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Abstract
This contribution examines the climate variations reflected by a mainly la-
custrine succession spanning from 17.73 to 14.0 Ma in north-east Iberia, thus 
encompassing the Miocene Climatic Optimum (MCO). The study is based on 
the δ13C and δ18O composition of an array of carbonate facies and marl sam-
ples, complemented with sedimentological analysis, illite crystallinity index 
and magnetic susceptibility data. The onset and ending of the MCO have been 
detected at ca 17.10-17.06 Ma and 14.56 Ma, roughly equivalent to the bounda-
ries in the marine record, although with relatively short lags. The variability 
of the data series evidenced changes in humidity and air temperature through 
the MCO, some of which coincided with similar variations in other records. 
Specifically, an evolving positive shift in δ13C values, from 16.5 to 14.5 Ma, seems 
to fit the Monterey excursion observed in marine records. Likewise, increases 
in δ18O values between 16.8 and 16.5 Ma and between 14.85 and 14.56 Ma in the 
study succession concurred with warming intervals recorded in palaeosols of 
Central Europe, emphasising the coincidence with the temperature maximum 
at ca 16.6 Ma. A general decline in temperature and an increase in humidity 
are detected from 14.56 Ma, both with steeper trends until 14.41 Ma then more 
gradual onwards, indicating the beginning of the Middle Miocene Climatic 
Transition. These results shed light upon the tightly coincidental features be-
tween terrestrial and marine records over those time intervals and, more impor-
tantly, highlight the earlier warming and the faster cooling experienced by the 
lake system as compared with the marine record. These findings provide further 
evidence to help infer palaeoclimate conditions on a much broader reach than 
the regional context.
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1   |   INTRODUCTION

The lack of precise chronological data and often discon-
tinuous character of some continental records have con-
strained  the accurate study of not a few climate-related 
milestones in the Earth's history, for example, some phe-
nomena during the Cenozoic based on lacustrine depos-
its, when compared with the more numerous studies in 
the marine realm. One of the debated milestones con-
cerns the Miocene Climatic Optimum (MCO), the most 
recent, prolonged global warming period in the Earth's 
history. The boundaries of the MCO are set from the ma-
rine sedimentary record between approximately 17 Ma 
and 15-14 Ma, depending on the authors (Holbourn et al., 
2007; Westerhold et al., 2020; Zachos et al., 2001, 2008). 
Collectively, it has been characterised by the increase in 
temperature and humidity within a span of progressive 
cooling through the Neogene (Böhme,  2003). The short 
cooling period that follows the MCO is named the Middle 
Miocene Climatic Transition (MMCT) by some authors 
(Mourik et al., 2010; Westerhold et al., 2020).

Regarding the marine record, many palaeoclimate stud-
ies are based on information derived from foraminifera and 
other micro-biota, primarily using C and O stable isotopes 
of benthic foraminifera, in well dated sections (Holbourn 
et  al.,  2018; Steinthorsdottir et  al.,  2020; Westerhold 
et al., 2020; Zachos et al., 2001, among many others). In con-
trast to the numerous available marine records, continen-
tal palaeoclimate data from the MCO and the subsequent 
MMCT are poorly documented, mainly due to the frequent 
depositional hiatuses (Sun & Zhang, 2008) and lack of ap-
propriate deposits with precise dating. Therefore, the charac-
teristics of the beginning and ending of the MCO and their 
timing are not so well known in the continental record.

A variety of specific studies concerning palaeosols 
(Methner et al., 2020; Oerter et al., 2016; Sheldon, 2006) 
and diverse palaeobotany proxies, such as plant taxa 
(Kürschner et  al.,  2008; Pound et  al.,  2012; Zheng 
et  al.,  2019) and pollen (Sun & Zhang,  2008; Widera 
et al., 2021), together with other multidisciplinary studies 
on lake deposits (Grygar et al., 2017; Mandic et al., 2011), 
strongly indicate climate changes on both local and global 
scale during and close to the MCO interval. Additionally, 
the alteration index from clay minerals (Song et al., 2018 
and references therein) or the lake sediment organic geo-
chemistry (Lebreton-Anberrée et al., 2016 and references 

therein) have been used to establish short climate fluctua-
tions during the MCO.

