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a b s t r a c t

Quantitative continental climate reconstructions covering the last glacial cycle from the Iberian Penin-
sula are scarce. In order to fill this gap, we obtained for the first time a high-resolution mean annual air
temperature (MAAT) record based on the distribution of specific bacterial membrane lipids (i.e.,
branched glycerol dialkyl glycerol tetraethers; brGDGTs) from the last 36.0e4.7 kyr palaeolake record
recovered by the Padul-15-05 sedimentary core (Padul, Sierra Nevada, southern Iberia). The fractional
abundance of the three major groups of GDGTs present in the Padul sediments, GDGT-0, crenarchaeol
and the summed brGDGTs, is comparable with that of other shallow and small (<10 km2) European lakes.
Despite variations in the lithology in the studied section, the GDGT composition remains relatively stable,
except for the uppermost 116 cm of the record, representing the ephemeral/emerged lake stage, which is
characterized by higher crenarchaeol fractional abundances. The identification of a specific brGDGT that
has only been detected in anoxic lakes provides evidence for in-situ brGDGT production in the water
column and/or sediments in the Padul palaeolake. Its presence/absence probably denotes a succession of
periods with a variable oxygen content in the bottom waters of the palaeolake. MAAT was reconstructed
based on the distribution of brGDGTs using an African lake calibration and ranged between 12 and 20 �C.
A new Bayesian calibration to mean temperature of Months Above Freezing (MAF) depicts similar
temperature variations with a mean absolute difference of 0.7 �C. The MAAT reconstruction in the Padul
palaeolake for the 36.0e4.7 kyr period reveals similarities with climate variability described at high-
latitudes and in the westernmost Mediterranean area during this interval, showing cold conditions
during the last three Heinrich Stadials and the Younger Dryas and warm conditions during the Dansgaard
eOeschger interstadials (7e1) and the B€olling-Aller€od period. Despite the more stable and warm general
climate conditions during the Early and Mid-Holocene, rapid centennial-scale temperature changes are
registered in the Padul palaeolake in good agreement with variations observed in the Mediterranean
forest record.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Paleoclimate studies aim to reconstruct past environmental
conditions to better understand present and future climate
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variability. The reconstruction of past temperature oscillations is of
especial interest as it reflects an important component of the
present-day climate system (IPCC, 2021). The last glacial period
(last 115 kyr), including the last deglaciation (last 18 to 11.6 kyr),
with the present interglacial Holocene is the most recent time
period when large global temperature changes occurred, amplified
by changes in insolation and greenhouse gas concentrations (e.g.,
Shakun et al., 2012). During this time period, rapid and short-term
climate variability occurred in the Northern Hemisphere, such as
the Dansgaard/Oeschger (D/O) cycles (Bond et al., 1993; Dansgaard
et al., 1993) and the transport of ice-rafted debris during Heinrich
events related to cold temperature intervals in the North Atlantic
defined as Heinrich Stadials (HS) (Heinrich, 1988; Hemming, 2004).
The current interglacial Holocene, which started at about 11.7 kyr, is
characterized by a generally more stable climate.

Continental paleotemperature reconstructions covering the last
glacial termination in the Iberian Peninsula are scarce. The Padul
basin (726 m a.s.l.), located at the foothill of Sierra Nevada in the
southern Iberian Peninsula, presents one of the most expanded
Pleistocene sedimentary sequence of the alternation of lacustrine
and fen (called palaeolake hereafter) sediments in southern
Europe, which has continuously recorded climate variability for the
last ~200 kyr (Ortiz et al., 2004; Camuera et al., 2018, 2019, 2021;
Ramos-Rom�an et al., 2018a,b; Webster, 2018; García-Alix et al.,
2021). Previous studies in the area have investigated vegetation
and climate variability for the Pleistocene and Holocene periods
mostly based on palynological and elemental geochemical proxies
(del Río et al., 1992; Florschütz et al., 1971; Men�endez Amor and
Florschütz, 1962, 1964; Ortiz et al., 2004, 2010; Pons and Reille,
1988; Ramos-Rom�an et al., 2018a,b; Camuera et al., 2018, 2019,
2021; García-Alix et al., 2021), but no studies have focused on the
reconstruction of past temperatures.

The distributions of glycerol dialkyl glycerol tetraethers
(GDGTs), membrane lipids of bacteria and archaea that occur
ubiquitously in a range of natural archives of both marine and
continental environments, have been shown to be a promising
temperature proxy (Schouten et al., 2013, and references therein).
The two most common and abundant groups of GDGT lipids are
isoprenoidal (iso) GDGTs, synthesized by a wide range of archaea
(Schouten et al., 2013), and branched (br) GDGTs, produced by a few
species of Acidobacteria but probably also by other groups of bac-
teria (cf., Sinninghe Damst�e et al., 2018, and references therein). The
brGDGTs are commonly more abundant than isoGDGTs in conti-
nental sedimentary environments such as soils and lake sediments
(e.g., Schouten et al., 2013). The brGDGTs were discovered twenty
years ago in a Dutch peat bog (Sinninghe Damst�e et al., 2000), and
since then, their distribution and response to different environ-
mental changes have been an ongoing topic of research in paleo-
environmental studies. Despite the uncertainties in the source
organisms of brGDGTs, their chemical structure and distribution
have been shown to be influenced by environmental conditions,
like continental air temperature and soil pH (Weijers et al., 2007a).
In continental environments, their distribution, provenance, and
response to environmental parameters has been investigated in
different lakes (e.g., Powers et al., 2005; Tierney et al., 2010; Blaga
et al., 2009; Niemann et al., 2012; Loomis et al., 2011, 2012, 2014a,
2014b;Woltering et al., 2014; Russell et al., 2018;Weber et al., 2018;
Martin et al., 2019, 2020; Zhang et al., 2021; Zhao et al., 2021), soils
(e.g., Weijers et al., 2007b; Peterse et al., 2012), rivers (Zell et al.,
2014; Warden et al., 2016), peats (Sinninghe Damst�e et al., 2000;
Weijers et al., 2006; Naafs et al., 2017b), and other environments
such as hot springs, fossil bones, and methane seeps (Li et al., 2014;
Dillon et al., 2018; Zhang et al., 2020). In particular, the degree of
methylation of brGDGTs (expressed by the MBT index) has been
shown to vary with pH and mean annual air temperature (MAAT),
2

