcification or the release of clay from inside of secondary
carbonate concretions. Finally, this paleosol shows the high-
est carbonate-free clay contents in the Paraiso and Villarubia
sections.

Middle part of the sections (SU-5 and SU-6)

In SU-5, the content of coarse silt increases slightly with
almost no coarse components except for some pebbles in
Fuentiduefa. SU-5 is characterized by bioturbation fea-
tures and secondary carbonate concretions. In Paraiso, a
paleosol (PS-2; Fig. 5C) developed in the upper part of
SU-5 showing a dark reddish-brown color and reduced
carbonate contents (~28%; Fig. 6) compared to the loess
below (~40%). Clay contents again reach values higher
than 19%, but the less intense color suggests a lower
degree of pedogenesis compared to the paleosol below.
Except for Paraiso, the paleosol (PS-2) is missing in all
other sections, pointing to surface erosion before the dep-
osition of the next loess layer.

In all sections, SU-6 contains the highest contents of coarse
silt encountered thus far (>50% in Paraiso and Fuentiduefia),
which is likewise expressed by a PSI surpassing 2.5 in Paraiso
and 2.76 in Fuentiduefia. In all sections, the coarse silt
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Figure 5. (color online) Photographs of various loess sections with shovel for scale (~60 cm); schematic cross-section of the Villamanrique
section. (A, B) Typical appearance of SU-3 in the Villamanrique section (B) and another section near the valley bottom (A); note alternation
between dark-brown clayey deposits and the hardened laminar carbonate enrichments. (C) Lower and middle parts of the Paraiso section with
indication of sediment units (SU) and palaeo surfaces (PS-1 to PS-3); note the whitish marls of SU-1 at base of the section. (D) Lower and
middle part of the Villarubia section. The paleosol PS-1 shows less intense development compared to the other sections, and PS-3 has very
weak features. (E) Schematic cross-section of the Villamanrique section (40°5'32.75"N, 3°11'29.46"W; 546 m asl). The outcrop is located at
the bottom of a tributary valley and was strongly influenced by slope processes and surface runoff during the last glacial period as shown by the
admixture of pebbles and coarse-grained sediments, a secondary fluvial channel-fill at the top of the sequence, and erosion discordances. Nev-
ertheless, units SU-3 and SU-4 show features that are similar to those found in other sections, including the strong paleosol linked to PS-1.

fraction is dominated by calcium carbonate minerals, while in
Paraiso, it consists almost entirely of carbonate minerals.
Similarly, fine sand content also increases. The upper part
of SU-6 shows signs of a weak paleosol (PS-3; Fig. 5C, D)
with a reddish ochre-brown color and a sharp boundary
with high concentrations of calcified roots in the lower part.
The Fe(d)/Fe(t)-ratios show a minimal increase, but all
other analytical information including magnetic susceptibil-
ity and clay contents do not indicate that soil-forming pro-
cesses happened. Thus, we propose that the weak coloring
was caused by surface exposure under environmental condi-
tions that hampered the occurrence of major pedogenic pro-
cesses. Higher carbonate contents within the paleosol
(PS-3) were most probably caused by secondary recalcifica-

tion originating from overlying sediments.
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Massive loess deposition in SU-7

The formation of SU-7 was related to the most pronounced
phase of loess deposition during the last glacial period. In
SU-7, coarse silt and fine sand reach maximum values,
with portions of the unit containing >20% fine sand, indicat-
ing highest wind strengths during the last glacial period. This
is likewise demonstrated by a PSI of more than 3, and up to
3.6 in a sample from ~2.5-m-depth in the Villarubia section
(Fig. 7). Loess deposits have slightly reddish-ochre colors
with some intercalated pale greyish-ochre layers. In the Vil-
larubia section, small sandy lenses appear at a depth of 3 m
and probably indicate short-distance relocation by slope pro-
cesses or maximum wind gusts. At least one temporarily sta-
ble palaeo surface is indicated within SU-7 (PS-4; Fig. 3C) by
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Figure 6. (color online) Stratigraphic sequence and analytical data for the Paraiso section (40°01'51.07'N”, 03°28'01.70”"W; 556 m asl), show-
ing OSL dating results, sediment units (SU), sampling points, palaeo surfaces (PS), and grain-size parameters (soil texture %, coarse silt con-
tent % sand content %), organic content, carbonate content (total and coarse silt-sized fractions), and ratio between pedogenic and total iron as

a weathering index. For legend, please see Figure 2.

a reddish coloring and a concentration of fine calcified roots
below (found at ~2.6-m-depth at Villarubia and 3-m-depth
at Paraiso), and fine sand together with PSI reaches maximum
values in this part of the section. Likewise, the uppermost part
of SU-7 (PS-5) shows more reddish-ochre colors, calcified
roots, and macro biospurs (¢ 4 cm), decreasing values of
total iron content, and very low clay contents. Finally, these
more-reddish layers may again indicate a prolonged period
of surface stability and exposure linked to an interruption of
loess deposition without the initiation of major soil-forming
processes.

Upper part of the sections (SU-8 and SU-9)

Sediments of SU-8 are distinguished from those of SU-7
based on individual geochemical properties (Figs. 9, 10)
that indicate the presence of two separate loess deposition
phases. Higher contents of clay, fine silt, and medium silt
cause a strong decrease of the PSI to values below 1.7
(Figs. 2, 6). An exception is section A3 that is located
very close to the recent Tagus River. Here, SU-8 consists
of silty sand layers with silt contents in some layers as low
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as 30%. Apparently, the location closer to the sediment
source was responsible for the high sand peaks, indicating
very short transport distances during wind gusts. The top
of SU-8 reveals a sharp erosion discordance in the Paraiso
section that hampers the estimation of its original
thickness.

Unit SU-9 marks the final loess deposition phase that
only appears in the Fuentiduefia and A3 sections located
closest to the Tagus River floodplain (Figs. 1, 8). It con-
sists of light reddish-ochre and partly relocated material as
seen in its slightly higher contents of medium and coarse
sand.

Colluvial cover (SU-10)

Except for Fuentidueiia, all sections are topped by a colluvial
deposit (SU-10) comprised of pale reddish and grayish ochre
material with pebbles up to 2 cm in diameter and light, silty
bands that represent washing surfaces linked to erosion pro-
cesses. The lower boundary is sharp and undulating and
reveals a blackish fringe, probably indicating burning by
fire (Fig. 6). The material is strongly enriched in organic
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Figure 8. (color online) Schematic sketch showing topographic positions of individual loess sections with respect to vertical (blue arrows) and
horizontal (dark grey arrows) distances from the river floodplain/braid plain as dominant sediment source. Higher aeolian transport distances
are accompanied by gradual sediment fining (decreasing % fS and mean grain-size) due to particle size-sorting (after Wolf et al., 2019). Sim-
plified figure; loess sections are not on a single transect. For actual section positions, please see Fig. 1. fS = fine sand

carbon and shows higher values of magnetic susceptibility.  Micromorphological observations

All of this evidence suggests that SU-10 consists of slope

deposits derived from the erosion of soil horizons in the sur- Except for deposition phases, phases of surface stability
rounding area. reveal paleoenvironmental information, e.g., by means of
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Particle-size index (PSI; (fine sand + coarse silt)/(medium silt + fine silt + clay)), reflecting wind strength. Grey arrows indicate increasing/
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dominance (OEP) of n-alkanes (light purple line and upper scale) as an indication of preservation (higher values imply better preservation). (D)
Average chain length (ACL) of n-alkane homologues (black line and lower scale) (Schifer et al., 2016a), with values > 30 indicating grass
vegetation and < 30 pointing to tree and shrub vegetation, based on comparative studies on mid-European n-alkane patterns (e.g., Schifer
etal., 2016b). (E) §'3C values of the most abundant n-alkane compounds n-Csg (red) and n-C3; (blue) as indicator for environmental moisture
availability. Solid red arrows indicate increase, dashed red arrow indicates decrease. (F-H) Results of heavy mineral analyses with relative
proportions of apatite (F; in red, lower scale) indicating slope supply, relative proportions of garnet (G; in green, upper scale), and relative
proportions of tourmaline and dolomite (H; in blue, lower scale), indicating contributions of deflated Tagus River sediments and thus,
high weathering dynamics in the framing mountain ranges due to presumably cold temperatures (Wolf et al., 2019). (I-L) Results of rock
magnetic measurements with: mass-specific magnetic susceptibility (3300 Hz in 1078 m®kg™") (I); absolute frequency dependence of
mass-specific magnetic susceptibility (x¢q in 10™% m’kg™") indicating presumably pedogenic enrichment of superparamagnetic particles
(SP) (J); the s-ratio [(IRM0o/IRMq00 + 1)/2] (K); and IRM5¢00/%300 Hz in 103Am™" (L) as an indicator of relative hematite content. (For
interpretation of references to color in this figure caption, the reader is referred to the web version of this article.)

soil-forming processes. Therefore, micromorphological fea-
tures of the main palaeo surfaces (PS) were analyzed.

Micromorphological analyses of the loess sections in the
Paraiso and Fuentiduefia sections show a general uniformity
in the groundmass of the material, which consists of well-
sorted silt with minor amounts of sand grains. The apedal
material is characterized by a channel microstructure and a
calcitic crystallitic b-fabric (Fig. 11), due to micrite produced
as a product of weathering of sediment rich in calcite
(Boixadera et al., 2015). The soil formation processes related
to the palaeo surfaces are minimal, mainly consisting of
bioturbation and different degrees of carbonate/gypsum
redistribution.

Table 1 presents an overview of different types of calcite
enrichment or depletion pedofeatures as well as gypsum
pedofeatures that were detected in the thin sections. Gener-
ally, the sequences can be divided into three parts.