In the Ebro Basin, in the north-east of the Iberian 
Peninsula (Figure  1A), a well-exposed lacustrine and 
distal alluvial record with available chronology, con-
trasted through magnetostratigraphy and biostratig-
raphy (Agustí et  al.,  2011; Pérez-Rivarés et  al.,  2018), 
provides the opportunity to explore in detail the char-
acteristics of the MCO record, as well as the underlying 
and overlying deposits.

The only known study in the Ebro Basin (western 
central area) having robust chronological data that deal 
with the lower portion of the MCO time interval is based 
on microvertebrates, ostracods and charophytes (Suarez-
Hernando, 2017). This author reported an overall increase 
in temperature starting ca 2 Ma earlier than in the marine 
record, and an increase in humidity at ca 16 Ma (Larena 
et al., 2020; Suarez-Hernando, 2017).

The characteristics of the lacustrine and associated 
continental sedimentary records are greatly dependent 
on a combination of parameters that are linked to tec-
tonics and climate (Bohacs et  al.,  2000, 2007; De Wet 
et al., 1998; Vázquez-Urbez et al., 2013). Tectonics may 
cause changes in basin development and lake hydrology 
through time due to modifications of the topography 
(e.g. relief rejuvenation and the allied sediment supply) 
and drainage patterns both in the catchment and in basin 
areas (Davis et  al.,  2009). Climate and climate-related 
parameters (temperature, precipitation, evaporation 
and the development of fauna and flora, i.e. vegetated 
covers), both in the catchment and in basin areas, for ex-
ample, the lake system, can strongly influence variations 
in the lake water level and the type and amount of sedi-
ment supply to the lake basin (Alonso-Zarza et al., 2012; 
Arenas & Pardo,  1999; Carroll et  al.,  2006; De Wet 
et al., 1998). For example, weathering and denudation in 
the catchment and nearby basin areas strongly depend 
on relief, precipitation and temperature (Einsele, 2000). 
Changes in the magnitude or intensity of all these pa-
rameters through time can be reflected by a variety of 
proxies that include sedimentary facies and facies asso-
ciations on diverse timescales, and geochemical, miner-
alogical, magnetic, and biological characteristics of the 
lake deposits. All these parameters complement each 
other and can provide reliable information on climate 
variations over diverse timescales.

K E Y W O R D S

illite crystallinity index, lacustrine record, magnetic susceptibility, Miocene Climatic 
Optimum, southern Europe, δ13C, δ18O
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The δ13C and δ18O composition of lacustrine and pa-
lustrine carbonate sediments has been shown to reflect 
climate and climate-related parameters that affect lake 

systems and their catchments (Alonso-Zarza et al., 2012; 
Hammarlund et  al.  2003; Kelts & Talbot,  1990; Leng & 
Marshall,  2004). Likewise, chemical alteration indexes 

F I G U R E  1   (A) Location map of the Ebro Basin in the north-east of the Iberian Peninsula. (B) Map showing the distribution of genetic 
stratigraphic units (Tecto-Sedimentary Units) described in the Ebro Basin (adapted from Muñoz et al., 2002). 1, Lanaja section; 2, San 
Caprasio section. Arrows show the location and flow direction of the Huesca fluvial system (HFS; Nichols & Hirst, 1998). (C) Simplified 
geological map with genetic stratigraphic units and lithofacies of the Sierra de Alcubierre (modified from Arenas & Pardo, 1999). LAN, 
Lanaja section; SAC, San Caprasio section.
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from lacustrine and palustrine deposits are also import-
ant proxies for climate reconstruction, for example, to 
infer the intensity of climate-related parameters affecting 
the sediment source areas, such as physical and chemical 
weathering, precipitation and temperature. In this con-
text, the illite crystallinity index has been used as a proxy 
for chemical weathering, through mineral hydrolysis, and 
therefore, surface air humidity (Arkai,  1993; Jaboyedoff 
et al., 2001; Thorez, 1989). Previous studies have shown the 
utility of this proxy in palaeoclimate studies of Miocene 
marine sediments (He et  al.,  2022; Ma et  al.,  2023) and 
continental successions (Wang et al., 2020), including lake 
deposits (Zeng et  al.,  2014). The illite crystallinity index 
has also been used in studies investigating the sediment 
source areas of the studied successions, for example, the 
Graus and Tremp basins (Arostegi et  al.,  2011; Bastida 
et al., 2017).