whereas the degree of cyclization of branched tetraethers
(expressed with the CBT index) varies with soil pH (Weijers et al.,
2007a; Peterse et al., 2010). After the initial discovery of brGDGTs,
improved analytical methods resulted in the recognition of 5-
methyl and 6-methyl brGDGTs as major isomers (De Jonge et al.,
2013). Importantly, the relative abundance of the 5-methyl iso-
mers was determined to be more sensitive to temperature than pH,
and De Jonge et al. (2014a) proposed modified versions of the MBT
and CBT indices. In recent years, these indices have been used for a
set of different calibrations depending on the kind of environment,
including soil records (e.g., Peterse et al., 2012; De Jonge et al.,
2014a; Naafs et al., 2017b), peats (e.g., Naafs et al., 2017a) and
lake sediments (e.g., Russell et al., 2018). Recently, a new Bayesian
calibration to determine the mean temperature of Months Above
Freezing (MAF), based on the previous Bayesian approach BayMBT
proposed by Dearing Crampton-Flood et al. (2020), has been
introduced for lake sediments (Martínez Sosa et al., 2021).

Here we study for the first time the distribution of GDGTs in the
sedimentary record of the Padul palaeolake with the aim to
reconstruct quantitatively paleoenvironmental changes such as
MAAT for a key time interval such as the last 36 kyr. Various GDGTs-
based ratios have been used to evaluate their environmental
sources in comparison with the previously obtained sedimento-
logical and lithological changes, palynological data and geochem-
ical analysis. In addition, the obtained MAAT record was compared
with sea surface temperature variability observed in a marine re-
cord from the nearby westernmost Mediterranean Sea.

2. Material and methods

2.1. Sediment core, lithology and chronology

The Padul-15-05 sediment core (37�00039.7700 N; 3�36014.0600

W) with a length of 42.64 m, was collected in July 2015 at the edge
of the present-day Padul lake (Fig. 1), which covers an area of ca.
4 km2. The Padul basin is an enclosed and endorheic basin with
groundwater inputs from different aquifers as main water source
(Castillo Martín et al., 1984; Ortiz et al., 2004). Abundant and
diverse plants, shrubs and herbs grow around the present-day lake
and at the lake shore, providing an important input of terrestrial
organic matter accumulated in the area. The current morphology
and depth of the Padul lake (maximum of 14 m) is the result of the
anthropogenic exploitation as peat quarry and does not reflect the
natural situation. The Padul-15-05 core was recovered using a
Rolatec RL-48-L drilling machine equipped with a hydraulic piston
corer from the Scientific Instrumentation Center of the University
of Granada (CIC-UGR, Spain). The core was split longitudinally and
stored in a cool room at 4 �C in the Department of Stratigraphy and
Paleontology at the University of Granada. One half of the core was
sampled every 1 cm and split for different analyses. In this study,
we focus on the uppermost 6.75 m of the Padul-15-05 sedimentary
record.

The lithology of the Padul-15-05 core mainly consists of black
clayey organic peat, hereafter referred as organic matter-rich (OM-
rich) or “peat” sediments with intercalations of yellowish clayey-
carbonate and carbonate facies. For the uppermost 6.75 m of the
core, the lithology and facies are characterized by OM-rich or peat
facies up to 5.98 m. Yellowish clayey-carbonate facies are present
between 5.98 and 4.60 m depth, followed by a thin OM-rich layer
from 4.60 to 4.20 m, and then by yellowish carbonate facies from
4.20 to 3.82 m (see details in Camuera et al., 2018). The OM-rich or
peat facies are present between 3.82 and 1.16m, followed by brown
clay and carbonate facies for the topmost 1.16 m (described as Units
3 and 4; Ramos-Rom�an et al., 2018b). The studied sedimentary
section was previously interpreted to reflect a relatively shallow



Fig. 1. Location and images of the present-day geomorphology and cover area of the Padul lake in the southern Iberian Peninsula. A zoom image in the Padul area shows the site
(white star) of the recovered Padul-15-05 core. Images are from Google Earth (http://www.google.com/earth/index.html). The marine record GP04PC from the Alboran Sea in the
westernmost Mediterranean (Morcillo-Montalb�a et al., 2021) is included for comparison of the temperature records.

M. Rodrigo-G�amiz, A. García-Alix, G. Jim�enez-Moreno et al. Quaternary Science Reviews 281 (2022) 107434
lake with a varying depth during the Late Pleistocene, ultimately
lowering the lake level and evenwith ephemeral conditions for the
Late Holocene (Camuera et al., 2018, 2019).

The age model of the uppermost 6.75 m of core Padul-15-05,
corresponding to the last ~36 kyr, is based on 36 14C AMS radio-
carbon dates (including 3 compound-specific radiocarbon dates),
previously published by Ramos-Rom�an et al. (2018a,b) and
Camuera et al. (2018).
2.2. Biomarker extraction and GDGT analysis

