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Abstract

We examine the depositional dynamics and paleoclimatic significance of the
evaporite-dolomite association in Laguna Fuente de Piedra (LFP), a modern sa-
line, endorheic playa lake system in southern Spain. This study presents results
from a multidisciplinary approach, examining the two longest continuous sedi-
ment cores retrieved from the basin. One core was drilled in the Salina area, lo-
cated in the eastern part of the basin, which represents the zone that dries last
and is referred to as the Salina core (14.4m). The second core, Las Latas (46.2m),
was retrieved from the southwestern part of the basin, which is the zone that
dries first. This study characterises carbonate minerals and their precipitation
mechanism in the sediments from these two cores over the past ~50,000years.
Six major lithofacies were identified based on variations in mineralogy (carbon-
ates, sulphates and siliciclastic minerals) and sedimentary patterns. Observed
shifts in the depositional environment are hypothesised to result from changes
in the hydrological balance, which in turn is controlled by paleoclimatic evo-
lution. During dry and cold periods, the basin experienced higher evaporation
rates, leading to the deposition of evaporites along with dolomite in a continental
sabkha environment with ephemeral floods. These arid conditions favoured large
production of endogenic sulphates and carbonates (dolomite) and reduced clastic
input. In contrast, wetter periods were characterised by increased clastic influx
and the precipitation of calcite-aragonite facies, in a shallow ephemeral to per-
manent lake, mostly during the Pleistocene-Holocene transition, continuing into
the Holocene. These findings show the high sensitivity of shallow continental
sedimentary systems to climate variations and provide information on significant
short-lived climatic events, tentatively correlated with Heinrich events, in the
western Mediterranean region.
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1 | INTRODUCTION

Climatic shifts during the Quaternary period have sig-
nificantly influenced both continental and coastal envi-
ronments, altering depositional dynamics. The Iberian
Peninsula, with its diverse climatic regimes ranging
from the humid Atlantic coast to the semi-arid and arid
Mediterranean interior, provides a valuable setting for
investigating these environmental changes (Camuera
et al., 2022; Combourieu Nebout et al., 2009; Martrat
et al., 2004; Rodrigo-Gamiz et al., 2011). In particular,
the formation and evolution of saline playa lake systems
within endorheic basins serve as key archives for recon-
structing past climatic and hydrological conditions.

Modern environments where dolomite [Ca, Mg(CO5),]
formation predominantly occurs include coastal and
inland sabkhas as well as coastal lakes and playa lakes.
Among these, sabkhas have received remarkable atten-
tion, mainly within sedimentology and geochemistry
fields due to the occurrence of modern dolomite precip-
itation (e.g. DiLoreto et al., 2019, 2021; Rosen et al., 1989;
Sanchez-Roman et al., 2023; Warren, 2000) as well as, to
a lesser extent, playa lakes (e.g. De Deckker & Last, 1988,
1989). Eugster (1982) highlights the importance of playa
lake deposits and evaporites as indicators of local cli-
mate. Consequently, the mineralogical and geochemical
characteristics of playa lake systems have gained atten-
tion in recent years, particularly in paleoenvironmental
and paleoclimatic research, as highlighted by Pourali
et al. (2023).

The semi-arid climate of SE Spain, coupled with wide-
spread endorheic basins, has facilitated the development
of numerous playa lakes in this region. However, a com-
prehensive understanding of the mechanisms driving
carbonate deposition and the paleoenvironmental signifi-
cance of evaporite—dolomite associations in these systems
remains incomplete. To refine depositional models and
reconstruct past environmental conditions, an integrated
approach combining sedimentology, petrography, miner-
alogy and geochemistry is required.

Several paleoclimatic studies have been conducted
on saline lakes in southern Spain, including Laguna
Salada (Schroder et al., 2018a), Laguna de Medina (Reed
et al., 2001; Schroeder et al., 2018b), Laguna de Salines
(Burjachs et al., 2016; Giralt et al., 1999), Laguna de la
Ballestera (Garcia-Alix et al., 2022), Laguna de Zénér
(Martin-Puertas et al., 2008) and on short cores from
Laguna Fuente de Piedra (LFP; Hobig et al., 2016). While
these studies have provided valuable insights, the avail-
able terrestrial archives spanning the last glacial cycle re-
main relatively limited compared to other regions of the
Iberian Peninsula. This limitation is primarily due to the
scarcity of long enough sedimentary records. Additionally,

challenges in establishing precise age control have led to
gaps or discontinuities in the records. A previous study in
LFP examined a 14-m core, which provided a sedimen-
tary record from the margin of the basin extending over
the past 30cal kyr (Hobig et al., 2016). These authors de-
scribed five distinctive lacustrine lithofacies along with
fluvial deposits and developed a conceptual lake margin
model in which recurring lake-level fluctuations influ-
enced the occurrence of these lithofacies throughout the
sedimentary succession.

The present study builds upon the work of Hobig
et al. (2016) by expanding the LFP sedimentary archive
with two cores, 46.2m and 14.4m, drilled in more cen-
tral areas of the basin. In this context, the multiproxy
record from LFP offers a unique opportunity to expand
the paleoclimatic history of the region and investigate
the environmental conditions controlling carbonate pre-
cipitation. This study integrates sedimentology, miner-
alogy, geochemistry, palynology and microscopy to (1)
characterise the sedimentary facies, with a focus on the
mechanisms driving the precipitation of aragonite, calcite
and dolomite; (2) assess the paleoclimatic significance
of evaporite-dolomite associations in playa lake systems;
and (3) evaluate the regional paleoclimatic evolution. Our
findings will contribute to a better understanding of the
climatic and hydrological controls on carbonate depo-
sition in saline lake environments and provide new in-
sights into Quaternary climate variability in the western
Mediterranean.

2 | GEOLOGICAL SETTING

LFPis an arid, saline, isolated playa lake system located in
Antequera (southern Spain), approximately 60 km north-
west of Malaga city (Figure 1A,B). LFP is located in an
intramontane endorheic basin with a 150 km?* watershed
area within the Betic Cordillera, which developed as a
result of late orogenic tectonic extension processes dur-
ing the Neogene period (Kohfahl et al., 2008). Outcrops
of the Triassic gypsum forming part of the Antequera unit
are exposed in the area (Calaforra & Pulido-Bosch, 1999;
Lhénaff, 1981). The karstification of these evaporitic
deposits was interpreted as a probable origin of LFP
(Montalvan et al., 2017).