Other parameters used to indirectly inform on climate 
variations are the magnetic properties of some miner-
als, for example, magnetic susceptibility (MS). Magnetic 
grains can act as highly sensitive markers of palaeo-
climate and palaeoenvironmental changes (Maher & 
Thompson,  1999). The origin and post-depositional his-
tory of these grains can vary the concentration of mag-
netic minerals in the sedimentary record. The MS is used 
as an indicator of detrital sediment supplied to a basin 
which is related to changes in the catchment area that are 
often linked to climate (Ellwood et al., 2000; Geiss et al., 
2003; Mandic et al., 2011).

This contribution focusses on obtaining refined palae-
oclimate information from a sedimentary record in the 
Ebro Basin  using available stratigraphic, sedimentologic, 
palaeogeographical and chronologic information. The 
objectives include: (1) to deduce the climate character-
istics of the beginning and ending of the MCO through 
the stable isotope composition (δ13C, δ18O) of carbonate 
lacustrine and distal alluvial deposits in a mid-latitude re-
gion, setting the significant changes through time; (2) to 
complement these results with those gathered from the 
illite crystallinity index and MS data of the same sections; 
(3) to compare the results with information provided by 
other terrestrial and marine records and discuss the char-
acters of climate evolution and the timing offset of these 
changes.

By examining the climate variations reflected by a 
mainly lacustrine succession through the MCO, this con-
tribution sheds light upon coincidental and differential 
features between terrestrial and marine recordings, in-
cluding timing of outset and end of milestones or signif-
icant points in climate evolution, such as the Monterey 
event. These results may help further research to delve 
into the possible causes on a broader reach.

2   |   STRATIGRAPHIC, 
SEDIMENTOLOGICAL AND 
PALAEOGEOGRAPHICAL CONTEXT

The study area—Sierra de Alcubierre—is formed of up to 
ca 600 m thick distal alluvial siliciclastic and lacustrine 
carbonate and sulphate deposits that formed during the 
Early to Middle Miocene in the central Ebro Basin, north-
east Iberia (Figure 1A). Three genetic stratigraphic units 
(named T5, T6 and T7; Arenas, 1993; Muñoz et al., 2002) 

F I G U R E  2   Stratigraphic and magnetostratigraphic correlation 
of the Lanaja and San Caprasio sections in the Sierra de Alcubierre 
area and genetic stratigraphic units T5, T6 and T7 (based on 
Arenas, 1993; Arenas & Pardo, 2000; Pérez Rivarés et al., 2018). 
MCO span from several authors (Steinthorsdottir et al., 2020; Zachos 
et al., 2001). GPTS, Geomagnetic Polarity Time Scale. Absolute ages 
for epochs, stages and geomagnetic polarity from Ogg (2020).
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crop out in the Sierra de Alcubierre (Figures 1B,C and 2). 
In this area, the 370 m thick unit T5 mostly consists of 
gypsum, mudstones, dolostones and marlstones, passing 
laterally to the north and east to limestones and marls. 
Unit T6, which is 120 m thick here, is formed dominantly 
of limestones and marlstones, with occasional dolostones, 
mudstones and sandstones, and a gypsum-rich wedge at 
the upper portion. This evaporite-rich wedge corresponds 
to the Perdiguera Member as defined by Arenas  (1993) 
and Arenas and Pardo  (1999). Mudstones, marlstones, 
sandstones and limestones make up the younger unit 
(T7) in the study area, reaching thicknesses of up to 107 m 
(this record represents approximately the lower half of 
the unit; the complete unit crops out to the south-west of 
the study area). Magnetostratigraphic studies have dated 
these units to between 21.3 Ma and 13.5 Ma and estimated 
their duration as follows: 5.4 Ma for T5, 2.2 Ma for T6 and 
at least 0.9 Ma for T7 (Pérez Rivarés, 2016; Pérez-Rivarés 
et al.,  2018). The boundaries between these units in the 
studied area have been shown to be nearly synchronous, 
with differences ranging between 40 ka and 280 ka (Pérez-
Rivarés et al., 2018).