For the GDGT analyses 1 cm thick slices of the sediment core
were selected every 5 cm for the 36-12 kyr section, and every 10 cm
for most of the Holocene section, except for the 5.7e4.7 kyr interval
where sediment slices were selected every 5 cm. In total 93 samples
were analysed. Total lipid extract (TLE) was extracted from ~1 cm3

of sediment with an accelerated solvent extractor system Thermo
Scientific™ Dionex™ ASE™ 350 using a mixture of dichlor-
omethane:methanol (DCM:MeOH, 9:1, v/v). The TLE was separated
by column chromatography using silica gel into apolar and polar
fractions as described by Rach et al. (2020). Prior to analysis, each
polar fraction was subdivided in two aliquots using DCM. One
aliquot was dissolved in n-hexane:iso-propanol (99:1, v/v) and
filtered through a 0.45 mm polytetrafluorethylene (PTFE) filter at
the University of Granada. Filtered samples were analysed by ultra-
high performance liquid chromatography/atmospheric pressure
chemical ionization-mass spectrometry (UHPLC/APCI-MS)
following themethod described by Hopmans et al. (2016) and using
aWaters Acquity UPLC I Class coupled to aWaters XevoTQ-XS triple
3

quadrupole mass spectrometer at CIC-University of Granada.
Compounds were separated using two UHPLC silica columns
(Waters BEH HILIC columns, 2.1 � 150 mm, 1.7 mm) fitted in series.
Samples were eluted isocratically for 25 min with n-hexane:iso-
propanol (98.2:1.8; v/v), followed by a linear gradient to n-hex-
ane:iso-propanol (96.5:3.5; v/v) for 25 min, and then a linear
gradient to n-hexane:iso-propanol (90:10; v/v) over 30 min, which
was then maintained for 10 min. Flow rate was 0.2 mL per min and
back pressure ranged from 200 to 230 bars. The total run time was
110 min, including 20 min for re-equilibration prior to the injection
of the next sample. Various GDGTs (Fig. 2) were detected using
selective ion monitoring (SIM) of the protonated molecules [M þ
H]þ with Atmospheric Pressure Chemical Ionization (APCI) source
conditions as in Schouten et al. (2007), at m/z 1302.2, 1300.2,
1298.2, 1296.2, 1292.2, 1050.0, 1048.0, 1046.0, 1036.0, 1034.0,
1032.0, 1022.0, 1020.0, 1018.0, and peak areas were determined
using the MassLynx chromatography management's software,
allowing automatic and manual integrations. The core top sample
from the Padul-15-05 record was used as an external standard and
run at the beginning and the end of each batch of samples to test
the process reproducibility and to detect instrument drift.
2.3. GDGT ratios and proxies

We calculated several GDGTs-based ratios in order to evaluate
their response to different environmental factors. Weijers et al.
(2007b) introduced the MBT index to quantify the fractional
abundances of tetramethylated brGDGTs (Ia-Ic) relative to tetra-
methylated, pentamethylated (IIa-IIc), and hexamethylated (IIIa-

http://www.google.com/earth/index.html


Fig. 2. Structures illustrate the main glycerol dialkyl glycerol tetraethers (GDGTs) identified in the Padul-15-05 sediment record, including crenarchaeol and its stereoisomer
(Sinningh�e Damst�e et al., 2018), archaeal isoprenoidal (iso) and bacterial branched (br) GDGTs andm/z of the protonated molecules ([MþH]þ) identified by De Jonge et al. (2013) and
Hopmans et al. (2016).
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IIIc) compounds, which was further modified to the MBT' index by
De Jonge et al. (2014a) including both the 5-methyl and 6-methyl
isomers. De Jonge et al. (2014a) also defined a new MBT index
(MBT05ME), where only the 5-methyl isomers were considered,
which substantially improved the temperature calibration for soils:

MBT05ME ¼ ([Ia] þ [Ib] þ [Ic]) /
([Ia] þ [Ib] þ [Ic] þ [IIa] þ [IIb] þ [IIc] þ [IIIa] þ [IIIb] þ [IIIc]) (1)

Based on the CBT index proposed by Weijers et al. (2007b) for
the cyclization of brGDGTs, De Jonge et al. (2014a) defined a new
CBT' index:

CBT' ¼ 10log{([Ic] þ [IIa'] þ [IIb'] þ [IIc'] þ [IIIa'] þ [IIIb'] þ [IIIc']) /
([Ia] þ [IIa] þ [IIIa])} (2)

The analytical reproducibility of theses indices was determined
by running an external standard several times (n ¼ 15), obtaining
values of 0.006 for the MBT05ME index and 0.01 for the CBT' index.

To reconstruct mean annual air temperature (MAAT), we used
two different calibrations:

the African lake calibration (Russell et al., 2018):

MAAT ¼ �1.21 þ 32.42 x MBT05ME (n ¼ 65, r2 ¼ 0.92;
RMSE ¼ 2.44 �C) (3)

where the analytical reproducibility (n ¼ 15) was 0.2 �C.
and the Bayesian lake BayMBT calibration proposed by

Martínez-Sosa et al. (2021) (r2 ¼ 0.82; RMSE ¼ 2.9 �C), with a prior
standard deviation (SD) set to 10 �C.

Lake water pH was reconstructed according to Russell et al.
(2018) transfer function determined for East African lakes:

pH ¼ 8.95 þ 2.65 x CBT' (n ¼ 65; r2 ¼ 0.57; RMSE ¼ 0.80) (4)

Based on an uncommon hexamethylated brGDGTs, the IIIa''
isomer possessing one 5- and one 6-methyl substituent and eluting
between the known 5- and 6-methyl hexamethylated brGDGT as
4

described by Weber et al. (2015), we used the IIIa'' ratio which is
defined as:

IIIa'' ratio ¼ [IIIa''] / ([IIIa] þ [IIIa'] þ [IIIa'']) (5)

The relative abundance of the isomer of crenarchaeol was
calculated as follows:

%cren' ¼ [cren'] / ([cren] þ [cren']) x 100 (6)

The branched vs. isoprenoidal tetraether (BIT) index (Hopmans
et al., 2004) reflects the relative abundance of the major bacterial
brGDGTs vs. a specific archaeal isoGDGT, crenarchaeol (Fig. 1;
Holzheimer et al., 2021), produced by Thaumarchaeota, with the
inclusion of the 6-methyl brGDGTs (cf. De Jonge et al., 2013):

BIT ¼ ([Ia] þ [IIa] þ [IIa'] þ [IIIa] þ [IIIa'])/
([Ia] þ [IIa] þ [IIa'] þ [IIIa] þ [IIIa'] þ [cren]) (7)

3. Results

Both isoGDGTs and brGDGTs were detected in all the investi-
gated sedimentary horizons of the Padul-15-05 record. However,
the brGDGTs are dominant with abundances between 75 and 99.5%,
as revealed by the ternary diagram (Fig. 3a), which also shows the
relative abundances of GDGT-0 and crenarchaeol. The isomer of
crenarchaeol (cren') was detected in trace amounts and was often
below the detection limit at several intervals of the record (Fig. 5d).
Crenarchaeol showed elevated abundances of 5e25% relative to all
GDGTs in the first 116 cm of the record, characterized by brown clay
and carbonate facies, associated with emerged conditions in the
lake (Camuera et al., 2018, 2019). GDGT-0 was more abundant than
crenarchaeol in all other facies, with relative abundances, some-
times slightly over 20%, especially in OM-rich facies (Fig. 3b). The
average BIT index is 0.985 in the Padul-15-05 record.