LFP, with a surface area of approximately 13.5km?,
lies in a topographically shallow, closed basin, and is a
playa lake with seasonal standing water. During sum-
mer, desiccation leads to the precipitation of a salt crust,
which later dissolves with the first rains in autumn. The
lake is known to be an important natural reserve as it
is a nesting site for one of the largest flamingo colonies
(Phoenicopterus roseus) in the western Mediterranean.
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FIGURE 1 (A) Geological map of Laguna Fuente de Piedra (LFP) showing the main stratigraphic units and tectonic features (adapted

from Jiménez-Bonilla et al., 2024; Rodriguez-Rodriguez et al., 2005). (B) Drone photograph of LFP taken in July 2021, highlighting dry-

season conditions where the playa lake is covered with a greyish-white salt crust and beige-orange microbial mats (in the southeastern part).

In this regard, it was the first Spanish wetland included
in the Ramsar Agreement (Girela & Martos, 1998;
Heredia et al., 2004).

The playa lake is bounded by two mountain ranges,
the Mollina (NE) and Humilladero (E) Ranges. They are
composed of Jurassic with minor Cretaceous marly and
cherty limestones, and dolostones constituting the main
karstic outcrops in the area (Hobig et al., 2016; Rodriguez-
Rodriguez et al., 2006, 2016). The playa lake is also
bounded by La Nava (sinistral-normal fault) and the Las
Latas (dextral-normal fault) at the eastern and southern
margins of LFP, respectively (Jiménez-Bonilla et al., 2024).
Moreover, the LFP Basin is located in an ellipsoidal closed
depression included in the so-called synorogenic mélange
unit that is mainly composed of Triassic claystones and
evaporites embodied within Jurassic, Cretaceous and
Tertiary disorganised blocks (Pedrera et al., 2016; Sanz de
Galdeano et al., 2008).

Numerous studies have investigated the hydrology
of LFP due to its relevance in understanding the local
ecosystem dynamics. Rodriguez-Rodriguez et al. (2016)
provided an overview of the hydrogeology of the lake.
While precipitation and several ephemeral streams con-
tribute to the lake's water input, the predominant hy-
drological source is groundwater. Kohfahl et al. (2008)
described a conceptual model with two primary types
of groundwater flow systems: (i) meteoric groundwater
from the north and south edges of the basin orientated
towards the lake; (ii) a second system developed below
the surface of the playa lake by convection processes
and evapotranspiration. Recycled brines that result

from mixing at the interface of the convection cells with
freshwater discharge are subsequently transported up-
wards to the playa lake. This model was proposed as the
most plausible conceptual model for LFP's hydrological
system by Rodriguez-Rodriguez et al. (2016). The high
water salinity range in the playa lake results from the
interaction with, and leaching of, Triassic evaporites by
both surface run-off and groundwater. The primary cat-
ion in the lake water chemistry is Na*, with Mg*" and

* present in lower concentrations. The main anion
is CI™, with SO42_ also present in noticeable concentra-
tions (Rodriguez-Rodriguez et al., 2005).

3 | MATERIALS AND METHODS

3.1 | Coring site and recovery

Two sediment cores from LFP were retrieved in July
2021: the Salina core (14.4m) from the mid-eastern de-
pocenter of the lake and the Las Latas core (46.2m) from
the southern margin of the lake (Figure 1B). The drilling
campaign was carried out by Centro de Instrumentation
Cientifica (Spain) using a Rolatec RL 48 L drilling rig
with a rotation head, speed from 0 to 900 rpm, variable
control, maximum torque 450kgm, with an opening
leaving the drilling area free. The continuous cores were
recovered using two methods: (1) percussion, in which
the sediment is directly collected into PVC tubes, and (2)
rotation, where the cores were collected without tubing
and were later transferred to PVC tubes. After transport
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to the Vrije Universiteit Amsterdam (The Netherlands),
60cm sections of the drill cores were split longitudi-
nally with a wire. The cores were described based on
lithology, mineralogy, and fossil content. Lithofacies
characterisation also considered sedimentary textures,
structures and colour, which are standard indicators for
environmental interpretation (Reading, 2009). The drill
cores were later stored horizontally at 4°C.

3.2 | Radiocarbon dating

The age model of the 46.2m sedimentary record from
the Las Latas core is based on a combination of newly
acquired **C ages and previously published radiocarbon
data by Hobig et al. (2016) (Table 1, Figure 2). The latter
ages were derived from a 14-m core (2013-04) retrieved
from the southwestern part of the lake, approximately
600m from the Las Latas site. The samples from Hobig
et al. (2016) included a mixture of pollen, wood and bulk
sediments, whereas the new radiocarbon dates from
the Las Latas core were obtained on bulk sediments.
Although the lithofacies in the two cores are not identi-
cal, the recurring sedimentary patterns with a signifi-
cant increase in calcite in both cores at approximately
the same depth allowed a reliable correlation. This cor-
relation supports the upper part of the age model and is
illustrated in Figure S1.

The upper 13.7m of the Las Latas core incorpo-
rates four data points from the age model of Hdobig
et al. (2016), while 10 additional radiocarbon samples
were analysed in the Poznan Radiocarbon Laboratory
(Poland) for the lower part of the sedimentary record.
However, four bulk sediment samples were excluded
from the model (Table 1, Figure 2), since they show
either younger or older ages that may have resulted
from sediment reworking or introduction of old carbon
into carbon-bearing deposits, leading to a reservoir ef-
fect that is common in lakes with long residence times
(Cohen, 2003). Radiocarbon ages were calibrated using
the IntCal20 calibration curve (Reimer et al., 2020) with
online Calib 8.2 software (Stuiver & Reimer, 1993). The
final age-depth model for Las Latas was performed
using the R modelling package ‘R-Bacon’ using default
settings for accumulation rate and memory parameters
(Blaauw & Christen, 2011).