The sediment source area of units T5, T6 and T7 in the 
Sierra de Alcubierre was located in the south Pyrenean 
central unit, including the Pyrenean Eocene ± Oligocene 
basins, the Maastritchtian to Palaeocene Internal 
Sierras, and further north the Axial Zone of the 
Pyrenees (Figure 1B). The Huesca fluvial system (HFS 
in Figure 1B; named by Hirst & Nichols, 1986) was a dis-
tributary system that originated in the aforementioned 
zones and sourced the central lacustrine system, where 
the studied rocks formed. The outcropping deposits 
of this fluvial system are limited to the pre-T6 record. 
Sedimentological and mineralogical studies of units 
T5, T6 and T7 in the Sierra de Alcubierre indicated that 
these units were sourced by the same Pyrenean zones 
(Arenas & Pardo, 1999).

2.1  |  Sedimentological context

Siliciclastic mudstones and sandstones, marlstones, 
a wide variety of limestone and dolostone facies, and 
sulphate facies formed in distal alluvial plains and in lake 
systems within the study area. Based on the lithology and 
sedimentary structures, the following sedimentary facies 
are distinguished (Arenas, 1993): sandstones (S), mudstones 
(F), marls and marlstones (M), laminated limestones 
and dolostones (Ll; either with ripples, hummocky cross-
stratification or horizontal lamination), stromatolitic 
limestones and dolostones (Ls), massive bioclastic 
limestones and bioturbated bioclastic limestones (Lm, 
Lb). Sulphate facies include rippled, laminated, nodular, 

macrocrystalline and lenticular gypsum (Gr, Gl, Gn, Gmac, 
Gln). Their main features and depositional interpretation 
are summarised in Table 1 and illustrated in Figures 3 and 
4. The sedimentary facies model for lacustrine deposition 
during units T5, T6 and base of T7 (Figure 5) suggests that 
lake water-level variations and hydrodynamics (e.g. surge 
activity) controlled the formation of the different carbonate 
and sulphate sediments and a variety of overprinting 
features through time (Arenas & Pardo, 1999).

Based on sedimentological, mineralogical and stable 
isotope analyses, previous studies suggested an evolution 
toward decreasing aridity from unit T5 to T6, as evidenced 
by the change from dominant saline deposits to dominant 
freshwater lacustrine deposits (Arenas et  al.,  1997). The 
available sedimentological and palaeogeographical data 
indicate that the lacustrine system migrated southward 
as a result of Pyrenean thrusting since deposition of unit 
T5 onwards. Within this shift, unit T7 represents a sud-
den progradation of the Pyrenean fluvial system over the 
freshwater carbonate lacustrine system of unit T6 (Arenas 
& Pardo, 2000).

3   |   MATERIALS AND METHODS

3.1  |  The stratigraphic succession

Hard and soft sediment samples for textural, δ13C and 
δ18O, bulk mineralogy and clay-mineralogy analyses 
were collected through two sections (Figures 1B,C and 2): 
Lanaja (LAN) and San Caprasio (SAC). These sections 
offer an almost continuous sedimentary record through 
the Burdigalian to the early Serravalian, using dating de-
termined by the magnetostratigraphical studies of Pérez 
Rivarés (2016) and Pérez-Rivarés et al. (2018). The inter-
val from 17.80 to 14.0 Ma was selected for this study. The 
ages of diverse time spans and samples within these sec-
tions have been estimated from this magnetostratigraphi-
cal record by interpolation within every chron. Based on 
the depositional rates calculated by Pérez Rivarés (2016), 
the ca 185 ka gap in stable isotope information represents 
a thickness of approximately 13 m between the last sample 
of section LAN and the first sample of section SAC (see 
Figure 7 below).

3.2  |  Sampling and analytical techniques

Sampling in sections LAN and SAC was focussed on 
two intervals embracing the beginning and end of the 
MCO (Figure  2): (1) the lower interval, from 17.72 to 
16.30 Ma in LAN, and (2) the upper interval, from 16.12 
to 14.0 Ma in SAC. Mudstones, marls, marlstones and 
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limestones and dolostones were sampled for different 
purposes (Tables S1 and S2).