First, in the lowest part comprising units SU-4 to SU-6
(PS-1 to PS-3), the occurrence and distribution of carbonate
dissolution and accumulation features indicate the strongest
phases of pedogenesis. Despite the dominance of micritic
impregnation of the material in PS-1, a weak dissolution of
carbonate took place, resulting in a formation of residual
clay partly enveloping mineral grains without a complete
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decalcification of the material (MD, Table 1). This process
did not impair the calcitic crystallitic b-fabric of the sedi-
ment. Decalcification can be observed along some biogenic
voids forming depletion hypocoatings (DH, Table 1) with a
speckled b-fabric in PS-1, PS-2, and PS-3. These features are
formed by removal of calcite in solution (Durand et al.,
2010). The decalcification tendency that can be observed
in PS-1 indicates that some moist environmental conditions
allowed subsequent weak carbonate dissolution following
its sedimentation. PS-2 lacks depletion pedofeatures but
shows carbonate enrichment in the form of calcitic hypo-
coatings (CH, Table 1) of voids and a strong micrite impreg-
nation of the matrix. There are two main hypotheses
concerning the formation of calcitic hypocoatings (Becze-
Dedk et al., 1997; Barta, 2011): they form from soil solutions
percolating along the pores and penetrating into the matrix
(Kemp, 1995; Durand et al., 2010); or they represent rapid
accumulations in connection with root metabolism (water
suction and desiccating effect, Wieder and Yaalon, 1982).
Generally, calcitic hypocoatings are formed under arid and
semiarid conditions (Durand et al., 2010) with a patchy veg-
etation cover, probably during phases of loess accumulation
(Barta, 2011). Although hypocoatings indicate dry formation
conditions, some percolation during periodic moister
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Figure 10. (color online) Correlation of Fuentiduefia, Parafso, and Villarubia sections based on: stratigraphic findings, the ratio between ped-
ogenic and total iron, chemical proxy of alteration (CPA; lower scale), and mass-specific magnetic susceptibility. CPA is based on the ratio
between aluminum and sodium (Buggle et al., 2011). SU = stratigraphic unit; sample sites indicated by yellow circles.

conditions must have taken place during their development
(Becze-Dedk et al., 1997). Regarding PS-2, in the upper
part, depletion pedofeatures dominate, while the lower part
is characterized by a strong accumulation of calcite that indi-
cates local redistribution of carbonate as a result of soil for-
mation. PS-3 shows both carbonate dissolution (depletion
hypocoatings) in its upper part and accumulation (calcitic
infillings) in its lower part, and therefore can be integrated

into the same kind of pedogenesis.

Second, the lower part of SU-7 is mainly characterized by
strong bioturbation and the common appearance of com-

pound calcitic hypocoatings and depletion

(CH-DI, Table 1) that most probably indicate the decalcifica-
tion of channel infillings and subsequent precipitation of
micrite as hypocoating in the adjacent matrix (Kemp,
1995). This means that the redistribution of carbonate was
restricted to larger biogenic voids facilitating preferential

flow of percolating water.

Third, the uppermost part of the sequences comprising the
upper SU-7 and SU-8 including PS-4 and PS-5 shows a
strong decline of the intensity of soil formation processes.
The matrix contains large amounts of micrite, and pedofea-
tures characterizing carbonate redistribution processes rarely
appear or are absent. From this it follows that these palaeo
surfaces were characterized by only short exposure times or
lacking soil formation (e.g., due to the absence of percolating

water), respectively.
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The lower part of the Paraiso sequence (SU-4 to SU-6, base
of SU-7) contains accumulations of gypsum appearing as
infillings and void coatings. The crystals are predominantly
tabular or lenticular shaped and poorly sorted (silt to sand
sized). Because the gypsum crystals were accumulated in
pores, they are regarded as pedogenic (see Poch et al.,
2010; Boixadera et al., 2015).

Stratigraphic correlation of loess sections along the
upper Tagus River

Each loess section was logged independently using litho- and
pedo-stratigraphic characterization. A comparison of the sec-
tions revealed differences in the presence or absence and lith-
ological character of specific units. As noted previously,
SU-3 shows evidence of fluvial accumulation processes in
sections Fuentiduefia, A3, and Villamanrique located near
the river, while no such sediments were found in the more ele-
vated sections. Moreover, sections in footslope positions near
the river show incorporation of rounded pebbles in the lower
parts (e.g., SU-4). In the Villamanrique section, the whole
sequence is more or less characterized by the presence of peb-
bles and rounded gravel, and covered by a gravelly channel
deposit on top (Fig. SE). This illustrates that the same strati-
graphic unit may show quite different properties according
its position along slopes, footslopes, or within tributary
depth contours (Fig. 8). This same relationship may account
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Figure 11. (color online) Microphotographs in plain polarized light (PPL) and crossed polarized light (XPL): (A) Apedal material, channel
microstructure, mainly silt-sized particles (PPL) in sample Pa3 (Paraiso section, 570 cm; see also Table 3); (B) Same image as (A) under XPL,
calcitic crystallitic b-fabric, note the sand-sized grain in the silty matrix. (C) Depletion hypocoating (DH), note the speckled b-fabric of the
matrix adjacent to the void (XPL) in sample Pal (Parafso section, 710 cm); (D) Calcitic hypocoating (CH), note the strong calcitic crystallitic
b-fabric of the matrix adjacent to the void (XPL) in sample Pa3 (Paraiso section, 570 cm); (E) Compound calcitic hypocoating and depletion
infilling (CH-DI) (PPL) in sample Pa5 (Paraiso section, 460 cm); (F) Gypsum coating of a void (GC) (XPL) in sample Pa5 (Paraiso section,

460 cm).

for differing intensities of surface erosion dynamics. For
example, the only site where a paleosol was found within
SU-5 is the well-preserved surroundings of a small tributary
valley at the Parafso section. In all other sections, no indica-
tions of this paleosol were found, pointing to stronger erosion
processes that affected these sections. This demonstrates
that the inclusion of numerous profile sections enabled com-
pilation of a representative stratigraphic standard profile
because each site is affected by a different interplay of various
earth surface processes. Processing any one individual sec-
tion would not have led to obtaining a complete sedimentary
sequence. However, it also follows that a precise stratigraphic
correlation between different sections may be challenging.
Therefore, we used a combination of stratigraphic results as
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well as geochemical and geophysical information in order
to correlate the sections. This became especially important
in the less differentiated upper parts comprising SU-7,
SU-8, and SU-9. In Figure 10, we demonstrate that the
stratigraphic correlation is supported by the values of Fe(d)/
Fe(t), chemical proxy of alteration (CPA), and magnetic
susceptibility.

Chronological information of the Upper Tagus loess
record

In order to provide the Tagus loess record with a chronolog-
ical framework, luminescence dating was performed on 25
samples. These samples were taken from the Paraiso,
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Table 1. Overview of micromorphological pedofeatures of carbonate/gypsum redistribution and bioturbation of the Fuentiduefia (Fu) and
Paraiso (Pa) sections with indication of sediment units (SU) and palaeo surfaces (PS). Blank space = absent; (¢) = very rare/very weak; ® = rare/
weak; e = few/average; *** = common/strong; MD = matrix depletion; H = depletion hypocoating; DI = depletion infilling; CC/CI = calcitic
coating/calcitic infilling; CH = calcitic hypocoating; CH-DI = compound calcitic hypocoating and depletion infilling; GC/GI = gypsum
coating/gypsum infilling; DH-GC = compound depletion hypocoating and gypsum coating; Bio = bioturbation.

Sample

(no, depth cm) Palaeo Surface MD DH DI CC/CI CH CH-DI GC/GI DH-GC Bio
SU-8 (FU1, 105) - - - - - - - - - .
SU-7 (Pal0, 190) PS-5 - *) . . . (*) - - .
SU-7 (Pa9, 210) PS-5 - (*) - - - *) - - o
SU-7 (Fu2, 195) PS4 - (*) - Q) - - - - .
SU-7 (Fu3, 210) - - - . - (*) . - - o
SU-7 (Pa8, 200) PS-4 - (*) (*) . *) ) - - .
SU-7 (Pa7, 215) PS-4 - . . - . o - - ove
SU-7 (Fu4, 240) - - . - . - - - - .
SU-7 (Pa6, 440) - - - - . oo oo oo oo oo
SU-6 (Fu5, 290) PS-3 - - ey - - - . - oo
SU-6 (Fu6, 310) PS-3 - - eoe . - - . - .
SU-6 (Pa5, 460) PS-3 ) - ee _ N _
SU-6 (Pa4, 495) PS-3 (*) o - o - - eoe - .
SU-5 (Pa3, 570) PS-2 - o - - o - eee . .
SU-5 (Pa2, 610) PS-2 - - - . eoe - . - .

SU-4 (Fu7, 380) PS-1 - - o o - - eoe - eoe
SU-4 (Fus8, 410) PS-1 - - oo o - - oo - oo
SU-4 (Pal, 710) PS-1 . o () . - - . - .

Fuentiduena, and A3 sections to try to obtain a record from
each sedimentary unit where possible.

OSL dating of two samples from SU-3 (A3 section; Fig. 4)
yielded ages of 112.6 +11.9 and 95.4 +9.2 ka (see Table 2
for details). Because of clear indications of signal saturation,
both ages should be considered as minimum ages, thus point-
ing to a sedimentation period older than 100 ka. Because
SU-3 mainly consists of fluvial-reworked loams and sand lay-
ers, indicating active river dynamics, we expect that the sub-
sequent floodplain incision, and thus terrace formation,
started at the earliest during middle MIS 5. OSL dating
of SU-4 suggests an accumulation around 96.5+7.9 and
106.3 + 10.3 ka in the Paraiso section (Fig. 6), or until 80.7
+ 8.1 ka in Fuentiduefia section (Figs. 2, 3), although these
dates should be considered as minimum ages due to signs
of signal saturation. Soil formation in SU-4 lasted until
about 64.1 £ 6.0 to 73.0 £ 6.9 ka (Fig. 3), when the accumu-
lation of unit SU-5 began. According to OSL dating, unit
SU-5 was deposited during the early Pleniglacial (MIS 4)
until 59.7 +4.7 ka. Sedimentation of SU-6 took place in a
narrow time frame in the middle of MIS 3 around 43.0 +
4.8 to 41.3+4.0 ka (Figs. 2, 6), where the age of 41.3
4.0 ka is a minimum age estimation due to clear signs of
dose saturation within the sample. Following the accumula-
tion of SU-6, OSL dating points towards a prolonged inter-
ruption of loess deposition until ~32.2+2.7 ka (Fig. 3).
In most sections, unit SU-7 is up to or more than 2-m thick,
and accumulated in a very short time span between
32.2+2.7 and 28.4 +2.4 ka (Figs. 2, 4). The deposition of
SU-8 took place between 259+2.4 and 23.2+1.6 ka
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(Figs. 4, 6). For SU-9, a single OSL date suggests deposition
at about 16.2 + 1.4 ka (Figs. 2, 3).