3.3 | X-ray diffraction analysis

The mineralogy of 117 samples from Las Latas core
and 69 samples from Salina core was analysed by

x-ray diffraction (XRD). Samples were selected based
on lithofacies along the two cores. The Salina core
sediments were subjected to a pre-wash due to the
abundance of halite in the bulk sediment. The clay index
was only used to normalise the percentage of the other
mineral phases to 100%. The samples were dried for
24h in an oven at 50°C and subsequently powdered in
an agate mortar. Powdered samples were pressed into a
pellet and measured using a Bruker-AXS D8 ADVANCE
X-ray diffractometer DAVINCI design with a sample
changer with a position sensitive detector (LYNXEYE
XE-T) with 192 measuring points, using CuKa
radiation (1=1.5406A) at 40kV (Utrecht University,
The Netherlands and at GEO3BCN-CSIC, Spain).
Identification and semi-quantitative content of the
mineral phases were obtained using Malvern Panalytical
HighScore Plus software (Vrije Universiteit Amsterdam,
The Netherlands) and using DIFFRACplus software
(GEO3BCN-CSIC, Spain). Visual cross-checking
confirmed consistent mineral phase identifications and
relative peak intensities between the two datasets.

3.4 | Scanning electron microscopy and
dispersive x-ray spectroscopy

SEM analyses were conducted on loose sediments to char-
acterise the surface morphology of the carbonate grains.
Samples were air-dried overnight and subsequently stub-
mounted on adhesive carbon tape, and later sputter-
coated with 10nm Pt. They were then analysed using a
Zeiss Gemini 450 equipped with an EDS detector (Utrecht
University, The Netherlands).

3.5 | Stable carbon and oxygen isotope
analyses

Stable carbon (8'°C) and oxygen (8'%0) isotopic analy-
ses were conducted on 102 powdered bulk sediments
obtained from Las Latas and Salina cores of LFP.
Samples were pre-washed with Milli-Q water to remove
sulphates. Their composition was measured from the
released CO, after reaction with 100% H;PO, under
vacuum conditions, on a Finnigan MAT253 isotope
ratio mass spectrometer (Thermo Scientific) using the
Gasbench II preparation unit at the Vrije Universiteit
Amsterdam, The Netherlands. The external reproduc-
ibility of the analyses was monitored by running the in-
ternational standard IAEA-603 that yielded an average
of 2.52%0 (SD=0.06) for 8°C and —2.35%0 (SD=0.15)
for 8'%0.
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TABLE 1

14C Age data for ‘Las Latas’ core. Four samples from the core “2013-04’ in Laguna Fuente de Piedra are from Hobig
et al. (2016). Radiocarbon dates excluded from the age model are indicated by *.

Age Cyr Age *C
Number Laboratory code Core Material Depth (m) BP + 16 (calyr BP) 20 (cal yr BP)
1 COL2742.1.1 2013-04 Plant/wood 1.82-1.83 212 +53 190 426-0
2 COL2733.0.1 2013-04 Pollen 9.20-9.22 15,008 +£226 18,335 18,818-17,781
3% Las Latas 41-(B3-G) Las Latas Bulk sediment 10.58-10.59 33,700 + 600 38,496 39,971-36,879
4 COL2729.0.1 2013-04 Pollen 11.44-11.55 19,159 +173 23,122 23,737-22,637
5% Las Latas 49-(B3-0) Las Latas Bulk sediment 12.48-12.49 33,500 + 600 38,277 39,722-36,674
6* Las Latas 53-(B3-S) Las Latas Bulk sediment 13.38-13.39 37,200 + 800 41,774 42,579-40,680
7 Beta-365747 2013-04 Bulk sediment 13.69-13.70 22,290 +100 26,674 26,965-26,336
8 Las Latas 69-(65) Las Latas Bulk sediment 18.08-18.09 28,810+ 300 33,190 34,031-32,113
9 Las Latas 81-(77) Las Latas Bulk sediment 22.01-22.02 30,150 +350 34,610 35,315-34,034
10 Las Latas 98-(94) Las Latas Bulk sediment 30.38-30.39 36,500 + 800 41,359 42,301-40,016
11* Las Latas RC-33.6 Las Latas Bulk sediment 33.65-33.66 29,740+ 330 34,240 34,806-33,386
12 Las Latas 103b-(99b) Las Latas Bulk sediment 35.56-33.57 37,200 +£1100 41,681 42,854-39,949
13 Las Latas 110-(106) Las Latas Bulk sediment 40.42-40.43 42,000 +2000 44,927 48,380-42,250
14 Las Latas RC- 45.87 Las Latas Bulk sediment 45.86-45.87 43,000+2200 45,829 50,090-42,392
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FIGURE 2 Age-depth model of the Las Latas sedimentary record, including graphs of MCMC iterations, distribution of the
accumulation rate and memory. The grey area shows the range of iterations. Four data points from Hobig et al. (2016) are indicated in black,

and six accepted age estimates from this study are indicated in blue. The excluded ages are indicated in red.

3.6 |
analysis

Total organic carbon and nitrogen

Total organic carbon (TOC) and nitrogen analysis was
performed on powdered samples from both Las Latas and

Salina cores, with sampling evenly distributed along core
depth. Measurements were carried out using the Thermo
Finnigan CNS Elemental Analyzer (FlashEA 1112)
(Vrije Universiteit Amsterdam, The Netherlands). About
30mg of loose sediment was weighed into silver capsules
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and subjected to overnight fumigation with HCI (37%).
Subsequently, 10 pL of 10% HCl was added to each sample
and placed on a hot plate at 50°C until all the carbonate
was removed. Samples were then dried and wrapped in
tin capsules for further analysis.

3.7 | X-ray fluorescence core scanner
analysis

The elemental compositions of the two sediment cores
from LFP (Salina and Las Latas) were determined with
the Avaatech XRF core scanner at the Royal Netherlands
Institute for Sea Research (NIOZ), Texel, The Netherlands.
The cores were scanned at 10kV ‘Mg-Fe’ and 30kV ‘Mn-
Rh’at 0.5mA and 0.25mA, respectively. The XRF analysis
was performed on wet sediment with a 10X 10 mm slit size
and a detection time of 15s per measurement. The core
scanning was done with a 1-cm resolution. The sample
was sealed with a 4-pm SPEXCerti Ultralene foil to reduce
sediment dehydration and prevent contamination of the
measurement prism during the analysis. For consistency
control, eight pressed powder pellets of external reference
standards were measured (GSR-4, GSR-6, GSD-10, JSd-1,
JSd-3, MESS 3, SARM 2 and SARM 3). Line scan images
were taken of the cores at F9.5 resolution.