The distribution of brGDGTs was dominated by penta- (IIa-c and



Fig. 3. (a) Ternary diagram (after Blaga et al., 2009) showing the composition of three major groups of GDGTs [i.e., GDGT-0, crenarchaeol (and its isomer cren') and the summed
brGDGTs (with the exclusion of IIIa'')] in the Padul-15-05 sedimentary record indicated by the small white open circles. For reference, the same data is plotted for a set of surface
sediments from 47 European lakes of a North-South transect (Blaga et al., 2009) and from 36 lakes from the Alpine area (Sinninghe Damst�e et al., 2022). The area of the lakes is
specified by the different, slightly larger, colored symbols. The increasing dark grey areas represent the increase in BIT values, showing that, in general, larger lakes and often deeper
lakes have lower BIT values. (b) Magnification of the lower left corner of the ternary diagram showing in more detail the composition of the Padul palaeolake with the facies
specified with different symbols. The solid black line connects the datapoints in a stratigraphic order starting with the three uppermost datapoints from the Padul-15-05 record.
This shows that the sediments from the uppermost 116 cm described as brown clay and carbonate facies (Camuera et al., 2018) are characterized by higher creanarchaeol fractional
abundances. For the remaining part of the section, there is no clear distinction in GDGT composition with the varying lithology and crenarchaeol fractional abundances are low.
Dashed line indicates GDGT-0/crenarchaeol ratio of 2, whereas values higher than 2 correspond with GDGT-0 from other archaea than aquatic Thaumarchaeota, like methanogenic
archaea. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. Ternary diagram showing the composition of the brGDGTs in the Padul
palaeolake sedimentary record (triangles). The tetramethylated brGDGTs are Ia-c, the
pentamethylated IIa-IIc and IIa'-IIc', and the hexamethylated brGDGTs are IIIa-IIIc and
IIIa'-IIIc’. The unusual brGDGT IIIa'' was excluded. For reference, comparable data from
a variety of surface sediments of lakes from all over the world are plotted (circles).
They are datasets published by Russell et al. (2018) on 64 African lakes, by Dang et al.
(2018) on 36 Chinese lakes and Martínez-Sosa et al. (2021) on 106 globally distributed
lakes. Lake Namso was excluded from the Chinese lake dataset because it has a highly
unusual brGDGT distribution. The data points from the lake surface sediment set have
been color-coded according to the mean temperature of months above freezing (MAF)
as reported by Martínez-Sosa et al. (2021). The distribution of the datapoints of the
Padul palaeolake sediments fit well to those of the surface lake sediments with MAFs
in the range 15e20 �C except for the three uppermost datapoints from the Padul-15-05
record associated with emerged facies (Camuera et al., 2018), which distinctly lie
outside the “Padul data cloud”. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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IIa'-IIc', between 50 and 70%) and tetramethylated (Ia-c, between
30 and 50%) brGDGTs, with much lower abundances of the hex-
amethylated brGDGTs (IIIa-c and IIIa'-IIIc', between 10 and 25%),
throughout the entire record, except for the upper 33 cm of the
section (equivalent to the last 800 cal yr BP), corresponding with
emerged conditions (Camuera et al., 2018, 2019), where the hex-
amethylated are more abundant than the tetramethylated brGDGTs
(Fig. 4).

The MBT05ME index ranges from 0.4 to 0.65, reaching the lower
values at 644, 592, 531, 450e419, 280, and 226-215 cm (Fig. 5a)
(equivalent to 33.1, 28.5, 22.2, 17.7e15.9, 9.3 and 7.5e7.2 cal kyr BP).
The CBT' index varies from �0.54 to 0.28 in the record, with CBT'
values generally below 0 from 675 to 382 cm (equivalent to
36e12.8 cal kyr BP), ranging from�0.20 to 0.10 from 376 to 122 cm
(12.4e5.0 cal kyr BP), and positive values with an increasing trend
for the upper 116 cm (last 4.7 cal kyr BP) (Fig. 5b).

In addition to the commonly observed brGDGTs, the hexame-
thylated brGDGT, which contains both a methyl at the 5- and the 6-
positions of the two ether-bound alkyl chains (IIIa''), was detected
as well. This brGDGT has so far only been reported in sediments of
anoxic Swiss lakes and the anoxic water column of Lake Lugano
(Weber et al., 2015, 2018). The IIIa'' ratio, which is based on the
fractional abundance of IIIa'' over the sum fractional abundances of
IIIa, IIIa'' and IIIa' [see Eq. (6)], varies between 0 and 0.10 (Fig. 5c).
These data reveal variability between 0.05 and 0.10 at 592e547 and
387-116 cm (28.7e23.2 and 13.3e4.7 cal kyr BP), periods with rapid
variability with values from 0 up to 0.10 at 659e644 and 460-
392 cm (34.3e33.1 and 18.3e13.7 cal kyr BP), and periods with
continuous absence of the IIIa'' isomer at 675e664, 638e598,
537e465, and the upper 106 cm of the record (Fig. 5c) (36.0e34.8,
32.7e29.1, 22.7e18.7 and last 4.6 cal kyr BP).