According to stratigraphical and chronological patterns,
the following phases of surface stability linked to an interrup-
tion of loess deposition have been detected (ages determine
maximum time spans, especially the onset of surface stability
may have started later): (i) PS-1 (SU-4): between 96.5 +7.9
and 73.0+6.9 ka; (i) PS-2 (SU-5): between 59.7 +4.7 and
43.0+3.8 ka; (iii) PS-3 (SU-6): between 41.3+4.0 and
32.2+2.7 ka; (iv) PS-4 and PS-5 (SU-7): ~31 ka and between
28.4+2.4 and 25.9 +2.4 ka.

Environmental magnetic measurements

Results of magnetic measurements support previous evidence
of somewhat stronger pedogenic processes linked to PS-1 and
PS-2 as well as reduced or no pedogenesis linked to the over-
lying units and palaeo surfaces.

As seen in Fig. 12, there is a clear relationship between
higher values of low-frequency magnetic susceptibility and
higher values of frequency-dependent magnetic susceptibil-
ity, which indicate typical so-called magnetic enhancement,
implying an increase of ¢ solely caused by an increase of
superparamagnetic particles. This relationship is most likely
the result of pedogenic processes. This finding is supported
by the observation that all values in the upper range of the dia-
gram belong to units SU-3 and SU-4, comprised of relocated,
strongly weathered soil material derived from erosion of older
surface soils (SU-3) as well as a strong, in situ paleosol
formed during the upper MIS 5 (PS-1). The following
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Table 2. Analytical data for luminescence age calculation: sample codes, radionuclide concentrations, total dose rates, equivalent doses,

and OSL ages.

Laboratory code U [ppm]*  Th [ppm]*

K [wt.%]° Total dose rate D [Gy/ka]® Equivalent Dose ED [Gy] Luminescence Age [ka]

Fuentidueria section

HUB 470 416+0.30 9.12+097 1.17+0.12 2.75+0.13 113.8+9.5 41.3+4.0

HUB 471 4.42+0.35 1293+1.16 1.29+0.13 3.18+0.15 51.6+3.7 162x14

BT 949 5.86+0.60 14.22+2.00 1.48+0.15 3.79+0.20 93.2+6.4 24.6+2.1

BT 950 3.97+0.57 1457+1.88 1.36x=0.14 3.26+0.18 1149+7.6 352+3.1

BT 1364 448 +0.39 8.84+1.27 140+0.14 3.06+0.16 78.5+4.2 25.6+1.9

BT 1365 381041 11.11+1.37 1.34+0.13 2.99+0.16 96.0+6.3 32227

BT 1366 544+048 13.01+1.48 1.34+0.13 344+0.17 109.3+7.2 31.7+£2.6

BT 1367 3.88+0.38 825+1.25 1.07+0.11 2.53+0.13 184.5+14.5 73.0+6.9

BT 1368 397042 1049+1.39 0.97+0.10 2.58+0.14 208.2+17.8 80.7 +8.1

A3 section

HUB 472 3.48+027 7.79+0.87 1.11x0.11 248 +0.12 69.8+5.0 284+24

BT 1369 3.63x024 7.15+0.80 1.08=0.11 2.47+0.12 57230 232+1.6

BT 1370 3.38+0.38 9.18+1.27 1.18+0.12 2.62+0.14 61.1+£32 233+1.8

BT 1371 387028 7.05+091 1.15+0.12 2.56+0.12 64.6 4.0 253+20

BT 1372 3.17+£0.25 6.04+0.82 1.23+0.12 2.41+0.12 271.7+25.1 112.6+11.9
BT 1373 3.68+0.30 8.73+x1.00 1.13+0.11 2.59+0.13 63.9x4.1 247+2.0

BT 1374 3.88+0.39 9.78+1.30 1.34%0.13 2.90+0.15 2763223 954+9.2

Paraiso section

BT 1375 4.18+0.41 10.62+1.37 1.38+0.14 3.02+0.15 0.88 +£0.09 0.29+0.03
BT 1376 5.05+0.50 14.66+1.66 1.53+0.15 3.67+0.19 95.1+7.2 259+24

BT 1377 4.06+0.28 10.84+0.93 1.36x0.14 3.04+0.14 948 +5.8 31.2+x24

BT 1378 3.89+036 998+1.18 1.29+0.13 2.86 £0.15 87.1+54 305+24

BT 1379 5.04+040 11.17+1.32 1.50%0.15 3.36+0.17 144.6 £10.5 43.0+3.8

BT 1380 5.39+037 9.10x1.22 1.40x0.14 3.21x0.16 136.4+£9.2 425+3.6

BT 1381 451036 9.55+1.20 1.48+0.15 3.01+0.15 179.6 +10.8 59.7+4.7

BT 1382 458+040 12.13+x1.33 1.50+0.15 3.31+0.17 211.9+16.8 64.1+6.0

BT 1383 281021 6.87+0.70 1.06+0.11 2.09+0.10 222.6+18.6 106.3 +10.3
BT 1384 334+021 6.65+0.71 1.08=0.11 2.28+0.11 213.0x14.1 96.5+7.9

BT 1544 3.93+038 11.34+1.26 1.43+0.14 3.16x0.16 0.97+£0.25 0.31£0.08

“Determined by thick source a-counting.
Determined by ICP-OES.

“For total dose rate calculation, cosmic dose rates were considered according to Prescott and Hutton (1994). An interstitial water content of 5 + 3% was used for
all samples except for samples BT 1375, BT 1381, BT 1383, BT 1384, and BT 1544 (8% + 3%).

lower values are linked to a group of samples belonging to
PS-2, the paleosol formed during the lower MIS 3 in Paraiso
section. All other samples plot below an yi; of ~1.5%107°
m’kg ™" and lack evidence of a pedogenic influence. The ana-
lyzed samples thus reveal a clear pattern of magnetic
enhancement due to pedogenic effects resulting from climate
control (Fig. 12, left side). The initial magnetic values of
loess in central Spain (detrital background susceptibility:
¥ =2.5%10""m’kg™") show a higher dispersion and are
lower (Fig. 12, right side) than the values at Semlac (Roma-
nian Banat, yg= 1.6%1077 m3kg_1), which are assumed to
represent the average geochemical composition of the earth’s
crust (Buggle et al., 2014; Zeeden et al., 2016). This lowering
of the background susceptibility very likely resulted from a
dilution effect through dominantly diamagnetic mineral frac-
tions dominated by quartz and feldspars as well as calcite or
dolomite (carbonate contents 30—50%), or even gypsum that
was inherited from the evaporate marls and Tagus River
deposits. However, when looking each different loess section

https://doi.org/10.1017/qua.2020.119 Published online by Cambridge University Press

(Fig. 13), it becomes clear that the sections start from different
initial magnetic values between yp=1.4 and 3.9%107%
m’kg~" while showing the same vector for pedogenic enrich-
ment. The gradient from lower yg to higher yg corresponds
more or less to the gradient shown in Fig. 9, which means
that lower g values (A3 section) relate to more coarse-
grained deposits that were only transported short distances
and are rich in calcite and dolomite. In contrast, higher yg val-
ues (Villarubia section) relate to finer-grained material with
longer transport distances, which exemplifies the combined
effect of grain sizes and mineralogical composition (content
of diamagnetic particles) on magnetic susceptibility.
Magnetic parameters (), Yrq, and s-ratio) plotted for the
Fuentiduena and Paraiso sections (Figs. 2, 9) reveal follow-
ing patterns: (i) marl deposits at the base of the section show
very low values for all parameters. (ii) Sediments deposited
during MIS 5 (SU-3 and SU-4) are linked to highest values
for all magnetic parameters, indicating high contents of fer-
romagnetic minerals (s. 1.) and superparamagnetic particles.
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Figure 12. Low field susceptibility 3300 Hz (in m*kg™") vs. frequency dependent susceptibility () =300 Hz - ¥3000 Hz in m*kg™"). (A)
Samples from the different Iberian loess sections (Villamanrique-light blue; Paraiso—dark blue; A3—green; Fuentiduefia—red; Villarubia—yel-
low) follow the same trend showing increasing 300 Hz with increasing yq4, so-called magnetic enhancement. This magnetic enhancement is
based on climatically controlled weathering processes and formation of magnetic particles. The calculated detrital background susceptibility of
the parent material yp varies between 1.4 and 3.9 * 10~ m’kg™". (B) All samples from the upper Tagus loess were combined and plotted
against a reference data set from the Semlac loess-paleosol sequence in Romania (Zeeden et al., 2016, 2018). Both data sets show the
same trend of magnetic enhancement; however, the detrital background susceptibility yg of the Tagus loess is considerably lower than the
values from Romania. (For interpretation of references to color in this figure caption, the reader is referred to the web version of this article.)