3.8 | Pollen analysis

Twenty-one samples (~2 cm?®) from Las Latas core were
picked from different depths and sedimentary facies to
be processed for pollen analysis. Palynomorph extrac-
tion followed a modified version of Faegri and Iversen's
methodology (Faegri et al., 1989). Pollen counting was
performed under magnifications of X400 and x1000, with
a minimum of 300 terrestrial pollen grains counted per
sample. Fossil pollen was identified by comparing it to
modern-day counterparts using published identification
keys (Beug, 1961) and a modern pollen reference collec-
tion housed at the University of Granada, Spain.

Raw counts were converted into pollen percentages,
excluding the aquatics (Cyperaceae, Myriophyllum,
Potamogeton and Typha) from the terrestrial pollen
sum, as these are often overrepresented in lacustrine
environments and represent local vegetation. To dif-
ferentiate between warm/humid phases (e.g. intergla-
cial or interstadial) and cold/arid phases (e.g. glacial
or stadial), a Pollen Climate Index (PCI) was calculated
based on modern ecological inferences and calculated
as Mediterranean tree taxa (including Quercus, Olea,
Pistacia and Betula)/xerophytes (including Artemisia,
Ephedra and Amaranthaceae). The percentage of

Artemisia was also calculated, which has been previ-
ously shown to increase with cold and dry conditions in
the region (Camuera et al., 2019).

4 | RESULTS

41 | Chronology

The chronology of Las Latas core is constrained by 10 ra-
diocarbon *C ages (Table 1, Figure 2). The ages include
bulk sediments, plant/wood and pollen. Four ages are
incorporated from the core 2013-4 published by Hobig
et al. (2016), and six new ages are derived from the Las
Latas core of the current study. Together, these ages pro-
vide a chronological framework covering the time period
from 52 to Ocalka. The age-depth model indicates that
the sediment accumulation rate was not constant but
rather shows a gradual decrease from the lower to the
upper part of the core. Over the full sequence, the aver-
age accumulation rate is ~0.9 mm/year (Figure 2).

4.2 | Quaternary sedimentary sequence:
Lithofacies in LFP

The core sediments are microcrystalline carbonates (arago-
nite, calcite, and dolomite) with sulphates (gypsum), sili-
cates (clays and quartz) and halides (halite). Gypsum, along
with halite, is commonly present in all carbonate facies, with
contents ranging from 0% to 96.2% and 2.7% to 45%, respec-
tively. According to the sedimentological and mineralogical
characteristics, six distinct sedimentary facies dominate the
lacustrine sequence of the two studied cores. A microscopic
description of the core is presented (Figure 3).

42.1 | Calcitic mud (Facies I)

This facies consists of medium to thick beige beds ranging
from 10 to 40 cm, composed predominantly of microcrystal-
line calcite, reaching up to 75% in Las Latas core and 62%
in Salina core, with clays, quartz and gypsum. Diagenetic
halite is common, represented by isolated crystals filling the
porosity. Root traces are abundant throughout the interval.
This facies is mainly found in the upper 210cm of the Las
Latas core and the upper 90cm of the Salina core.

4.2.2 | Calcitic and aragonitic mud (Facies IT)

This facies is represented by pale greenish to beige beds,
ranging from 2 to 40 cm thick, microcrystalline calcite (up
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Lithofacies associations and core images

Sedimentary Features
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FIGURE 3 High-resolution images of the six main lithofacies associations (I-VI) and their sedimentary features comprising both

sedimentary cores in Laguna Fuente de Piedra.

to 48%) and aragonite (up to 50%), with minor traces of
dolomite. Microcrystalline gypsum occurs within the car-
bonate matrix. No distinct lamination is observed. This
facies is restricted to the upper 6 m of the Las Latas core.

Dolomitic facies (III-IV-V-VI)

Dolomite dominates the carbonate facies, reaching up to
93% in both cores throughout the sequence. The following
four facies are predominantly dolomitic with intercalated

gypsum, differing mainly in their textural and diagenetic
characteristics.

4.2.3 | Dolomitic mud with sparse gypsum
(Facies III)

This facies is made of greyish brown beds of microcrys-
talline carbonates, composed mainly of dolomite with
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varying proportions of calcite and/or aragonite (5%-39%).
Gypsum occurs as sparse, scattered crystals within the
carbonate matrix. The sediments are less compacted than
the following facies. This facies occurs repeatedly in the
upper 20.2m of the Las Latas core and in variable layers
along the Salina core. Lamination is not commonly sig-
nificant, as it is disrupted by root marks.

4.2.4 | Banded dolomitic mud with early
diagenetic gypsum (Facies IV)

This facies consists of brownish dolomitic mud layers
intercalated with lenticular-shaped gypsum crystals.
Lamination is less distinct compared to facies V. The
lenticular gypsum crystals vary in size on the centimetre
scale, reaching up to 2cm. Additionally, diatom frustules
are preserved within the carbonate mud.

4.2.5 | Banded dolomitic mud with
authigenic gypsum (Facies V)

This facies consists of greyish-green dolomitic mud dis-
playing well-defined lamination. Laminations are inter-
spersed with microcrystalline gypsum crystals, some of
them reaching up to 600 pm. The gypsum crystals are em-
bedded in a carbonate matrix and exhibit no preferred ori-
entation. Dolomite and gypsum laminae show microbial
mat structures, with individual layers ranging from 2 to
3mm in thickness.

4.2.6 | Dolomitic mud with organic matter
(Facies VI)

This facies consists of dark grey to black layers of dolo-
mitic mud with distinguished laminations, associated
with microcrystalline gypsum. However, gypsum does not
form significant layers. The total organic carbon (TOC)
content in this facies is higher (up to 3%) compared to the
other facies. Pelagic diatoms of uniform size are present
along with well-preserved Characeae oospores.