Fig. 5. Depth profile of the Padul palaeolake sedimentary record, Padul-15-05, showing: a) MBT05ME; b) CBT'; c) the IIIa'' ratio ([IIIa'']/[IIIa] þ [IIIa''] þ [IIIa']) based on the novel
hexamethylated brGDGT described Weber et al. (2015); d) the %cren'; e) Total Organic Carbon (TOC) content (%) (Camuera et al., 2018). Bottom panel shows the different lithology
and facies described for the upper 6.75 m depth (equivalent to the last 36 kyr) of the Padul-15-05 core (described by Ramos-Rom�an et al., 2018b and Camuera et al., 2018). Vertical
grey bars indicate periods with TOC content over 20%, coinciding with black OM-rich facies. Top stars indicate position of radiocarbon dates (for more details see Table 1 in Camuera
et al., 2018). In all cases where the IIIa'' ratio is plotted as zero, IIIa'' was below the detection limit. In these cases, the IIIa'' ratio is always <0.005. It was often not possible to calculate
%cren' because cren' was often below the detection limit and creanarchaeol abundance was also low. In these cases, no datapoint is shown.
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4. Discussion

4.1. Distribution and sources of GDGTs in the Padul palaeolake

Previous studies have described significant lithological and
sedimentological facies variations in the Padul-15-05 record, which
have been related to changes in the water level, and hence to
climate conditions (Ramos-Rom�an et al., 2018a,b; Camuera et al.,
2018, 2019). The clay-carbonate and carbonate facies with rela-
tively low TOC values have been related to a high water level
(Camuera et al., 2018, 2019) (Fig. 5e and bottom panel). In contrast,
OM-rich facies are thought to have been deposited in a shallow
palustrine (low water level) environment (Camuera et al., 2018,
2019) (Fig. 5e and bottom panel). Clay-OM-rich facies occur in the
transition between OM-rich and clay-carbonate facies, when the
water level was slightly higher than during OM-rich deposition,
andwithmoderate TOC values (Fig. 5e and bottom panel) (Camuera
et al., 2018, 2019). Lastly, for the upper 116 cm, low TOC values,
similar to those during the yellowish clayey and carbonate facies,
were identified (Fig. 5e). This section is characterized by brown clay
and carbonate facies deposited in an ephemeral/dried lake stages
preventing both very shallow palustrine sedimentation (OM-rich)
and deeper lake level (carbonate) (Camuera et al., 2018, 2019).
Therefore, most of the Padul-15-05 record was deposited in lake-
type environmental conditions with substantial variability in the
water level, except for the upper 116 cm of the record where a
change towards ephemeral/emerged environment occurred
(Ramos-Rom�an et al., 2018a,b; Camuera et al., 2018, 2019).

These changes in sedimentological facies and environmental
conditions during the sediment deposition in the Padul palaeolake
may have resulted into a variable distribution and sources of
GDGTs. However, when the variability of the GDGT distribution
along the record is compared with lithological/facies changes and
TOC content (Fig. 3a and b, 5e and bottom panel), this is not so
evident. The BIT ratio is always >0.93 with an average of 0.99
(Fig. 3a, dark grey dashed area), indicating that overall brGDGTs are
the dominant GDGTs in the Padul record. The BIT ratio has previ-
ously been thought to reflect the relative contributions of soil-vs.
aquatic-derived GDGTs, assuming that brGDGTs were produced
primarily in soils and isoGDGTs were derived primarily from the
water column (e.g., Hopmans et al., 2004; Weijers et al., 2007b).
Subsequent extensive studies on suspended particulate matter
(SPM) in the water column of different lakes have shown that in-
situ production in the water column of brGDGTs is rather common
(e.g., Weber et al., 2018; van Bree et al., 2020). Thus, the high
relative abundance of the brGDGTs relative to crenarchaeol and
GDGT-0 does not exclude a lake depositional environment. Indeed,
the GDGT distribution of many other European lakes are also
located in the lower left corner of the ternary diagram (Fig. 3a). The
low relative abundance of crenarchaeol contribution produced by
Thaumarchaeota is similar to what is often observed in shallow and
small (from <1 km2 to up to 10 km2) European lakes (Fig. 3a; see
also Sinninghe Damst�e et al., 2022).

Crenarchaeol indicates a Thaumarchaeotal source, while the
other isoGDGTs could be produced by other archaea apart from
Thaumarchaeota (Pancost et al., 2001; Schouten et al., 2013). Thus,
a high GDGT-0/crenarchaeol ratio has been proposed to identify a
contribution of isoGDGTs produced by methanogens (Blaga et al.,
2009) or other Euryarchaeota (Schouten et al., 2013). This ratio is
always >1, except for the upper 116 cm of the record, associated
with ephemeral/dried lake conditions (Fig. 3b). This clearly sug-
gests that other archaea than aquatic Thaumarchaeota were the
major contributors of isoGDGTs for the deeper part of the Padul-15-
05 record. In contrast, the relatively high abundance of cren-
archaeol in the upper part of the Padul-15-05 record is likely due to
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a higher dominance of nitrifying Thaumarchaeota. Thaumarch-
aeota can be quite abundant in neutral to basic soils (Weijers et al.,
2006; Peterse et al., 2010), in line with the idea that this part of the
record reflects an ephemeral and dried-up lake. This is also sup-
ported by the higher abundance of cren' relative to crenarchaeol in
the upper part of the record (Fig. 5d), since group 1.2 Thaumarch-
aeota that occur abundantly in soils also tend to have higher
amounts of cren' (Sinninghe Damst�e et al., 2012).

The evaluation of the different environmental sources of
brGDGTs has been performed due to the improved chromatography
method that allows to separate the 5- and 6-methyl isomers of the
hexa- and pentamethylated brGDGTs (De Jonge et al., 2013;
Hopmans et al., 2016). The distribution of the fractional abundance
of the different hexa-, penta- and tetramethylated brGDGTs in the
Padul palaeolake record are comparable with those recorded in a
variety of surface lake sediments from 64 African lakes (Russell
et al., 2018), 36 Chinese lakes (Dang et al., 2018), and 106 other
globally distributed lakes (Martínez-Sosa et al., 2021). In this dis-
tribution, lake temperature plays an import role in determining the
datapoint position in the ternary diagram (Fig. 4). The distribution
of the brGDGTs in the upper part of the Padul-15-05 record (brown
clay and carbonate facies) differs from those of the other sections,
again pointing to a different (i.e., very shallow) depositional
environment.