(ii1) Likewise, the paleosol linked to PS-1 shows high values
at least in the lower part of the unit, although an exclusive in
situ pedogenic enhancement is unlikely because of inherited
high values in the parent material. (iv) A second maximum
of all values is linked to the paleosol of PS-2, which is less
pronounced compared to PS-1 but still clearly indicated.
Higher up, all values decrease and are characterized by
homogeneity. This may indicate loess deposition under
increasingly arid environmental conditions that hampered
the formation and preservation of ferrimagnetic and super-
paramagnetic particles carrying elevated signals of y and
s-ratio, even during periods of surface stability. Clear indi-
cations of pedogenic magnetic enhancement are also miss-
ing in PS-3. In Fuentiduefia, PS-3 even relates to a
minimum in all magnetic parameters (Fig. 2). This may
be a result of unfavorable climate conditions during the
time of surface exposure or to the dominance of hematite
over magnetite/maghemite (e.g., Buggle et al., 2014).
PS-4 and PS-5 also show a decline of Y, %, and the
s-ratio. These well-expressed minima in the s-ratio may indi-
cate a higher relative abundance of high coercive minerals,
such as hematite and goethite, on the total fraction of
remanence-carrying iron minerals. In view of the generally
low proportion of magnetic particles in units SU-6 to
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SU-9, a higher hematite content may be demonstrated by
minima in the s-ratio in PS-5, PS-4, and part of PS-3.
This does not mean that hematite content is lower in SU-3
to SU-5, but that the general content of magnetic particles
is higher, presumably including low coercive minerals
such as magnetite/maghemite. Therefore, we added a
curve showing the IRM,qo/yyr ratio as an indication of rel-
ative share of hematite (Fig. 9). We assume that the incor-
poration of hematite-bearing dust (see Roettig et al., 2017,
2019) instead of climatically controlled in situ hematite for-
mation may explain the observed stratigraphic trend of the
IRMz()O()/ Xif -ratio.

Finally, the colluvial deposits in the Paraiso section (SU-10)
again express high values for all parameters, indicating a mag-
netic enhancement during the course of the Holocene.

Vegetation patterns and paleo-hydrological
information from isotopic analyses

n-alkane patterns

The n-alkane patterns from the Paraiso section show partly dis-
putable results. In general, the odd-over-even-predominance
(OEP) as an indicator of degradation processes (e.g., Tipple
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Figure 13. Heavy mineral composition of all analyzed samples plotted on ternary diagrams. (A) Ternary diagram showing tourmaline + dolo-
mite, apatite, and garnet, which are indicative of the three potential source areas. Colored squares indicate representative reference samples for
the source areas (Tagus River/Iberian Range—yellow; gypsum marl-blue; Algodor River/Montes de Toledo—green). See key for loess sample
section locations. Less transparent colored areas represent the range of the reference samples, while more transparent colored areas represent
the relation of data points to the different source areas. (B) Ternary diagram showing heavy mineral composition of the Paraiso section accord-
ing to formation ages. Data points are colored according to sediment units (SU). Arrow indicates an abrupt shift between SU-6 (middle MIS 3)
and SU-7 (upper MIS 3), which is the result of a substantial increase in the deflation of loess sediments from the Tagus River floodplain (mod-
ified from Wolf et al., 2019). (For interpretation of references to color in this figure caption, the reader is referred to the web version of this

article.)

and Pagani, 2010) reveals values higher than 4 throughout the
whole profile, which can be considered as a good preservation
state (Zech et al., 2009; Fig. 9). However, values are lowest in
SU-8 (middle MIS 2). Average chain length (ACL) ranges
from 30.6 to 29.3, and again, the lowest values are linked to
SU-8. In order to evaluate the effect of degradation effects, an
end member analysis was carried out based on a comparison
data set of plant samples from central Europe (Schifer et al.,
2016b). All samples from the Paraiso section plot along the deg-
radation line of grasses except for samples of SU-8 that fall
closer to the degradation line of deciduous trees. However, a
straightforward interpretation is strongly hampered by results
linked to fresh plant samples from the study area. For example,
Juniperus and Olea both plot in the range of the central Euro-
pean grass line or even higher (Schéfer et al., 2016a). On the
other hand, shorter n-alkane chain lengths are not necessarily
an indication of deciduous trees in arid environments. Numer-
ous studies have shown that, e.g., Artemisia as an
aridity-adapted, semi-desertic shrub also reveals a maximum
in short chain lengths (n-C,9) (Wang et al., 2018), and, for
loess deposits in Southern Caucasia, a dominance of shorter
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n-alkane chain lengths related to semi-desertic shrub species
has been discussed (Trigui et al., 2019; Richter et al., 2020).
Thus, the minimum of ACL in SU-8 could be linked to more
humid conditions, assuming that deciduous trees caused the
decrease in chain lengths, but alternatively also could be linked
to more arid conditions if drought-adapted, semi-desertic
shrubs produced the signal. More research on recent plant mate-
rial is necessary to shed light on this question.

Compound-specific §°C and 5°H analyses on long-
chain n-alkanes

Additional 8*H analyses on n-alkanes from the Paraiso
section show that °H values may be sensitive to evapotrans-
pirative enrichment or changes in atmospheric circulation, but
according to its hydrographic record, we expect that &°H
mainly reflects isotopic changes in the source, i.e., the
North Atlantic Ocean offshore from Portugal. This means
that §7H is not suitable for reconstructing onsite paleohydro-
logical conditions from the loess sections (see Schifer et al.,
2018). A more revealing aspect for the reconstruction of
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paleoclimatic and paleohydrological changes may arise from
compound-specific 8'°C analyses on the same samples.
Because all §'°Cy,, values are in the range of published C;
plant waxes, we conclude that there was a reduced influence
of C4 plants during the last glacial period. Moreover, the
E‘)BCWax variations in the loess section do not correlate with
the pattern of the atmospheric CO, curve. Thus, the basic
assumption is that variations in 8'C,y in the Paraiso section
were most likely controlled by water availability, i.e., precip-
itation and relative humidity. According to plant physiologi-
cal processes, the incorporation of carbon into plant leaves,
and thus the significance of our 8'3Cy0x moisture record, is
highest during the vegetation period. However, because the
moisture budget in the Mediterranean is a result of complex
relations between, e.g., atmospheric moisture content, atmo-
spheric circulation patterns, evaporation from the sea and
over land, etc. (see D’Agostino and Lionello. 2020), state-
ments about the last glacial rainfall distribution over a year
or seasonal effects are not feasible at this time. Accordingly,
we assume that the decrease of E‘)BCWax during MIS 4 (SU-5)
indicates a trend to generally less arid conditions, while SU-6
shows significant increase of 8'°C (Fig. 9), reflecting gener-
ally higher aridity. We expect that the formation of SU-6
may have been linked to so-far unprecedented aridity in the
Iberian interior because 8'°C,,, values of more than —30%o
surpass the values of all previous phases. After maximum val-
ues appear in SU-7 (end of MIS 3, beginning of MIS 2),
a trend to more depleted values in SU-8 indicates less arid
conditions during the middle MIS 2 (Fig. 9).

Provenience of loess deposits

Based on heavy mineral analyses on different loess sections
and representative samples from potential source areas, we
were able to identify adjacent river floodplains as the most
likely local loess sources. Moreover, the contribution of the
different sources changed over time, enabling reconstruction
of regional paleoenvironmental changes. A summary of the
heavy mineral results is presented here (for more information,
see Wolf et al., 2019).

In total, 42 samples were analyzed from five different loess
sections. Another seven samples were taken from potential
source regions: (i) Tertiary marls that mark the underlying
substrate of all loess deposits (gypsum marl in Fig. 13); (ii)
Paleozoic metamorphic and granitic rocks located west of
the loess deposits (represented by Algodor River sediments;
see Fig. 1); and (iii) Mesozoic sedimentary rocks east of the
study area (represented by Tagus River sediments; see Fig. 1).

The most important findings are that the reference samples
show significant changes in heavy mineral composition and
heavy mineral concentration (HMC). Marls show the lowest
concentrations (HMC =0.04%) and are characterized by a
dominance of apatite minerals. Paleozoic rocks (Algodor
River sediments) reveal highest values for HMC (0.51-
0.78%) and are characterized by higher garnet contents.
Finally, Mesozoic rocks (Tagus River sediments) show a
HMC between 0.08-0.13%, and are represented by higher
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tourmaline contents, and only these samples showed an
admixture of dolomite minerals.

While the heavy mineral composition of the loess sam-
ples is quite similar, the proportions of the different trace
minerals show significant variation. As shown in the ternary
diagram in Fig. 13A, samples from the same loess section
plot generally close together, while different sections
show a considerably higher scatter. This indicates marginal
homogenization of the sediments during aeolian transport,
pointing to different local sources and short transport dis-
tances. Moreover, there are strong similarities between dom-
inant trace minerals in individual loess sections and the
closest local source (Algodor River floodplain vs. Tagus
River floodplain vs. marls). However, due to methodologi-
cal limitations, grains smaller than 40 um could not be ana-
lyzed, and statements on the origin of medium and fine silt
are not feasible as of yet.

Samples with higher proportions of apatite that are consid-
ered as evidence for a more intense admixture of marl substra-
tum belong, without exception, to unit SU-3, which further
strengthens the scenario that SU-3 is comprised of soil sedi-
ments derived from surface erosion of surrounding marl
areas. In addition, a recent flood loam sample from the Algo-
dor River floodplain shows high apatite content, clearly dem-
onstrating that these cohesive floodplain deposits originate
from soil erosion of the surrounding marl slopes.

The Paraiso section reveals a general increase of HMC
from bottom to top, in line with increasing fine sand contents.
Because this section is considered to be a key section for ana-
lyzing aeolian transport processes due to its more distant loca-
tion from the river floodplain, this trend points to an
increasing wind strength over the last glacial period. More-
over, in the Parafso section, changes in the dominant sedi-
ment source appear, beginning with sediment contributions
from a certain portion of Paleozoic rocks (Algodor River sed-
iments) during MIS 5, to a dominance of sediments from the
Tagus River floodplain during MIS 3, and finally to an exclu-
sive contribution of Tagus floodplain sediments during the
end of MIS 3 and MIS 2 (Figs. 9, 13B). This might indicate
a change from dominant west winds during the early glacial
period towards a stronger effect of close-to-ground winds.
Alternatively, this might indicate a strong increase in fluvial
sediment supply from the Iberian Range. The transition
from middle MIS 3 (SU-6) to upper MIS 3 (SU-7) is charac-
terized by a three-fold increase of HMC and dolomite, point-
ing to a strong increase in the amount of material that was
deflated from the floodplain. Therefore, apart from increasing
wind strength, we likewise expect a stronger supply of fluvial
sediments to the Tagus River floodplain starting from the
upper MIS 3.