4.3 | Phase morphology and structural
characteristics

SEM images and EDS analysis of carbonate-rich sediments
associated with other mineral assemblages (gypsum, halite)
from LFP display the authigenic occurrence of dolomite
(Figure 4). SEM observations show that dolomite aggregates
in LFP appear as spherical structures embedded in an

Broken
bacterial
cells

Bacterial void

Spherical SN
dolomite
crystal

FIGURE 4 SEM images with EDS spectra of samples from
Laguna Fuente de Piedra. (A) Microcrystalline, spherical-
shaped dolomite crystals along with other minerals embedded
in extracellular polymeric substance (EPS). Images (B) and (C)
highlight broken bacterial cells, in addition to dolomite grains
composed of nanocrystals with central voids, which can be
indicative of bacterial voids.

extracellular polymeric substance (EPS) matrix. In addition,
dolomite crystals show cauliflower-shaped structures
with associated bacterial voids in their centers and broken
bacterial cells (Figure 4B,C).
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4.4 | Geochemistry
441 | Stable isotopic composition (§'*0 and
§'3C) of carbonates

The values 8'®0 and 8'°C in total bulk carbonate of the
sediment samples are represented in (Figure 5A,B) and
listed in Tables S1 and S2. Samples with mixed carbonates
in the upper ~6 meters in the Las Latas core show §'°0
values ranging between —0.57%. and 2.33%. and 8"°C val-
ues ranging between —4.49%. and —2.05%.. With depth,
83C values of dolomite vary in range from —6.58%o to
—3.30%0 and 8'®0 values from 3.16%o to 5.64%.

Dolomite samples in the lake are more enriched in
5'80 and have a tendency to be more depleted 5'*C values
compared to the mixed carbonate samples. This variation
is visible in the stratigraphic profile (Figure 5A,B), which
shows a general trend of increasing 6'®0 and decreasing
8"3C values with depth.

4.4.2 | Total organic carbon (TOC) and
carbon to nitrogen ratio (C/N)

LFP sediments record low TOC values reaching up to 3.0%
in the Las Latas core and only up to 1.6% in the Salina
core (Tables S1 and S2). This can be observed along the
stratigraphic profiles (Figure 5A,B). The C/N ratio exhib-
its isolated high values, reaching up to ~80 in a few sam-
ples from the Las Latas core with no significant trend.
Contrary to the latter, the C/N ratio in the Salina core de-
picts a decreasing trend towards the top of the core.

4.4.3 | X-ray fluorescence analyses (XRF)

XRF data from the two sedimentary cores show varia-
tions in elemental composition throughout the sequence
(Figure 6A,B). Magnesium (Mg) content shows a slight
decrease towards the top of the cores, whereas the po-
tassium to silicon ratio (K/Si), along with aluminium
(Al) and iron (Fe), depicts an increase towards the top of
the core. Evaporative conditions in the lake are inferred
from calcium to titanium ratios [log(Ca/Ti)] and sulphur
(S) trends. The Ca/Ti ratio serves as a geochemical in-
dicator of calcium enrichment linked to in-lake mecha-
nisms, such as evaporation or biological activity (Brown
et al., 2007; Davies et al., 2015). Log(Ca/Ti) demonstrates
a positive correlation with sulphate layers throughout
both sedimentary cores, with a decrease towards the top
where gypsum becomes less abundant in the record.
Sulphur, indicative of the sulphate layers in the cores,
shows a consistent decreasing trend upwards in the Las

Latas core. Meanwhile, the Salina core displays a less pro-
nounced trend, with sulphur peaks occurring in variable
distribution. Within facies VI, distinct high sulphur peaks
occur in certain layers.

4.5 | Palynology

To have a general insight into the vegetation and the cli-
matic trends, pollen analysis was carried out. The analy-
sis was done as a preliminary approach by processing 21
samples from different depths and sedimentary facies in
the Las Latas core. Figure 5A shows a general increas-
ing trend in Artemisia from 1.27% up to 26.9% before
39calka, which is reflected in the gradual decrease of
the PCI from 8.25% to 0.03%. This is followed by a grad-
ual drop and a maintenance of generally low values of
Artemisia to 1.25%, with an increase in PCI to 5.2% at
almost 30calka, which will be further explained below.
During the shorter period between ~30 and 24.7 calka,
Artemisia increases, reaching its maximum at 27.3%
while PCI decreases, reaching 0.3%. This is followed by
the gradual decrease of Artemisia starting at the onset of
the Holocene, with some minor increasing events until
reaching a value of 8.8%.

5 | DISCUSSION

Playa lake deposits in closed basins are valuable ar-
chives for past climatic shifts. Even minor fluctuations
in evaporation or precipitation led to substantial changes
in lake water levels and salinity in closed-basin lakes
(Battarbee, 2000). These changes are reflected in the stud-
ied cores, where variations in lithology and geochemistry
suggest dynamic hydrological and geochemical condi-
tions. Additionally, variations in organic matter in sedi-
ments are influenced by paleoclimatic changes (Meyers &
Lallier-Verges, 1999; Ortiz et al., 2010) and serve as indica-
tors of paleoproductivity (Meyers, 1997).

5.1 | Carbonate dynamics in the playa
lake system

LFP shares characteristics commonly associated with an
actively evolving continental sabkha, where prolonged
aridity periods are interrupted by episodic flooding,
favouring shifts in water levels that affect sedimentation.
The presence of minerals such as dolomite and gypsum,
along with evidence of repeated phases of water influx
reflected by enhanced detrital input and desiccation,
suggests that conditions similar to those found in
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continental sabkha environments occurred at certain
times. This aligns with the idea that different lacustrine
hydrology systems lead to continental sabkhas being
widespread in ephemeral lake systems (Warren, 2016).
However, the wvariability in facies succession and
mineral precipitation in the studied cores indicates that
the system did not remain fixed but instead responded
dynamically to climatic and tectonic changes, with shifts
in water chemistry controlling carbonate and sulphate
precipitation. This is supported by the findings of
Jiménez-Bonilla et al. (2024), who concluded that the Las
Latas and La Nava faults, which were active during the
Quaternary, led to the migration of the lacustrine basin
and controlled its sedimentation over time.

Carbonate sedimentation is constrained by several
factors, including alkalinity, pH, salinity, temperature,
redox conditions, and organic productivity of the basin
(Gierlowski-Kordesch, 2010; Last, 1990; Mackenzie
et al., 1983). These physicochemical conditions are, in
turn, influenced by the lake's water balance and regional
climate. While XRF trends might generally indicate the
abundance of dolomite compared to other carbonate fa-
cies, the high Mg concentration in the groundwater of LFP
suggests an alternative explanation. Mg is likely incorpo-
rated into Mg-rich clays associated with the carbonates.
Therefore, there is no significant correlation between Mg
concentrations and the dolomite abundance throughout
the record (Figure 6A,B).