The presence of brGDGT IIIa'' also provides strong evidence of an
in-situ brGDGT source in the water column (Fig. 5c). This brGDGT
was identified for the first time in the sediments of an anoxic Swiss
lake but not in the soils of the lake watershed, indicating in-situ
production (Weber et al., 2015). Subsequently, IIIa'' was also iden-
tified in the sediments of other anoxic alpine (Weber et al., 2018)
and French lakes (Martin et al., 2019, 2020). In a detailed study of
the SPM in Lake Lugano, Weber et al. (2018) showed that IIIa''
exclusively occurred in the anoxic part of the water column,
strongly suggesting that it is exclusively produced by anaerobic
bacteria within the deep anoxic waters. The presence of the IIIa''
isomer (IIIa'' ratio >0; Fig. 5c), predominantly in the OM-rich in-
tervals in the Padul record, indicates that, at that time of deposition,
Padul was a lake with an oxycline within the water column,
providing a niche for the bacteria that produce IIIa'' (cf., Weber
et al., 2018). This supports the previously interpreted anoxic con-
ditions for those sedimentary facies (Camuera et al., 2018). In line
with the interpretation of the topmost brown clay and carbonate
facies associated with an emerged palaeolake, IIIa'' was not detec-
ted in the upper part (0e106 cm) of the core (Fig. 5c), corre-
sponding to the last 4.6 cal kyr BP. On the other hand, the IIIa'' ratio
profile also shows older intervals where the IIIa'' isomer was below
detection limit, i.e., at 675e664, 638e598, and 537-465 cm
(36.0e34.8, 32.7e29.1, 22.7e18.7 cal kyr BP), and some intervals of
rapid variability at 659e644 and 460-392 cm (34.3e33.1 and
18.3e13.7). These likely represent periods with an absence of an
oxycline in the water column and periods where the depth of the
oxycline varies, respectively. The intervals with quite stable IIIa''
ratios, i.e., at 592-547 cm and 387-116 cm (Fig. 5c) (28.5e23.2 and
13.3e4.7 cal kyr BP), indicate a stable oxycline in the water column
of the lake.

In summary, the GDGT distribution in the Padul-15-05 sedi-
mentary record is fully consistent with a small lake environment
with substantial contribution of in-situ production of brGDGTs,
except for the upper 116 cm of the record, when the lake likely
became very shallow and subsequently dried up (i.e., an ephem-
eral/emerged environment).

4.2. Applicability of brGDGT-based proxies

The distribution of brGDGTs has been demonstrated to change



Fig. 6. BrGDGT based proxies and derived mean temperature from the Padul-15-05 sediment core for the last 36 kyr. a) The d18O profile of Greenland NGRIP ice core (data points are
black circles and the dashed red line is the 5-points running mean) (Andersen et al., 2006; Svensson et al., 2008); b) Mean Annual Air Temperature (MAAT) (in �C) derived from
MBT05ME using the lake calibration proposed by Russell et al. (2018) (orange-colored circles), and mean temperature of Months Above Freezing (MAF) (blue open circles) with the
97.5% confidence level bands (light blue band) based on the Bayesian lake calibration proposed by sediments Martínez Sosa et al. (2021). Red star and dashed line indicate mean
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in response to both, temperature and pH (Weijers et al., 2007;
Tierney and Russell, 2009; De Jonge et al., 2014b) and specific GDGT
ratios have been proposed to reconstruct these environmental
parameters. The chromatographic separation of the 5- and 6-
methyl brGDGTs has allowed the improvement of the two initial
defined indicesdmethylation index of branched tetraethers (MBT)
and the cyclization index of branched tetraethers (CBT)das
MBT05ME, excluding the 6-methyl isomers, and CBT', which includes
the 6-methyl isomers (De Jonge et al., 2014a).

An MBT05ME-based lacustrine calibration for reconstructing
mean annual air temperatures (MAAT) was proposed by Russell
et al. (2018) based on a large set of African lakes from different
altitudes. This calibration accounts that lake temperatures should
regulate the distribution of brGDGTs produced in-situ in the water
column.Whenwe apply this calibration to the Padul-15-05 dataset,
excluding the uppermost section representing the emerged-
ephemeral lake phase (brown clay and carbonate facies), recon-
structed MAAT ranges between 12 and 20 �C (Fig. 6b). Recently, a
Bayesian calibration has been constructed by Martínez-Sosa et al.
(2021) based on the dataset of Russell et al. (2018), some Chinese
and ca. 100 American lakes. This calibration used Months Above
Freezing temperatures (MAF) instead of MAAT because colder lakes
from high latitudes fitted better in the calibration due to a
seasonally-biased response in the production of brGDGTs. The
application of this latter Bayesian calibration generated estimated
temperature that only differ from the MAAT estimation using the
Russell et al. (2018) calibration by 0.2e1.2 �C (Fig. 6b). The Bayesian
calibration also allows to make an estimation of the error in the
MAF prediction; this is indicated by the light blue area at the 97.5%
confidence level in Fig. 6b. Mean present-day annual temperature
in the Padul area is 14.4 �C (Spanish National Weather Agency -
AEMet Open Data, 2020; www.aemet.es), which is within the
temperature range obtained by both lake calibrations (within the
calibration error of 2.4 �C; Russell et al., 2018) and the Bayesian
calibration (withing the calibration error of 2.9 �C; Martínez-Sosa
et al., 2021). Therefore, both calibrations are deemed suitable for
reconstructing lake temperatures in the Padul-15-05 record, and
we will be referred to as MAAT values in the next section, since we
do not have evidence of a seasonal-bias in the production of
brGDGTs in the Padul palaeolake.