Spatial aspects of loess characteristics

As already discussed, the base (SU-3) of all sections located
on the middle to late Pleistocene terrace level (Fuentiduefia,
A3, Villamanrique) is characterized by relocated material
derived from catchment erosion. Likewise, unit SU-4 shows
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evidence of slope processes indicated by higher contents of
medium and coarse sands. If we solely consider units that
can be linked to aeolian-dominated sedimentation processes
(SU-5 to SU-9), maximum mean grain sizes (and by exten-
sion maximum wind strengths), are seen in SU-7 in the Para-
iso and Villarubia sections. The same applies to SU-6 in the
Fuentiduefia section, and to SU-8 in section A3. Furthermore,
when comparing just average mean values of grain sizes for
all sections (excluding SU-1 to SU-4), a clear fining gradient
becomes obvious starting from section A3, followed by Fuen-
tiduefia, then Paraiso, and finally Villarubia (Fig. 8). This gra-
dient is a direct reflection of the vertical distance between the
loess sections and the river floodplain as the main sediment
source. It thus exemplifies an increasing effect of particle
size-sorting due to aeolian transport processes. Because
loess deposits were accumulated on both sides of the Tagus
River, this may indicate rather close-to-the-ground winds
along the Tagus valley instead of winds blowing homoge-
neously from a specific direction, which makes interpreta-
tions of horizontal transport distances difficult. Similar
effects related to wind channeling and acceleration have
been reported for (e.g.) the Rhone Valley (Bosq et al., 2018).

DISCUSSION

Timing of aeolian dynamics against the background
of last glacial climatic changes in the North Atlantic
region

Phases of loess deposition

The information from marine records off the Iberian margin
(38°N, Sénchez Goii et al., 2008), a §'%0 record of the
NGRIP ice core (Rasmussen et al., 2014), and the timing of
central Iberian loess dynamics are compiled in Figure 14.
During MIS 2 and the end of MIS 3, it shows a general tem-
poral agreement between Greenland stadials (GS), tempera-
ture reductions in the North Atlantic off the Iberian margin,
and phases of loess deposition. As shown in the upper part
of Figure 14, OSL dating results coming from the loess
sequences in this period (MIS 2-MIS 3) are accompanied
by a relative standard deviation in the range of 5-9%. The
resultant age range of a particular OSL date is between 3 ka
and 5 ka, and potentially covers two to three D-O cycles.
This demonstrates the challenge of clearly defining the dura-
tion of loess deposition phases and assigning it to specific GS.
However, the formation of SU-9 (16.2+1.4 ka) perfectly
agrees with GS-2.1a (17.5-14.7 ka b2k based on GICCO5,
Andersen et al., 2006; Rasmussen et al., 2014). For SU-8
(formation between 25.9+2.4 ka and 23.2+1.6 ka), the
explicitness in the age assessment is reduced, although the
mean ages again fit well with GS-3 (27.5-23.3 ka b2k). Con-
sidering SU-7 as the thickest accumulation (formation
between 31.7+2.6 ka and 28.4+2.4 ka), the mean ages
span a period of two GS (GS-5.1 between 30.6 ka and 28.9
ka b2k, and GS-5.2 between 30.8 ka and 32.0 ka b2k). If
the youngest age from the A3 section (Fig. 4) is ignored,
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the formation time of SU-7 could be narrowed to between
31.7+2.6 and 31.2+2.4 ka, fitting GS-5.2. Even if SU-8
and SU-7 show an overlap in age uncertainties, both units
can be clearly distinguished based on field evidence and
analytical results from sediment samples (Fig. 10).

When older aeolian deposits are considered, age uncertain-
ties become larger. This is seen in SU-5, where OSL dating
suggests formation between 73.0+6.9 and 59.7+4.7 ka,
although the former date marks a minimum age due to
signs of sample saturation. However, this period comprises
MIS 4 including GS-18 (63.8-59.4 ka b2k), GS-19.1
(69.4-64.1 ka b2k), and GS-19.2 (70.4-69.6 ka b2k),
which becomes clearer if only the mean ages are used
(Fig. 14), and thus is linked to a global cold period (e.g., Cut-
ler et al., 2003) that has been documented in an Iberian con-
text (Moreno et al., 2012). The accumulation of SU-4 took
place at the latest around 80.7 = 8.1 or 95.5 £ 7.9 ka, accord-
ing to OSL minimum ages. A period during middle MIS
5 after the formation of the Eemian Interglacial soil seems
probable, but cannot be determined precisely based on the
available data.

A particular case is represented by the loess layer SU-6 that
was formed within a narrow time frame between 42.5 +3.6
and 41.3 +4.0 ka (Fig. 14), where the latter date marks a min-
imum age estimation because of indications of dose satura-
tion. Referring to mean ages, the period that is represented
in the middle of MIS 3 took place at the same time as
GS-11 (42.2-41.5 ka b2k). However, considering the age
uncertainties, GS-10 (40.8-40.2 ka b2k), GS-12 (44.3-43.3
ka b2k), or even GS-9 (39.9-38.2 ka b2k) may also poten-
tially overlap with loess deposition in central Spain.

Phases of soil development

Phases of loess deposition are generally linked to harsh envi-
ronmental conditions. In contrast, phases showing an inter-
ruption of loess deposition as indicated by surface
exposure and the initiation of soil forming processes are gen-
erally assumed to indicate more favorable environmental
conditions that often accompanied Greenland interstadials
(GI, e.g., Fischer et al., 2021) and are therefore interpreted
as D-O-like events (Rousseau et al., 2017, 2020). Based on
variations of NGRIP 8'®0 and dust concentration, Rousseau
et al. (2017) calculated onset and duration of the various GIs
in the Northern Hemisphere during the last glacial period and
found a strong conformity between higher GI duration and
more intense soil development in northwestern Europe as
indicated by loess-paleosol sequences (LPS). Here the ques-
tion arises as to whether these patterns together with related
climatic conditions also apply to southern Europe—in partic-
ular, the more continental regions of the Iberian Peninsula.
For example, a compilation of pollen information from
long continuous marine and terrestrial records by Fletcher
et al. (2010) revealed that in southernmost Europe, develop-
ment of temperate forest occurred below 40°N during GI-17
and 16, GI-14, GI-12, and GI-8. In contrast, between 40°N
and 44°N latitudes, strong temperate forest development


https://doi.org/10.1017/qua.2020.119

Upper Tagus loess formation and the marine atmosphere off the Iberian margin 103

Age [ka]
5.1, % 4 s 0 T 8 % 10 to w0
é A Magdalenian
aw Middle Palaeolithic
33 soutrean [
Ei" Gravettian [N
el B0 OO, 0 B, ORIy, SRR,
MIS 1 MIS 2 MIS 3 | MIS 4 | MIS 5
B ==
HS-1 H5-2HS5-3 HS4 HS-5 HS-6 C-19C-20 C-21 C-22 C-23 C-24
e SuU-9 su-8 sU-7 su-6
% c - e |
@
@
o =
D &5
@
BE
88
] E'E
E 281E
8 |s8 | %
oE | £5%1-5
3= S 2 1 &
& —F 1=
g8 | &5« 7
50 [T ]
& 34 4
§§ ] G
= + —
: o
g a E
B S
= % (=3
a e
g g&
€ 1 ng
27 o054 oo
TE "91H 58
5 E 0.4—‘ D‘E 8
E o 024
58
e il ] I Maximum glacier extent
8 e ] in central Spain
E £l o g 44 +
§8% 3z 1Y h
aed o> | £
- | o ag 54 =
$8% &< g
S55 WO 84 T I T i
[CRUA¥] w
l.o: L Kmwr me mws oms s e 7 ka0
G Ll AN~ o~ L —~
8D 1 \nk | | oy AVAN| | furssT O
| 4 A \ O A , / \ \ =
Eg & 60— M@ | Hf".-"“ﬁ,h.f‘ﬂl/"*' Ur | A \( VA VN Yo V F15 =
8 g~ A Y \ | \l 0
28 | 5240 v ®
e3 | 53 10
e | 387
£
== = 0
i
"E‘D:
&8
| mis1 | MIS 2 | MIS 3 | MIS 4 | MIS 5 [ .48
5 10 20 30 40 50 60 70 80 90 100 110 120

Figure 14. Loess deposition periods (indicated by vertical yellow bars) in the upper Tagus Basin and related proxy-information from the past
120 ka compared with human occupation patterns of interior Iberia and other paleoclimate indicators from central Spain and marine records.
(A) Temporal placement of Upper Paleolithic and Middle Paleolithic occupations of interior Iberia (Wolf et al., 2018). (B) Timing of HS-1 to
HS-6 (Heinrich Stadials) after Rasmussen et al. (2014), and timing of North Atlantic ice rafting events C-19 to C-24 after Chapman and Shack-
leton (1999). (C) Age model of the upper Tagus loess record based on OSL dating results together with indication of sediment units. Mean ages
are shown together with relative errors (for details, see Table 2). (D) Summary of results from heavy mineral analyses and 8'3Cux values. Each
phase was classified according to moisture availability (arid-less arid) and temperature (very cold—less cold). (E) 8'°C values of the n-alkane
compounds n-Cyg (red) and n-C5; (blue) from the Paraiso loess section (Schifer et al., 2018); red dashed horizontal line marks the estimated
limit for habitability of the interior of Iberia. (F) Palaeo surfaces (PS) linked to soil development. Designation of soil formation as an indication
of higher humidity is based on micromorphological results and rock magnetic measurements. (G) Particle size index (PSI) (200-20 um/20-2 um)
as an indication of wind strength. (H) Estimated loess deposition rates based on the thickness of loess units and mean OSL ages. Note that
deposition rates are in line with the PSI curve. (I) Maximum extension stages of glaciers in the Spanish Central System (black vertical
lines) with standard error given as blue bars (Dominguez-Villar et al., 2013). Ages based on a probability distribution function of 25 '°Be
ages from nine different paleoglaciers. (J) Eagle Cave 5'0 record (purple line; Dominguez-Villar et al., 2013). (K) Heinrich Events
(black boxes). (L) North Atlantic SST (thin blue line). (M) Pollen percentage of Mediterranean forest detected in the marine drilling cores
MD95-2042 and SU81-18 (in green, Sdnchez Goiii et al., 2008. For location, see Figure 1). (N) 8'80 record of the NGRIP ice core with
numbers referring to Greenland stadials (Rasmussen et al., 2014). (For interpretation of references to color in this figure caption, the reader
is referred to the web version of this article.)
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was primarily found during GI-14 and GI-12, but not GI-17
and 16 and GI-8. Possible reasons suggested for these pat-
terns were an interstadial period of sufficient duration to
enable temperate forest development in general, or climatic
causes and regional variability in climatic impact that may
have induced regional differences in temperate forest
development.