In the deeper intervals of both the Las Latas and Salina
cores, dolomitic mud lithofacies (I1I, IV, V, VI) reflect the
different episodes of dolomite precipitation within the
lake. Generally, the §'80 values in these sediments, which
are higher than those in facies I and II, indicate conditions
of intense evaporation with limited water influx, suggest-
ing that dolomite precipitation occurred under drier con-
ditions. The stratigraphic profiles show the recurrence of
facies, which suggests episodic changes in water availabil-
ity and chemistry in response to fluctuations in evaporitic
conditions over time. For example, facies V features dolo-
mite interlayered with primary microcrystalline gypsum
in well-defined laminations. These thin laminations that
alternate between sulphates and dolomite align with the
annual and inter-annual oscillations previously observed
in the water budget of the lake (Rodriguez-Rodriguez
et al., 2016b).

Furthermore, the high dolomite content, without a
corresponding increase in quartz or clay fractions, points
to an authigenic origin for the dolomite. This is supported
by SEM images (Figure 4), which reveal the preservation
of microbial compounds (EPS, bacterial voids, broken
bacterial cells) within the dolomite crystal structure at the
nanometric scale. As described in Section 4, the dolomite
aggregates exhibit spherical structures embedded in an

EPS matrix, which enhances the formation of dolomite by
providing nucleation sites for its precipitation (Bontognali
et al., 2014; Sanchez-Roman et al., 2008, 2011a, 2011b,
2025; Vasconcelos & McKenzie, 1997). These observations
are consistent with recent advances in the understanding
of dolomite formation in shallow saline environments.
Dolomite has traditionally been considered a diagenetic
mineral due to the lack of evidence for direct inorganic
precipitation at low temperature and pressure, even in
saturated solutions (Land, 1998). However, over the last
three decades, significant advances have been made in
the understanding of dolomite formation, particularly the
role of microbial processes in facilitating its precipitation.
Various saline, shallow environments were shown to pro-
duce dolomite with the help of bacteria, which facilitate
the specific physicochemical conditions required for its
precipitation within EPS-rich environments (Bontognali
et al., 2008; Sanchez-Roman et al., 2008, 2009a). Examples
of this process were documented in several modern
analogues, such as the Coorong Lakes in Australia
(Wright, 1999), Lagoa Vermelha in Brazil (Vasconcelos &
McKenzie, 1997), and sabkha systems of the Persian Gulf
(Sadooni et al., 2010; DiLoreto et al., 2019). LFP represents
a well-characterised shallow continental sedimentary set-
ting, where dolomite is the dominant carbonate phase in
several stratigraphic intervals and accumulates at high
sedimentation rates. The facies richest in dolomite (Facies
II1-VI) are associated with extreme aridity and commonly
co-occur with gypsum crystals, resembling sabkha-like
settings. In contrast, facies linked to wetter periods (Facies
I and II), characterised by ephemeral lake conditions,
contain lower percentages of dolomite. This facies distri-
bution highlights the potential for saline, shallow environ-
ments in arid regions to function as dolomite ‘factories’,
with sedimentation rates potentially comparable to those
observed in marine calcite-producing settings.

Moving upwards in the studied core records, mineralog-
ical profiles of the Las Latas and Salina cores reveal a major
event characterised by an abrupt shift in carbonate facies.
In the upper section (I and IT) of the Las Latas sedimen-
tary core, there is a transition to a dominance of calcite and
aragonite, while the Salina core shows a predominance of
only calcite (Figure 5A,B). This shift is accompanied by a
decrease in gypsum and an increase in quartz, indicating an
increase in detrital input. These changes suggest significant
flooding events, indicating increased water availability and
a relatively stable hydrological balance. Similar depositional
episodes were documented in regional playa lakes, where
calcite is prevalent in the upper (i.e. younger) sections of
the cores (e.g. Gil-Marquez et al., 2022; Giralt et al., 1999;
Martin-Puertas et al., 2009; Pérez et al.,, 2002; Queralt
et al., 1997; Valero-Garcés et al., 2000, 2006). Additionally,
the absence of lamination in these upper depositional layers
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suggests bioturbation under sustained oxic conditions in
the water column (Valero-Garcés et al., 2003). The carbon-
ate sediments, predominantly calcite and aragonite, exhibit
8°C values reaching —2%.. Facies I and II demonstrate
lower 830 values than other facies, indicating warmer and
more humid conditions.

The absence of aragonite in the upper part of the Salina
core in LFP, where dolomite is present instead, suggests
that the mid-eastern depocentre experienced chemical
conditions that did not favour aragonite precipitation.
Unlike the marginal zone (Las Latas core), where arago-
nite and calcite accumulated in the upper 6 meters, the
depocenter (Salina core) likely retained water for longer
periods due to slower desiccation (Figure 7). A shift to-
wards wetter conditions during the Holocene decreased
the salinity in the playa lake, inhibiting microbial precip-
itation of dolomite during the humid periods and thus fa-
vouring the precipitation of the other carbonate phases.
However, during periods of partial desiccation, the lake
water may have evolved into a brine that was retained in
the depocenter at the Salina core site. Sinchez-Roman
et al. (2009b) reevaluated the traditional view that sul-
phate inhibits dolomite precipitation, demonstrating
that in the presence of sulphate-reducing bacteria (SRB),
dolomite can still form at low temperatures. If sulphate
reduction was active in Salina, as it has been inferred to
be an active mechanism in LFP (Hobig et al., 2016), it
likely altered carbonate equilibria by increasing alkalin-
ity and modifying porewater chemistry, thereby favouring

A

Laguna Fuente —
Laslatas  de Piedra = =
o i

dolomite precipitation over aragonite. In addition, the
presence of organic compounds (e.g., EPS, broken bacte-
rial cells; Figure 4) probably facilitated this process by cre-
ating localised viscous microenvironments that enhanced
dolomite nucleation (Sanchez-Roman et al., 2011a). The
resulting increase in salinity in that part of the playa lake
created similar conditions to those during the earlier pe-
riods of dolomite formation in the Las Latas site, plausi-
bly explaining why dolomite preferentially precipitated
under these circumstances in Salina. The difference in
mineralogical evolution between the two cores highlights
variations in lake hydrology and geochemistry, indicating
how depositional setting controls carbonate precipitation
pathways in playa lake systems.