A minimum of 250 thin sections were prepared for 
sedimentological characterisation from the carbonate 
samples. The corresponding rock slabs were used to sam-
ple for δ13C and δ18O analyses. The soft samples were 
studied with the aid of a stereomicroscope. Thin sections 
and images were obtained from Servicios de Apoyo a la 
Investigación (SAI) of the University of Zaragoza, Spain. 
Observations and images were obtained using a petro-
graphic microscope, an Olympus AX-70, coupled with a 
digital photography camera, an Olympus E-330.

3.3  |  Mineralogy

The bulk mineralogical composition of 111 samples was 
determined by powder X-ray diffraction (P-XRD; results 
in Table  S2) using samples ground and sieved to 53 μm 
prior to analysis. The analyses were performed (a) at the 
University of Zaragoza, using a Phillips PW 1729 diffrac-
tometer, equipped with a graphite monochromator and 
Cu-Kα radiation; (b) at Scientific Services (SCSIE) of the 
University of Valencia, in a Bruker D8 Advance A25 dif-
fractometer, with linear focus Cu radiation and LYNXEYE 
XE 1-D detector, working at 40 kV and 30 mA; data evalu-
ation and identification were performed with different 
applications of the EVA program from Bruker AXS. The 
criteria of Warshaw and Roy (1961) were used for iden-
tification of phyllosilicates. Semi-quantitative estimates 
were carried out by the RIR method according to Davis 
and Smith (1989).

In mudstones and marlstones (71 samples), the illite 
crystallinity index as full width at half maximum value 
(FWHM) was determined. The FWHM of the 001 reflec-
tion (ca 10 Å) was measured in diffraction patterns of nor-
mal oriented aggregates of the clay fraction. Analyses were 
carried out at Scientific Services (SCSIE) of the University 
of Valencia.

3.4  |  Stable isotope analysis (δ13C and 
δ18O)

A total of 107 marls and marlstones, carbonate mudstones, 
limestones and dolostones were prepared for δ13C and 
δ18O analyses (results in Table  S1). Marls, marlstones 
and mudstones were carefully selected with aid of a 
stereomicroscope to avoid impurities, then ground and 
sieved to 53 μm. Hard-rock carbonate samples were selected 
from the same tablets used for thin section preparations, 
using a 0.5-mm diameter micro-drill powered by a 
micromotor (Navfram model N120 Micromotor 25,000 rpm 

with an electronic speed regulator, AB SHOT TECNICS SL, 
Cervello, Barcelona, Spain). The device was coupled with a 
stereomicroscope, which helped in the selection of samples 
minimally affected by cements, recrystallisation or fossils 
(also determined in thin section). Powdered samples (0.2–
0.5 mg) were stored in glass vials.

The δ13C and δ18O ratios were determined using a 
mass spectrometer (MAT-252, Thermo Finnigan; Thermo 
Fisher Scientific, Waltham, MA, USA) at Servicios 
Científico-Técnicos (CCIT-UB Serveis) of the University of 
Barcelona (Spain). The values were measured via CO2 ob-
tained in a Carbonate Kiel Device III (Thermo Finnigan) 
by the reaction of samples with 100% H3PO4 at 70°C for 
3 min (McCrea, 1950). The international standard NBS-19 
(δ13CVPDB = +1.95‰ and δ18OVPDB = −2.20‰) was used to 
calibrate δ13C and δ18O to the Vienna Pee-Dee Belemnite 
(VPDB). The results are reported in ‰ relative to VPDB. 
The overall reproducibility was better than 0.02‰ for δ13C 
and 0.04‰ for δ18O. The values of δ13C and δ18O are in 
Table S1.