Approaching this issue based on LPS in the upper Tagus
Basin reveals that in central Spain, different Gls also refer
to varying degrees of soil forming processes. The strongest
paleosol was formed in SU-4 (PS-1) between 96.5+7.9
and 73.0 £6.9 ka according to OSL dating results. These
dates are very uncertain because of dose saturation and
high relative standard deviations, but if we use these ages,
this period of soil formation comprises GI-23 (104.5-90.1
ka b2k) and GI-21 (85.1-77.8 ka b2k, Rasmussen et al.,
2014), which appear to be the longest interstadial periods
during the last glacial period. During MIS 3, the upper
Tagus loess record has an insufficient resolution for evaluat-
ing the manifestation of individual GIs in the form of soil
development. According to OSL dating results, PS-2,
which was formed within SU-5 between 59.7 +4.7 and
43.0+3.8 ka, comprises several Greenland interstadials
between GI-12 and GI-17. Accordingly, the intensity of
soil development of PS-2 is much stronger compared to the
following phases of the last glacial (Figs. 9, 14). PS-3 was
formed between 41.3 +4.0 and 32.2 2.7 ka and is assumed
to comprise all interstadial periods between GI-5 and GI-9
(or even GI-10; see Fig. 14). However, it has a low degree
of soil development, and the relative hematite content
(Fig. 9) suggests that incorporated iron-bearing dust may
be the main reason for the more reddish coloring. Based on
these pedological indications, no major soil development
was initiated during interstadial periods of the upper MIS 3
including GI-8 (assuming that no stronger surface erosion
affected the LPS in that period), which may indicate unfavor-
able conditions for soil-forming processes. For the upper-
most part of the sections, we assume interruptions of loess
deposition between 28.4+2.4 and 259+2.4 ka, and
between 23.2 + 1.6 and ~16.2 + 1.4 ka (Fig. 14), but because
no evidence for soil development was found, we assume that
neither GI-4 and GI-3 nor GI-2 referred to paleoenvironmen-
tal conditions enabling soil development. The upper Tagus
loess record located at exactly 40°N latitude supports the
view of less favorable climatic conditions during GI-8 in
interior Iberia, in line with information Fletcher et al.
(2010) found from pollen records. An attempt to compare
phases of soil development between central Iberian LPS
and northwest European LPS (Rousseau et al., 2017)
revealed that formation of brown arctic soils during GI-14
and GI-12 in northwestern Europe may be equivalent to
the formation of a Mediterranean cambisol in the upper
Tagus Basin, although temporal differentiation between
GI-14 and GI-12 is not possible in central Iberian LPS. How-
ever, formation of a brown arctic soil during GI-8 that
appears in several LPS in mid-Europe (e.g., Antoine et al.,
2016) assumedly has no equivalent in central Iberia because
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environmental conditions presumably did not enable signifi-
cant soil development.

Potential link between loess deposition and Heinrich
events?

As shown above, not every GS seems to be reflected by loess
deposition in central Iberia. Considering only the reasonably
reliable age information within the last 70 ka, loess deposition
generally took place in line with the strongest and most pro-
longed GSs as indicated by the 5'*0 record, and low SSTs
and Mediterranean forest percentages determined by cores
from off the Iberian Margin (Fig. 14). An exception is the for-
mation of SU-6, which was most likely deposited during
GS-11 (or 10 or 12), while the most severe cold stages
were the bracketing GS-9 and GS-13. Apart from this excep-
tion, all other loess deposition phases took place in the most
intense cold phases at the end of the so-called Bond cycles
(Broecker, 1994), in which likewise the occurrence of Hein-
rich events has been recorded in numerous sedimentary
records, including along the Iberian margin (e.g., Sdnchez
Goni et al.,, 2000; Moreno et al., 2005; Roucoux et al.,
2005; Salgueiro et al., 2010, also see Fig. 14). However,
the duration of Heinrich events is estimated at a couple of cen-
turies (Roche et al., 2004), while loess sedimentation dynam-
ics are assumed to range on a millennial rather than on a
centennial scale. Therefore, a definite assignment of loess
deposition phases to particular Heinrich events is afflicted
with uncertainty, all the more so if dating uncertainties are
considered. However, we assume that especially for the last
35 ka, the strong chronological correlation between phases
of loess deposition and the most intense GS at the end of
the Bond cycles including Heinrich events may indicate a
causal relationship to some extent. In the following, we
refer to these periods by considering just the mean ages of
OSL dates and by naming both Greenland stadials as well
as respective Heinrich stadials (HS) (Sdnchez Gofii and
Harrison, 2010).

Driving forces of central Iberian loess dynamics

The emergence of loess deposition simultaneously with
marine cold stages GS-18/HS6, GS-5/HS3, GS-3/HS2, and
GS-2.1a/HS1 suggests that climate and environmental con-
ditions were the main responsible factors for loess formation,
which can be seen as a general feature in European loess
archives (e.g., Rousseau et al., 2007; Antoine et al., 2009;
Schaetzl et al., 2018). The formation of loess generally
includes processes of (i) production of fine sediments, (ii)
deflation, (iii) aeolian transport, and (iv) deposition (Wright,
2001; Li et al., 2020). In the case of the upper Tagus loess,
paleoenvironmental indicators point to cold temperatures
initiating intense physical weathering processes in the fram-
ing mountain ranges (Oliva et al., 2016; Wolf et al., 2019),
aridity hampering the fixation of the produced fine sediments
in deflation areas, and strong winds that deflated the material
from floodplain areas (e.g., Werner et al., 2002; McGee at al.,
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2010). In fact, corresponding environmental conditions have
been documented for periods linked to Greenland stadials
and particularly to Heinrich stadials in many places on the
Iberian Peninsula (e.g., Gonzdlez-Sampériz et al., 2006,
2010; Sepulchre et al., 2007; Fletcher and Sanchez Goiii,
2008; Vegas et al., 2010; Moreno et al., 2012, 2014; Dennis-
ton et al., 2018). Underlying mechanisms are seen in specific
land-sea relationships initiated by a decrease of sea surface
temperatures linked to a southward incursion of the polar
front over the Iberian margin (Roucoux et al., 2005; Sadnchez
Goiii et al., 2008; Eynaud et al., 2009; Martin-Garcia, 2019).
This resulted in reduced moisture uptake off the Iberian coast
and thus, reduced moisture transfer over the Iberian Penin-
sula (e.g., Denniston et al., 2018; Budsky et al., 2019; Torner
etal., 2019; see Genty et al., 2003 for SW France). Evidence
for corresponding changes of atmospheric circulation pat-
terns in the course of D-O cycles were likewise found by
Moreno et al. (2005), and also Florineth and Schliichter
(2000), who discussed a shift of westerly storm tracks over
the southern tip of Iberia during cold stages of MIS 2 in
accordance with a southward shift of the polar front (see
also Pailler and Bard, 2002; Roucoux et al., 2005; Colombu

et al., 2020).

Based on the loess sections and the proxy information con-
tained therein, conclusions concerning dominant wind direc-
tions seem difficult. For example, grain size and heavy
mineral results suggest the prevalence of strong, turbulent,
surface winds that may have been predetermined by local
topography and relief (Wolf et al., 2019). Nonetheless, a
general prevalence of west-east oriented winds is still likely,
all the more so when considering that most loess deposits in
the upper Tagus Basin are situated on eastwardly exposed
(and presumably leeward) slope positions of dissected

Tagus valley flanks.

Beside these relationships, it is still an open question as to
why loess dynamics during middle MIS 3 displayed a
completely deviating pattern without loess formation during
the most pronounced cold spells of GS-9/HS4 and GS-13/
HSS5, but instead loess formed in a period between these
cold spells. Paleoenvironmental archives in Iberia and marine
records along the Iberian margin generally do not show indi-
cations of very cold and arid conditions linked to GS-12,
GS-11, or GS-10 (e.g., Sanchez Goii et al., 2008; Moreno
et al., 2012), when the loess unit SU-6 was formed. In turn,
these stadials were much more pronounced in central Europe
(Kjellstrom et al., 2010; Staubwasser et al., 2018) and SW
France (Genty et al., 2003). On the other hand, GS-9 was
less prominent in central Europe, but is reflected as the
most intense cold period in the western Mediterranean, with
a strong influence on inland environments in central and
southern Iberia (Sepulchre et al., 2007; Eynaud et al., 2009;
Staubwasser et al., 2018). Thus far, we are not able to provide
a conclusive explanation regarding these patterns, but assume
that climate as a main driver of geomorphic system dynamics
may have been superimposed upon by other (perhaps local)
factors. Below, we give a detailed characterization of SU-6

based on extensive proxy information.
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Paleoenvironmental reconstructions based on proxy
information from the upper Tagus loess record

Temperature and wind strength reconstruction as
inferred from heavy mineral analyses and grain-size
distributions

Increasing heavy mineral concentration (HMC) and fine sand
contents in the key sections of Paraiso and Villarubia point to
gradually increasing wind strength over the last glacial
period, with a maximum during GS-5/HS3 and high values
for GS-3/HS2 and GS-2.1a/HS1. During MIS 4, wind
strengths were reduced, while another maximum appeared
in a period around GS-10 to GS-12. We relate these peak
phases of gustiness with a higher frequency and magnitude
of traversing storms due to a shift of the main storm tracks
over central Iberia (between 35°N and 42°N; Naughton
et al., 2009; Pinto and Ludwig, 2020) due to higher meridio-
nal temperature and atmospheric pressure gradients over the
eastern North Atlantic, especially during Heinrich stadials
(Roucoux et al., 2005). Likewise, local high- or low-pressure
cells that were formed by strong cooling in winter or high
insolation during summer over the flat plains of the Iberian
Meseta may have caused stronger winds in the upper Tagus
Basin (Lautensach, 1964). The real novelty is that GS-5/
HS3 appears as the phase with the highest storm activity,
which is also obvious from the highest loess accumulation
for the complete last glacial period (Fig. 14). Although HS3
has been frequently documented in marine records around
the Iberian Peninsula (e.g., Cacho et al., 1999; de Abreu
et al., 2003) there is only sporadic evidence in terrestrial
archives (e.g., Gonzdlez-Sampériz et al., 2006; Lopez-Garcia
et al., 2014). Based on 15 sediment cores from the Iberian
margin, Salgueiro et al. (2014) observed a particular cooling
and drop in productivity during HS3 (and HS 1), reflecting the
most extreme southward extension of cold waters. The
corresponding strong SST gradient along the Iberian margin
(~6°C) is in line with our interpretation of a shift in storm
tracks.