The CBT' values allowed to estimate palaeo pH using a recent
lake-pH calibration (Russell et al., 2018) and showed that pH values
ranged between 7.5 and 9.3, with an average of 8.4 (Fig. 6d).
Interestingly, in the upper part of the Padul-15-05 record corre-
sponding to the Holocene period, pH oscillates in parallel with
MAAT variability (Fig. 6d), in contrast to the bottom part of the
record corresponding to the last glaciation, suggesting that lake pH
seems to play an important role in controlling the brGDGTs distri-
bution during the Holocene. The pH profile at the onset of the
Holocene shows a trend of generally more alkaline surface waters
with an average value of 8.8 (Fig. 6d). Alkaline pH values of the lake
are in line with the presence of Botryococcus remains (Camuera
et al., 2019), which could indicate an increase in aquatic photo-
synthetic organisms and productivity.
present-day MAAT of 14.4 �C at Padul area (www.aemet.es); c) Sea surface temperature (SS
core GP04PC spanning the last 35.2 kyr from the Alboran Sea basin (Morcillo-Montalb�a et al.
proxy-SST estimations; d) palaeo pH derived using the lake calibration proposed by Russell e
the total terrestrial pollen from Padul-15-05 (Camuera et al., 2019); f) Xerophytes percentag
Vertical blue bars indicate main cold periods for the last 36 kyr, i.e., the last three Heinrich St
the Last Glacial Maximum (LGM), the light red bar indicates the B€olling-Aller€od (BeA) even
(7e1) (Bond et al., 1993; Dansgaard et al., 1993). (For interpretation of the references to co
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4.3. Temperature reconstruction from 36 kyr to the mid-holocene

For the first time, we obtained a continuous and quantitative
MAAT record from the southern Iberian Peninsula covering the last
36 kyr. Estimated MAAT values in the Padul-15-05 record using the
lake calibration of Russell et al. (2018) range between 12 and 20 �C
for the last 36e4.7 kyr, with the lowest MAAT values recorded
during the HS1, followed by HS3 and HS2, with 12, 12.2 and 12.8 �C,
respectively (Fig. 6b). Cold conditions likely caused a decrease in
evapotranspiration, resulting in a high water level in Padul palae-
olake (Camuera et al., 2018). High lake level periods in the Padul
palaeolake in turn coincided with low Mediterranean forest
abundance, represented by terrestrial pollen taxa more adapted to
humid conditions, in the nearby Sierra Nevada and Padul area and
enhancements of detrital inputs pointing to arid periods and
enhanced erosion (Camuera et al., 2018, 2019). These environ-
mental changes especially occurred in the Padul palaeolake during
the last three Heinrich Stadials (HS3-1) recorded in the last 36 kyr
(see Fig. 8 in Camuera et al., 2019). In addition, yellowish clayey and
carbonate facies have been associated with highest lake level and
coldest conditions in the Padul record, and further related to
minima in summer insolation during MIS 2 (Camuera et al., 2018).
Furthermore, the similarity of the MAAT and MAF records further
support that the Padul palaeolake did not become frozen during the
glacial and the three HS events.

A comparison of the MAAT estimations from the Padul-15-05
record with the paleoclimate variability recorded in the d18O
NGRIP Greenland ice-record (Andersen et al., 2006; Svensson et al.,
2008), and a recent study applying organic-based paleother-
mometers in a marine record GP04PC from the Alboran Sea in the
westernmost Mediterranean (Morcillo-Montalb�a et al., 2021), de-
pict strong similarities in the temperature variability (Fig. 6aec).
Particularly, similar variability trends can be observed during the D/
O interstadials 7 and 3, the last three HS (HS3-HS1) and the LGM
between the MAAT in the Padul palaeolake and the average tem-
perature derived from four organic proxies from the Alboran Sea
record (Morcillo-Montalb�a et al., 2021) (Fig. 6bec). This supports a
strong sea-land climatic coupling, although the temperature
amplitude in the ocean appears to be higher than at the continent.
Overall increased temperature values in the Padul palaeolake are
recorded during the D/O interstadials and similar to those during
the LGM, while decreasing temperatures are evident at the end of
the HS3 and HS2 (Fig. 6bec). The temperature amplitude changes
during HS3 and HS2 are ca. 2.8 �C, and from the LGM to the onset of
HS1 are ca. 4 �C (Fig. 6c).

Slight time shifts in the onset and offset of main climate periods
are observed between the Padul-15-05 record and the nearby
western Mediterranean marine record and the Greenland ice-core
record (Fig. 6aec). For instance, HS3 and HS2 appear to be
delayed with respect to Greenland NGRIP and the western Medi-
terranean records, while HS1 presents an earlier onset and larger
duration (Fig. 6aec). This mismatch could be explained by different
time response between lacustrine, marine and ice-core climate
records, registering time shifts and different amplitude in tem-
perature changes to the same climate variability. Some larger and
lagged temperature changes may be also partly related to un-
certainties in the radiocarbon-based age model from the different
T) from the average of four organic-based proxies (UK'
37, TEXH

86, RI-OH' and LDI) from
, 2021), whereas light blue band indicates standard deviation (þSD and -SD) of the four
t al. (2018); e) Mediterranean forest pollen percentages including Pinus with respect to
es with respect to the total terrestrial pollen from Padul-15-05 (Camuera et al., 2019).
adials (HS3, HS2, and HS1), the Younger-Dryas (YD). The dark grey vertical bar indicates
t, and the light grey vertical bars indicate the Dansgaard-Oeschger (D/O) interstadials
lor in this figure legend, the reader is referred to the Web version of this article.)

http://www.aemet.es
http://www.aemet.es
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climate records (Camuera et al., 2021). Moreover, the enhanced
freshwater discharges from the Laurentide and European ice-sheets
at ~18.2 cal kyr BP (Toucanne et al., 2015) and the meltwater input
from glaciers in the Alps and Apennines produced the first fresh-
water input to the western Mediterranean, which could have led to
the slowdown of the Mediterranean Sea overturning circulation
that has been registered with shifts in marine records (Rogerson
et al., 2008).