Previous data of texture, mineralogy and partic-
ularly the δ13C and δ18O values published by Arenas 
et al. (1997) are also considered in this work to support 
and complete the newly obtained results and the inter-
vening stratigraphic portion between the newly sam-
pled intervals (Figure  2). Section SAC provided a total 
of 54 samples (labelled Alc), 30 of which are located 
between the two intervals sampled anew in this study. 
A total of 19 samples were from section LAN (labelled 
L). All samples are identified in Table S1. Dolomite was 
not removed from the carbonate and marl samples prior 
to the isotopic analyses because of difficulties with this 
procedure (Sreenivasan et al., 2023; Yui & Gong, 2003). 
Instead, in order to know how much the Mg-bearing 
carbonates bias the isotopic composition of calcium car-
bonate (i.e. calcite), the obtained values of δ18O for sam-
ples with dolomite and/or ankerite have been corrected 
based on the premise that the studied Mg-bearing sam-
ples are mostly primary precipitates (e.g. dolomicrite). 
These would have formed from the same parent water 
as calcite, either in the lake water or in the water pores 
very soon after calcite (Arenas et  al.,  1997) and linked 
to intense evaporation. Although dolomite always shows 
δ18O-enrichment with respect to calcite, there is no con-
sensus about this difference in natural environments 
such as lakes. Uncertainties came from different sources 
(see references in Horita, 2014; Sreenivasan et al., 2023). 
Specifically, in natural environments, the δ18O composi-
tion of dolomite can depend on a variety of parameters, 
like the stoichiometry and the degree of order/disorder 
of the dolomite or the presence of clay minerals (Bristow 
et al., 2012; Horita, 2014; Murray & Swart, 2017 and ref-
erences therein).
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8  |      ARENAS et al.

According to laboratory-based equations, the differ-
ence between δ18Ocalcite and δ18Odolomite, at low tempera-
ture, can be as much as 3.6‰ (Murray & Swart,  2017), 

although other authors give a narrower range (0.7–2.6‰; 
Horita, 2014). For natural dolomite in lakes, the correction 
ranges from 1 to 7‰ (Arenas et al., 1997; Valero-Garcés 
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      |  9ARENAS et al.

et al., 2000). In this paper, the δ18O values of samples con-
taining dolomite and/or ankerite have been corrected by 
a factor of 4‰ proportionate to the ratio dolomite + an-
kerite to calcite. This correction has been applied to sam-
ples having more than 10% dolomite + ankerite. It can be 
assumed that the resulting values are a rough estimate of 
the δ18O values of the calcites that would have precipi-
tated in equilibrium from the same parent water as do-
lomite (Arenas et al., 1997). No correction was applied to 
the δ13C values, as the relationship between the dolomite 
+ ankerite content and the δ13C values is unclear and the 
δ13C enrichment of Mg-mineral bearing samples is much 
lower than that of δ18O (Arenas et al., 1997; Horita, 2014; 
Valero-Garcés et al., 2000).

3.5  |  Magnetic susceptibility

The MS data available from Pérez Rivarés (2016) in sec-
tions LAN and SAC are used to complement the infor-
mation regarding climate and depositional environment 
deduced from other proxies. The values were calculated 
from the same samples used to determine the magnetic 
polarity zones in sections LAN and SAC. For MS meas-
ures, the selected lithologies were grey marls and red-
dish, orange and light-brown mudstones. Limestones, 
sandstones and coarse-grained lithologies were avoided, 
so that the results would be more comparable. Lithology 
selection yielded an average sampling density of one site 
per 1–2 m. A total of 158 sampling sites from the marl and 
mudstones beds were analysed through the ca 289 m thick 
LAN and SAC sections (Table S3).

The MS measurements were conducted at the 
Palaeomagnetic Laboratories of the University of Barcelona 
(CCiTUB-CSIC) using a Kappabridge KLY-2 (Geofyzika 
Brno) susceptibility bridge. The bulk susceptibility was mea-
sured in 15 different directions on at least one sample per 
site, and a mean value was calculated. Volume normalised 
MS (κ) has been used as an estimate of the abundance of 
magnetic minerals and the values have been expressed in 
dimensionless International System units.

3.6  |  Statistical treatment of data

For presentation purposes and inter data set comparisons, 
in order to reduce the data noise, the raw δ13C and δ18O 
values, including the already published data (Arenas 
et al., 1997), the calculated FWHM data from clay analysis 
and the raw MS mean values were smoothed using a local 
regression method (LOESS, Locally Estimated Scatterplot 
Smoothing) of the statistical program PAST software 
(Hammer et  al.,  2001; https://​www.​nhm.​uio.​no/​engli​sh/​
resea​rch/​resou​rces/​past/​). The smoothing parameter used 
was 0.15. These procedures allow samples to be compared 
and trends to be deduced by reducing uncertainties and 
outliers.