5.2 | Paleoclimatic reconstruction

The sedimentary records of LFP provide a multi-proxy,
paleoenvironmental investigation, offering valuable in-
sights into local and regional climatic trends, including
episodes of aridity and humidity. Based on age estimates
from the Las Latas core, the 46.2 m sedimentary sequence
in LFP is inferred to extend back to the Late Pleistocene.
As reported by Hobig et al. (2016), establishing chrono-
logical control in LFP is challenging due to the very low
plant organic content in the lake's core sediments and the
lake's highly dynamic response to regional environmental
and climatic shifts. Despite the constraints imposed on the
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FIGURE 7 Conceptual model of Laguna Fuente de Piedra illustrating the depositional processes during wet and dry periods in

the closed basin. (A) Wetter periods characterised by increased surface runoff, groundwater circulation and dissolution of pre-existing
evaporites, with physicochemical conditions favourable for calcite and aragonite accumulation. (B) Dry conditions promoting dolomite and
gypsum precipitation, with varying desiccation periods in the lake controlled by tectonic activity, influencing the water retention time and
the local geochemical conditions. Red dots show the Las Latas and Salina core sites.
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pollen data by their low resolution, they can still provide
insights into the general environmental trends affecting
the lake throughout its evolution. Previous paleoclimate
studies of Mediterranean sites have indicated the influ-
ence of Atlantic and Mediterranean climate oscillations
on the Iberian Peninsula (Camuera et al., 2022; Gonzalez-
Sampériz et al., 2006).

5.2.1 | Late Pleistocene

Lake sedimentary sequences in the Iberian Peninsula,
which cover the last glacial period in the Pleistocene
epoch and display responses to dry and wet climatic shifts,
are weakly reported in comparison to marine records.
This likely reflects the difficulties in establishing accurate
chronological records in lake sediments that could limit
the study of these climatic fluctuations.

The XRF data and the detailed images reported here
provide a better resolution than the XRD data in terms of
overviewing the sulphate layers, implying the formation
of evaporite layers in annual cycles during the last two
stages of the last glacial period. To better understand the
climatic patterns represented in the Las Latas sequence,
two paleoclimatic records from southern Spain are used
for comparison: Alboran Sea surface temperature (SST)
data for tracking past temperature fluctuations in south-
ern Spain (Martrat et al., 2004) and mean annual pre-
cipitation (MAP) reconstruction in Laguna de Padul for
identifying precipitation patterns across the southern
Iberian Peninsula (Camuera et al., 2022). The sulphur
counts in the studied core indicate periods of extensive
evaporite minerals precipitation, primarily observed in
the lower part of the Las Latas core (Figure 8). These data
show a slight negative correlation between sulphur counts
and both SST and MAP, suggesting that gypsum deposition
peaked during colder, drier periods of the last glacial. The
reconstruction reveals several abrupt stadial-interstadial
shifts during the last glacial period, characterised by geo-
chemical shifts and sedimentary facies changes. These
shifts may correspond to Dansgaard-Oeschger (DO) cy-
cles, which are repeated series of abrupt millennial scale
climate warming events identified in Greenland ice core
records (Dansgaard et al., 1984), as well as Heinrich
events, which are extreme iceberg discharge episodes doc-
umented in North Atlantic deep marine sediment cores
(Heinrich, 1988).

During Marine Isotope Stages (MIS) 3 and 2, clear
shifts in climatic conditions are noted in the Las Latas
record. A clear transition to an arid phase is marked by
an increase in 8'°0 at around 46.5calka, with a visible
sedimentary change from Facies IV to V that depicts
clear gypsum laminations. The PCI, which was applied in

various studies to distinguish between alterations in cold-
dry and warm-wet phases based on the ratio of thermic to
steppic taxa (Camuera et al., 2019, 2021; Jiménez-Moreno
et al., 2023; Joannin et al., 2011), shows a decreasing trend
during this period, suggesting cold and dry conditions
during the Late Pleistocene. Such an event in the western
Mediterranean, mainly in the Abric Romani sequence,
was subsequently associated with HE5 due to the cold-
phase aridity peaks by Burjachs et al. (2012). In south-east
Spain, the cold-dry event identified at ~46.5calka in the
Las Latas record can likewise be associated with HE5, for
which LFP exists.

After the cold-dry event at ~46.5calka, several prox-
ies in the Las Latas record indicate continuous climatic
fluctuations between wet and dry episodes. These include
distinct sulphur peaks, which suggest seasonal evaporite
precipitation during the periods of desiccation, while
wetter conditions favoured dolomite precipitation while
water was still present. In addition, significant changes in
carbonate mineralogy are observed, marked by episodes of
calcite and aragonite precipitation in the lake along with
dolomite between 12.5m and 20m depths, correspond-
ing to an approximate time range of ~33 and 25calka.
Taking into account the uncertainties associated with our
age model, HE3 is likely linked to the sharp decrease in
8'80 between approximately 29 calka, corresponding to a
change in lithofacies from V to III, representing a distinct
interruption of a dry climatic stage resulting in a notice-
able increase in moisture. In addition, this phase shows a
decline in Artemisia to 1.25%, indicating more humid but
still cold conditions during this event. This interpretation
is also supported by the simultaneous drop in sulphur
content, indicating the absence of evaporite precipitation
during this interval, consistent with wetter conditions.
This correspondence to a moist period in southeastern
Spain is also indicated by Camuera et al. (2022) in the
Padul record, in which the MAP reconstruction shows
higher values in that period in comparison with the dry
periods.

As the Las Latas sequence shows different climatic re-
sponses to Heinrich events, it is suggested that the HE2
event occurs approximately between ~24.8 and 23.5calka
(depth interval 11.5-12.3m), characterised by cold and
arid conditions. This period is marked by low organic
productivity, indicated by decreased TOC values, low lake
levels reflected by the high presence of evaporitic layers,
and reduced detrital input as shown by low Fe, Al, and K/
Si values. Additionally, an increase in 8'0 values suggests
enhanced evaporation, consistent with the given arid con-
ditions (Figure 5A).

During HE2, the pollen record from the Las Latas
sequence is characterised by low PCI values ranging be-
tween 0.1% and 0.3%, indicating cold and dry conditions.
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FIGURE 8 Correlation between local proxies from the Las Latas record in Laguna Fuente de Piedra (sulphur counts, §**0 values, pollen

data) and regional paleoclimate proxies, including mean annual precipitation (MAP) of the Laguna de Padul record (Camuera et al., 2022)
and sea surface temperature (SST) of the Alboran Sea record (Martrat et al., 2004). Marine Isotope Stages (MIS 1-3) are shown along with
potential intervals of Heinrich events (HE1-HES5) based on patterns observed in Las Latas record.