Using heavy mineral analyses, we deduce that during the
upper MIS 3, Tagus River floodplain sediments became
the main source for loess formation as indicated by a three-
fold increase of dolomite in loess layer SU-7. This, in turn,
demonstrates a considerable increase in sediment supply
from the Iberian Range and Sierra de Altomira (Fig. 13),
where intensified (periglacial) weathering and erosion
dynamics were presumably initiated by cold environmental
conditions. This means that periglacial processes were lim-
ited during the first stages of the last glacial period as evi-
denced by only a minor contribution of Tagus River
floodplain sediments to the loess sections. Thus, we
assume less cold conditions during MIS 5, MIS 4, and dur-
ing GS-12 to GS-10. Periglacial mountain processes
strongly increased during the course of GS-5/HS3 and
remained at a high level during GS-3/HS2 and GS-2.1a/
HS1, evidence of cold conditions at least in the mountain
ranges.
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Reconstruction of environmental moisture based on soil
forming intensities, n-alkane ratios and stable carbon
isotopes

As discussed above, periods characterized by loess deposition
represent mainly arid environmental conditions (e.g., Sima
et al.,, 2009). However, different levels of aridity can be
deduced based on information from various proxies. In gene-
ral, lower aridity indicated by lower 813CWax values correlates
well with higher pedogenic formation of superparamagnetic
particles (Fig. 9), which is likewise a hint to more moisture
availability. The formation of SU-4 during middle MIS 5 is
related to moderate aridity as indicated by lower 813C ax values
and processes linked to surface runoff that require a certain
amount of precipitation. Soil formation until the onset of
MIS 4 is evidenced by field results, micromorphological indi-
cations (Table 1), and environmental magnetic measurements
(Figs. 2, 9), and points to more humid conditions that were
in line with higher North Atlantic SSTs and still-high percent-
ages of Mediterranean forest over Iberia during GI-23 and
GI-21 (Sanchez Goii et al., 2008; Fig. 14). Even if no com-
plete decalcification and mineral weathering took place in
this soil, features of carbonate dissolution indicate infiltration
of surface waters (Fig. 11). Considering the time of exposure
of ~10 ka to 20 ka together with only minor pedological alter-
ation, the paleosol indicates prolonged surface stability at a
somewhat reduced environmental humidity.

During MIS 4, another dry spell initiated loess formation,
with 8'3C.x values still indicating a moderate level of arid-
ity. This arid phase is in agreement with the coldest SSTs
off the Iberian margin (Pailler and Bard, 2002; Sanchez
Goiii et al., 2008; Fig. 14), although a number of studies in
inland Iberia likewise identified MIS 4 as a cold but less
arid period. Lewis et al. (2009) reported a maximum of gla-
cial and fluvial activity in the south-central Pyrenees coincid-
ing with MIS 4 and HS6 instead of the global LGM, and
expected less arid conditions during MIS 4 as compared to
MIS 2. Jiménez-Sanchez et al. (2013) described increased
glacier growth that led to a local LGM due to cold but less
arid conditions between 70 ka and 50 ka in the Pyrenees. Bur-
jachs and Julid (1994) likewise reported cold but slightly wet-
ter conditions during MIS 4 in NE Spain based on pollen
information from the Abric Romani sequence.

The subsequent period of surface stability between 59.7 +
4.7 and 43.0 + 3.8 ka (PS-2 coinciding with GI-12 to GI-17)
was linked to weak pedogenic processes in terms of carbonate
depletion and calcite accumulation. An increase in the mag-
netic parameters is far less pronounced but still apparent
(Fig. 9). Thus, climatic conditions during lower MIS 3
prevented loess formation and provided enough moisture
for initial soil-forming processes. This interpretation is
consistent with higher North Atlantic SSTs and higher per-
centages of Mediterranean forest over Iberia (Fig. 14).

The loess deposition phase between 42.5 +3.6 and 41.3 +
4.0 ka (SU-6) came along with the hitherto most arid condi-
tions during the last glacial period based on stable carbon-
isotope results (Figs. 9, 14). SBCWax increased to values
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higher than -30 %o, exceeding the values of all previous
phases and crossing a threshold line that we defined for the
inhabitability of interior Iberia. This threshold line is based
on the finding that phases with 8'3Cyx values above the
line correspond to lacking occupation by hominines, with
neither Neanderthals nor anatomically modern humans
(AMH) occupying the area (Fig. 14; see Wolf et al., 2018).
As soon as 8'°Cy,y dropped below the threshold line after
HS3, the interior of Iberia again revealed traces of human set-
tlement (Fig. 14). Accordingly, we assume that starting with
loess deposition during GS-12, GS-11, or GS-10, a climatic
deterioration affected central Iberia in terms of unprecedented
aridity that strongly limited the availability of key resources
for human occupation, such as game, plant foods, and
wood. A rough calculation of sedimentation rates is based
on OSL age estimates, and shows a strong increase compared
to previous phases of loess formation.

During GS-5/HS3, the absolute maximum of aridity is
indicated by the highest 8'°C, values and the highest sed-
imentation rates (Fig. 14). Strongly arid conditions in central
Iberia already prevailed prior to HS3, e.g., during HS4 as sug-
gested by model simulations by Sepulchre et al. (2007) or
between 40 and 34 ka as documented by Sala et al. (2020),
based on faunal remains in a cave site. Considering the
short time span for the formation of SU-7, the detected red-
dish layers that represent palaco surfaces (PS-4 and PS-5;
Figs. 2, 3, and 6) were linked to exposure periods of not
more than a few centuries, which may correspond to the dura-
tion of Greenland interstadials such as GI-5.1 (30.8-30.6 ka
b2k, Rasmussen et al., 2014). Micromorphological results
do not show evidence of soil-forming processes during
these short periods. However, 5‘3cwax within the reddish
layers shows the lowest values during HS3 that might indicate
slightly wetter conditions during these potential interstadial
phases. Decreased contents of total iron together with the
decrease in magnetic parameters (e.g., s-ratio) and certain
peaks in sand content (Fig. 9) might indicate changed prove-
niences during these short and perhaps more stable periods—
a question that needs to be addressed in future.

After the strong decline of aridity in the course of GS-5/
HS3, GS-3/HS2 was also linked to less arid conditions as
indicated by lower 8'°Cy,.x values and strongly reduced sed-
imentation rates. No indications of loess formation were
found for the period of the global LGM (23-19 ka), thus,
we expect less dry and less cold conditions in central Iberia
during that time. This is in line with mild North Atlantic
SSTs (Eynaud et al., 2009) and indications of recurrent
human occupation due to temperate phases within and around
the LGM in the northern part of the upper Tagus Basin
(Alcaraz-Castafio, 2015; Yravedra et al., 2016; Alcaraz-
Castaflo et al., 2017).

For the last loess deposition phase contemporaneous with
GS-2.1a/HS1, we are not able to provide further hydrological
information because this phase was only dated in one section
(Fuentidueiia; Figs. 2, 3). However, loess formation during
this period indicates arid conditions corresponding to cold
North Atlantic SSTs (Bard et al., 2000; Sanchez Goiii
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et al., 2008) and a maximum in semi-desertic and steppic
plants in different parts of northern Iberia (Gonzélez-
Sampériz et al., 2006, 2010; Naughton et al., 2016). More-
over, cold and dry conditions during HS-1 were derived
from a dominance of steppic vegetation elements in north-
central Iberia (Gil Garcia et al., 2002), from aeolian activity,
and a lacustrine record in south-central Iberia (Rendell et al.,
1994; Vegas et al., 2010), as well as from paleoclimate mod-
eling (Ludwig et al., 2018).

The Younger Dryas is not expressed in the form of loess
formation, but instead, in the development of an alluvial
fan covering a fluvial sequence in the Jarama Valley (12.54
+0.11 cal ka BP; Wolf et al., 2013), which documents dry
conditions in central Iberia that are likewise documented in
a number of other archive studies (Garcia-Ruiz et al., 2016;
Gézquez et al., 2018).