Three main centennial-scale climate phases, HS1a-c, previously
described in the Padul-15-05 record by Camuera et al. (2021), are
also clearly revealed by the MAAT profile, despite its lower reso-
lution (Fig. 6b). HS1a (18.4e17.2 cal kyr BP) is characterized by a low
MAAT (12 �C; Fig. 6b), and a high percentage of the xerophytes
group, which includes plants such as Artemisia, Ephedra, and
Amaranthaceae adapted to dry environments (Fig. 6f). HS1b
(17.2e16.9 cal kyr BP) is characterized by a slight increase in MAAT
(up to 16.5 �C; Fig. 6b), and a decrease in the xerophytes abundance
(Fig. 6f). HS1c (16.9e15.7 cal ka BP) is again characterized by a low
MAAT (12.2 �C; Fig. 6b) and arid conditions, as reflected by the high
percentage of the xerophytes (Fig. 6f). A similar temperature vari-
ability during HS1 has been recorded by the d18O NGRIP (Fig. 6a)
and the Alboran (Fig. 6c) records, supporting the strong climate
connection between mid- and high-latitudes and the high sensi-
tivity of this continental southern Iberian record.

A noticeable increase in MAAT values is recorded from the HS1
to the onset of the B-A period (up to 18.6 �C; Fig. 6b), synchronously
with changes in the pollen record (Camuera et al., 2019); i.e., an
increase inMediterranean forest taxa, which includes Quercus total,
Olea, Phillyrea, Pistacia, Cistaceae and Pinus (Fig. 6e), and a decrease
in the xerophytes taxa (Fig. 6eef), also indicating an increase in
temperature and humidity. Predominant carbonate sedimentation
occurred during the B-A period (see bottom panel in Fig. 5), which
was related to enhanced precipitation and low erosion, and hence
low siliciclastic detrital input, due to an increase in the vegetation
cover (Camuera et al., 2018, 2021; García-Alix et al., 2021). Other
Mediterranean records have also documented general humid
conditions during this period with high detrital input to the
Alboran Sea basin (Rodrigo-G�amiz et al., 2011). Furthermore, the
MAAT record suggested some climate sub-phases during the B-A
period in agreement with recent palynological studies in the Padul
record (Camuera et al., 2021), describing five centennial-scale
pollen zones dominated by varying temperature and humid
conditions.

LowMAAT values (16.4 �C) characterized the YD, with values ca.
0.5 �C lower than those recorded at the end of the B-A period
(Fig. 6b). This small temperature change is in agreement with other
studies in the southern Iberian describing only small climate
changes for the YD stage (Naughton et al., 2016). Despite the small
temperature amplitude change recorded from the B-A to the YD
transition of ca. 1 �C, an increase in the arid conditions is also
evident from the increase in the percentages of xerophytes and the
decrease in the Mediterranean forest (Fig. 6eef). An increasing
trend in MAAT followed then into the Holocene. The increase in
evapotranspiration that occurred due to highest summer insolation
resulted in a low lake level in Padul palaeolake during the Holocene
period (Camuera et al., 2018).

During the Early and Mid-Holocene, the Padul-15-05 MAAT re-
cord shows some rapid centennial-millennial scale variability, with
a noticeable temperature amplitude in comparison with the
deglaciation (Fig. 6b). Sedimentation during the Holocene is mostly
characterized by black OM-rich facies with the highest TOC content,
highest abundance of Mediterranean forest (60e80%; Fig. 6e) and
interpreted as deposited during low lake levels (Fig. 5e and bottom
panels) and related to warm and humid conditions (Camuera et al.,
2018). Probably, the change in the environmental conditions during
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the Holocene amplified the temperature sensitivity of the Padul
palaeolake. Previous palynological analysis of the Padul palaeolake
section documented the highest occurrence of deciduous forest in
the Padul area from ~9.5 to 7.6 cal kyr BP related to the Holocene
humidity optimum and the highest precipitation recorded (García-
Alix et al., 2021), coinciding with insolation maxima. More arid
conditions are described from 7.6 to 4.7 cal kyr BP and related with
a decrease in summer insolation that triggered an aridification
process (Ramos-Rom�an et al., 2018b). Nevertheless, millennial-
scale variability with forest declines is observed around 9.6, 8.5,
7.5, 6.5 and 5.4, 4.7e4, 2.7 and 1.3 cal kyr BP (Ramos-Rom�an et al.,
2018b). The MAAT record suggests that some of these periods of
Mediterranean forest decline in this area may also have been trig-
gered by colder conditions (Fig. 6b, e), i.e., with a rapid temperature
decrease from 19e18 �C to 13 �C at ~9.3, 7.4 and 6.1 cal ka BP
(Fig. 6b). This rapid variability in the pollen and temperature re-
cords indicates a fast and sensitive environmental response to
regional Holocene climate variability in the Padul palaeolake area.
5. Conclusions

For the first time, GDGTs distribution were examined in a
sedimentary section covering the last 36 kyr in the Padul area
(Sierra Nevada, southern Iberia). The generally high abundance of
brGDGTs relative to crenarchaeol and GDGT-0 points to lake-type
environmental conditions with substantial variability in the water
level, except for the upper part of the Padul-15-05 record, which
shows a change in the distribution toward an emerged-ephemeral
lake environment. The presence of brGDGT IIIa'' provided strong
evidence for in-situ brGDGT production in the water column of the
palaeolake, and its distribution along the record indicates varia-
tions in the depth of the oxycline.

The Padul record of the MBT05ME index in combination with the
lake calibration of Russell et al. (2018) revealed MAATs ranging
between 12 and 20 �C for the last 36e4.7 kyr. Application of a
recent Bayesian calibration (Martínez-Sosa et al., 2021) showed
that estimations for MAF only differ from the MAAT estimations by
0.2e1.2 �C. Millennial-scale MAAT variability is recorded in the
Padul palaeolake, with lower temperature values during the last
three Heinrich Stadials (HS3-1), and higher temperature values
during the D/O interstadials, the LGM and the Holocene. This
temperature variability is comparable to that recorded in the d18O
NGRIP Greenland ice-record and marine sedimentary records from
the westernmost Mediterranean (Alboran Sea), supporting the
strong climate connection between mid- and high-latitudes and
the high sensitivity of this continental southern Iberian record with
the continental and marine teleconnection.
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