These patterns in HE2 are similar to previously reported
findings from central Spain (Fuentillejo maar-lake; Vegas
et al., 2010) and northeastern Spain (EI Portalet peatbog;
Gonzalez-Sampériz et al., 2006), highlighting a consistent
regional climatic response during this period. In addition,
the dominance of Artemisia, which reaches a maximum
of 27.3% in the pollen record, points to an expansion of
steppe and semi-desert vegetation. The geochemical data
with the associated vegetation assemblages indicate lake

drainage and desiccation during the period corresponding
to HE2.

Following HE2, sediment was partially recovered
within a timeframe that complicates the establishment of
a precise chronology for the last glacial maximum (LGM),
which may have occurred during this period. The litho-
facies were most likely deposited under generally cold
and arid conditions, characterised by seasonal scale cli-
matic oscillations, persisting until the transition into the
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Holocene between 23.5 and 11.7 calka. This cold and arid
phase aligns closely with the significant cold events re-
corded in the Alboran SST dataset, which could include
both the HE1 and Young Dryas events. TOC values remain
consistently low, with 8'%0 values staying relatively high,
accompanied by the continuous enrichment of Artemisia
and a marked depletion in PCI values.

Within this cold-arid period, a significant change in
mineralogy is observed between ~16 and 14.2 cal ka, char-
acterised by an increase in aragonite and calcite and a
decrease in dolomite to ~5%. Quartz input also increases
up to ~33%. The onset of this shift is marked by a sharp
decrease in 8'%0 values to —0.57%o. Together, these op-
posing signals relative to the cold-arid conditions suggest
a warmer and wetter climate compared to the preceding
events and likely correspond to an early regional onset
of Bolling-Allerod (B-A) interstadial. The hydrologi-
cal conditions of LFP during the B-A interstadial were
most likely controlled by groundwater, which provided a
continuous water supply throughout this humid period.
Previous regional pollen records show a forest develop-
ment during the B-A, associated with climatic conditions
such as temperature and precipitation similar to those ob-
served during the Holocene (Fletcher et al., 2010).

5.2.2 | Holocene

Following the Younger Dryas, the transition into the pre-
sent interglacial Holocene that began at approximately
11.7 calka is distinguished by a relatively more stable cli-
mate in comparison to the Pleistocene.

Generally, previously reported data from regional lakes
like Laguna de Salines (Burjachs et al., 2016), Laguna Seca
(Jiménez-Moreno et al., 2023; Lopez-Avilés et al., 2022)
suggest that hypersaline conditions after the end of the
Younger Dryas (11.7calka) likely persisted before tran-
sitioning to increasingly wetter conditions. In LFP, the
presence of thick laminated gypsum layers, interbedded
with thin carbonate-rich mud (facies IV and V), indicates
environmental conditions similar to those observed in
other regional lakes up until almost 11.3calka, in which
dry conditions persisted before the transition into a moist
phase. This implies that the lake water level likely re-
mained low throughout the Younger Dryas-Holocene
transition.

Following the period between ~11.7 and 11.3 calka, the
sedimentary facies show a reduced persistence of lami-
nation and a mixture of dark green to grey mud that is
attributed to seasonal flows from runoffs and streams,
which transported detrital input into the lake catchment,
causing rapid sediment accumulation during that period.
This is further supported by an increase in K/Si ratios in

this interval (Figure 6A), indicating enhanced clay influx
under wetter conditions. A positive correlation between
K and clay abundance, with its association to an increas-
ing detrital input, was reported in similar lake systems
(Moreno et al.,, 2011; Ramos-Roman et al., 2018). The
scarce occurrence of gypsum further suggests high lake
water levels, as rising water levels would inhibit evaporite
deposition. This period was also distinguished by a slight
increase in TOC values that are associated with the preser-
vation of organic matter and siliciclastic elements, indicat-
ing moist conditions. As mentioned previously, Camuera
et al. (2022) provided a quantitative reconstruction of the
MAP in Lake Padul, the oldest southernmost continental
archive in the Iberian Peninsula (range of 200calka), re-
flecting precipitation variations in southern Spain. Their
dataset reveals a significant increase in MAP from the
early Holocene onwards, which correlates with the depo-
sition of calcite and aragonite layers in LFP. Formation of
evaporites in the lake significantly decreased in this epoch
(Figure 8).

6 | CONCLUSIONS

Results suggest that LFP serves as a significant archive
for paleoclimatic and paleoenvironmental changes in the
western Mediterranean over the past ~50,000years. The
application of multi-proxy analysis, integrating geochemi-
cal and mineral-lithological data, has provided valuable
insights into the processes influencing saline playa lake
catchments.

The evaporite-dolomite associations identified in the
Salina and Las Latas sedimentary cores offer a robust
proxy record of past hydrological and climatic conditions,
contributing to our understanding of Quaternary climate
dynamics in arid and semi-arid regions. This interpreta-
tion is further supported by the dominance of dolomite in
the lower part of the cores, reflecting precipitation during
the Pleistocene, while aragonite and calcite become more
abundant in the upper sections. Their occurrence is most
prominent during the Pleistocene-Holocene transition
and extends into the Holocene. The authigenic formation
of dolomite, mediated by microbial processes, highlights a
key interface between biological and geochemical factors
in the system balance.

Transitions between dry and wet phases are represented
by six major sedimentary facies, each one reflecting specific
environmental conditions. These facies range from calcitic
and aragonitic mud to dolomitic muds with varying gyp-
sum content. The transitions in facies indicate significant
climatic shifts that influenced the deposition of both car-
bonates and evaporites in the lake. Drier and colder peri-
ods caused higher evaporative conditions, resulting in the
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formation of gypsum-dolomite couplets. These phases also
correspond to lower lake water levels. Wetter periods, on
the other hand, were marked by higher clastic input and
the precipitation of calcite—aragonite facies, associated
with a higher water table in the lake. Finally, the deposi-
tional history of LFP suggests that it does not represent a
stable setting but rather transitions between a playa lake
and a continental sabkha depending on the tectonic activity
and prevailing climate conditions. This study contributes to
paleoclimatic reconstruction in the Iberian Peninsula and
enhances our understanding of the factors driving carbon-
ate precipitation in semi-arid environments.
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