A hydrological model for central Iberia for MIS 2

In order to provide a detailed reconstruction of hydrological
conditions during the late last glacial period in central Iberia,
we combined results linked to loess dynamics with informa-
tion about mountain glacier development. Both geomorphic
systems were strongly determined by moisture availability,
and a number of well-dated records are available for central
Iberia (Oliva et al., 2019 and references therein). In central
Iberian mountain ranges, the maximum ice extent (MIE)
generally preceded the global LGM (23-19 ka) and was
already reached 26 to 25 ka ago (Dominguez-Villar et al.,
2013; Oliva et al., 2019; Fig. 14) in the Gredos Mountains
(Palacios et al., 2011), the Guadarrama Mountains (Palacios
et al., 2012), and the Sierra de Béjar Mountains (Carrasco
etal., 2015). In a following period, mountain glaciers retained
a widespread state until a major glacier retreat preluded the
onset of deglaciation around 19 ka, in line with a major tem-
perature increase (Palacios et al., 2012, 2017; Oliva et al.,
2019). Concurrently with HS1, a major readvance took
place between 17 and 16 ka in the Gredos Mountains
(Palacios et al., 2011) and at 16.8-16.5 ka in the Iberian
Range, respectively (Oliva et al., 2019). In the Sierra de
Béjar Mountains, a readvance was dated between 20.6 +2.5
and 17.8 + 1.0 ka, while after a strong retreat until 17.5 +
0.9 ka, a stabilization of the glacial extent lasted until
15.5+ 1.0 ka (Carrasco et al., 2015). After 16 ka, central Ibe-
rian glaciers generally melted away in the course of a strong
warming linked to the Bglling-Allergd period. For the Youn-
ger Dryas cold phase (GS-1: 12.9-11.7 ka b2k, Rasmussen
et al.,, 2014), some information from mountain glaciers is
available that indicates development of small glaciers despite
generally very arid conditions in Iberia (Garcia-Ruiz et al.,
2016; Oliva et al., 2019).

Cold temperatures as well as sufficient moisture availabil-
ity play a decisive role for ice growth (e.g., Dominguez-Villar
et al., 2013). While warm season temperatures control the
melting of glaciers during retreat phases, the buildup of gla-
ciers strongly depends on cold season snow precipitation.
It therefore follows that both glacier buildup and loess
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formation during MIS 2 and upper MIS 3 indicate cold con-
ditions, with glacier advances linked to higher winter precip-
itation, and, by contrast, loess formation linked to stronger
aridity periods. The latter is likewise expressed by the isoto-
pic record of Eagle Cave in the SCS (Fig. 1; Dominguez-
Villar et al., 2013), which reveals peak phases of aridity con-
temporary with HS3 and HS2 that we tentatively correlate
with loess deposition in the upper Tagus Basin (Fig. 14;
SU-7 and SU-8). The peak phase of loess formation during
GS-5/HS3 was characterized by very cold and arid conditions
in line with lowest North Atlantic SSTs. After the transition to
GI-4, higher SSTs, and thus higher moisture transfer, induced
less arid conditions in the Iberian interior. During subsequent
GS-4 and early GS-3, no loess formation was initiated in cen-
tral Iberia, which we also interpret as an indication of reduced
aridity. Instead, mountain glaciers reached a state of MIE at
~26 ka (Fig. 14), which indicates increased winter precipita-
tion. In the middle and late GS-3 (concurrently with HS2 as
detected in marine records off the Iberian margin), further
glacial advances were seemingly prevented by increasing
aridity, which likewise initiated loess formation that contin-
ued presumably until the beginning of GI-2. However,
according to our 8'*Cy, results, aridity was less pronounced
during this period (HS2), and together with the still very cold
temperatures, resulted in relatively stable positions of moun-
tain glacier margins. After GS-3/HS2 ended, both SSTs and
temperatures over the Iberian Peninsula increased during
the global LGM (lower GS-2.1), leading to higher moisture
availability and a further glacial advance in the interior
around 21.3+0.7 ka (Dominguez-Villar et al., 2013;
Fig. 14). A temperature increase at the end of the global
LGM initiated major deglaciation in central Iberia that was
first interrupted by GS-2.1a/HS1, when cold and arid condi-
tions led to loess formation; however, in this case, it was
simultaneous with glacier expansion. Similar to the upper
GS-3/HS2, the reactivation of glacial dynamics provides
evidence of less pronounced aridity that fits with less cold
North Atlantic SSTs. After the warming linked to the
Bglling-Allergd period, no loess was formed during
the Younger Dryas cold phase, probably due to lower dry-
ness that was further strengthened by resurgent glacier
development.

Finally, during MIS 2 and upper MIS 3, we see different
situations of moisture availability related to D-O cycles,
and in particular to Bond cycles, because loess formation
was likely linked to the most intense stadial periods in the
final stages of these Bond cycles that also included Heinrich
events. While referring again to the remaining uncertainties
of OSL dating, we tend to differentiate between ‘normal’
D-O stadials (e.g., GS-4, lower GS-3, GS-2.2, GS-2.1b-c)
and D-O stadials comprising Heinrich events (GS-5, upper
GS-3, GS-2.1), respectively. During a normal stadial, a south-
ward shift of the polar front was associated with an expansion
of cold, subarctic water towards the eastern North Atlantic,
leading to decreased SSTs. Lower SSTs caused a reduction
in moisture uptake and transfer to continental areas. The
southern position of the polar front was linked to enhanced


https://doi.org/10.1017/qua.2020.119

108

gradients of SSTs and atmospheric pressure, which resulted
in an increase in storm frequency with a deflection of wind
tracks over the interior Iberian Peninsula. Although condi-
tions in central Iberia were significantly drier during stadials
as compared to interstadials, air masses still carried enough
moisture for glaciers to have a balanced mass equilibrium
or even a surplus leading to glacier growth, at least in winter-
time. During Heinrich stadials, exceptionally high aridity
affected central Iberia due to polar-front displacement farther
south to the Iberian margin. This intensified downturn in
SSTs largely prevented moisture transfer to central Iberia
and hindered glacier growth without leading to large melting
because of cold temperatures. Additionally, reinforced tem-
perature and pressure gradients led to marked storminess in
inland areas that activated processes of deflation, aeolian
transport, and loess formation.

CONCLUSIONS

Our results suggest a strong coupling between marine dynam-
ics in the North Atlantic and the behavior of geomorphic sys-
tems in central Iberia during most of the last glacial period. The
marine-terrestrial coupling is mainly based on a coincidence in
time between marine cold spells and phases of loess deposition
in the upper Tagus Basin. More specifically, we found such a
coincidence during the most intense Greenland stadials in the
final stages of the Bond Cycles that are GS-2.1a (17.5-14.7 ka
b2k), GS-3 (27.5-23.3 ka b2k), GS-5.1 (30.6-28.9 ka b2k),
and GS-5.2 (30.8-32.0 ka b2k) for MIS 2 and the upper
MIS 3, noting that a definite correlation with loess deposition
phases is affected by dating uncertainties inherent to the OSL
dating procedure. Likewise, during MIS 4, loess deposition
coincided with marine cooling in the course of GS-18 (63.8—
59.4 ka b2k), GS-19.1 (69.4-64.1 ka b2k), and GS-19.2
(70.4-69.6 ka b2k), although the age uncertainties of the dep-
ositional ages in the loess sections are very high. All of these
phases show a good correlation with Heinrich events that
were detected in marine records off the Iberian margin,
which may indicate functional relationships. However, during
the middle MIS 3, loess formation correlates to GS-11 (42.2—
41.5 ka b2k) or, considering the age uncertainties, to GS-10
(40.8-40.2 ka b2k) or GS-12 (44.3-43.3 ka b2k), instead of
the bracketing stadials GS-9 and GS-13 that were linked to
Heinrich events 4 and 5.

We see that the link between the most intense marine cold
phases and loess formation in the interior of Iberia (at least dur-
ing MIS 4, MIS 2, and upper MIS 3) was established through
pronounced environmental aridity because of strongly reduced
North Atlantic SSTs off the Iberian margin, and thus lack of
moisture transfer to inland areas. Strong aridity that led to
the diminishing of vegetation cover together with stronger
winds caused by reinforced temperature and pressure gradients
formed the basic prerequisites for intense aeolian dynamics,
including deflation processes and loess formation. We also
found that after 35 ka, loess formation was most likely sup-
ported by a higher sediment supply to the river floodplains
as main deflation areas. This may indicate colder temperatures
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that led to intensified processes of frost weathering in the fram-
ing mountain ranges. Periods that were linked to an interrup-
tion of loess deposition with simultaneous soil development
are assumed to indicate higher environmental moisture avail-
ability during interstadial periods. Accordingly, we found
higher moisture availability during the middle to upper MIS
5, in line with the most prolonged Greenland interstadials
GI-23 and GI-21, as well as during the lower MIS 3. The mid-
dle to upper MIS 3 (GI-9 to GI-5) corresponds to very weak
indications of soil development. Finally, no pedogenic pro-
cesses were detected during MIS 2, which may indicate an
increasing aridification in the course of MIS 3 and MIS 2.

In summary, and based on an extensive multi-proxy
approach, we found that during GS-5 (including HS3), a max-
imum in loess formation coincided with maximum aridity
(highest values of 8'°C,,) and cold-related sediment supply
as well as extremely cold SSTs off the Iberian margin (Sal-
queiro et al., 2014). After a phase of reduced aridity that
led to regional MIE in central Iberian mountains under still
very cold temperatures, GS-3 (including HS2), which was
already linked to less arid conditions as seen in the lower
8'3Cyax values, had reduced loess formation. Apparently,
the global LGM (~23-19 ka) was mild enough in central Ibe-
ria that the aeolian system remained inactive, while a second
peak in glacier dynamics took place that was in line with mod-
erate SSTs (Eynaud et al., 2009). As indicated by our results,
conditions during HS1 were again arid enough to enable loess
formation.

Our results also allow some important statements with
regard to the frequently discussed habitability of central Ibe-
ria in the context of hominine occupation. We found that con-
ditions during the upper MIS 3 and MIS 2 were generally
colder than in the periods before. However, the sudden disap-
pearance of Neanderthals in the region shortly before 42 ka
(see review in Wolf et al., 2018) exactly matched a phase
of loess formation reflecting a period of maximum aridity
under presumably warmer conditions. After an occupation
gap, evidence for modern humans was found ~25 ka, when
the Tagus loess record suggests arid (but not extremely
arid) and still cold conditions. Thus, we assume that moisture
availability instead of cold temperatures was the limiting fac-
tor controlling bioproductivity, and thus habitability, in the
central Iberian region. Additionally, we assume that aridity
combined with warmer temperatures led to enhanced evapo-
ration and thus, higher hostility to human occupation as com-
pared to a combination of aridity and cold conditions.
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