4   |   RESULTS

4.1  |  Mineralogy

The mineralogical composition of bulk samples is shown 
in Table  S2. Quartz, phyllosilicates and calcite are the 
main components. There are also significant amounts of 
dolomite and ankerite, mainly in section SAC. Carbonate 
minerals increase at the beginning of section LAN and de-
crease sharply at the end of section SAC, above the interval 
with high concentrations of dolomite and ankerite. Pyrite 
and haematite are more abundant at the end of section 
SAC. The mineralogical composition obtained through 
P-XRD analyses and optical microscope examinations of 
the newly studied samples along with that of the already 
studied samples yielded very consistent results, useful for 
palaeoclimate reconstruction (Table S2).

4.2  |  Texture and post-sedimentary  
processes

The post-sedimentary features observed in hand samples 
and thin sections were micro-spar and spar calcite 
cements, which appear in intergranular and mouldic 

F I G U R E  3   Field views of the study area, with details of the Lanaja and San Caprasio sections. (A) Alternating limestones (facies Lm 
and Lb) and marls with interbedded sandstone lenses and mudstones (Lanaja). (B) Alternating marls and limestones (facies Ll, Ls, Lb) with 
interbedded gypsum nodules (facies G) (lower portion of San Caprasio). (C) Boundary between units T6 and T7 on the southern side of the 
Sierra de Alcubierre. Note the change from light grey tabular limestone strata in unit T6 to ochre mudstones and sandstone beds at the base 
of unit T7. (D) Thick tabular limestone strata (facies Lm) with interbedded marls (facies M). Note ochre mudstones (facies F) at the base of 
picture (upper portion of San Caprasio). (E) Alternating bioclastic limestones (facies Lm, Lb, Ll), locally sandstones and marls (facies M). 
Middle part of San Caprasio. (F) Detail of the abrupt contact between bioclastic limestones (facies Lm, Lb) and overlaying stromatolites (Ls) 
and laminated limestones (facies Ll). Although it is not visible in the image, the contact is erosive (lower half of San Caprasio). (G) Detail of 
stromatolite (Ls) at the base of a laminated limestone strata (facies Ll). San Caprasio, onset of the Perdiguera Member. Chrons indicated on 
the right side of images help location of images in Figure 7.
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10  |      ARENAS et al.

F I G U R E  4   Photomicrographs of carbonate facies in the studied sections. Optical microscope with A–D using cross-polarised light. 
(A) Mudstone to wackestone containing gastropods, ostracods and charophyte fragments (facies Lm). (B) Wackestone with charophyte 
gyrogonites and charophyte fragments (facies Lm). (C) Wackestone with charophyte gyrogonites and charophyte fragments, and ostracods. 
Irregular cavities (black in colour) correspond to root traces (facies Lb). (D) Nodular limestone, resulting from bioturbation and desiccation 
(facies Lb). (E) Laminated limestone (facies Ll) formed of lime mudstone with interbedded silt-sized quartz grain laminae. Note the low-
angle cross-lamination. (F) Slightly undulating laminae in stromatolite (facies Ls), topped by silt-sized carbonate and minor quartz grains 
of a laminated limestone (facies Ll). Laminae in Ls consist of light and dark micrite and microspar calcite, at places including thin intervals 
formed of silt-sized quartz grains.
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      |  11ARENAS et al.

porosity. Dissolution and replacement features are not 
common. The studied carbonate samples consist of 
mudstones to wackestones, rarely packstones, containing 
diverse biota (facies Lm; Figure  4A,B). Root traces and 

calcite nodules and breccias are present in the bioturbated 
facies (facies Lb; Figure  4C,D). These features formed 
during or soon after deposition of lime mud as a result 
of lake water-level variation and plant activity, and 

F I G U R E  5   (A) Palaeogeographical schemes and (B) simplified sedimentary facies model for lacustrine systems of units T5, T6 and 
lower half of T7 in the central part of the Ebro Basin (Sierra de Alcubierre and Montes de Castejón). Modified from Arenas et al. (2007). 
Maps A1, A2 and A3 represent the distribution of depositional environments during certain time intervals corresponding to the upper part 
of unit T5 (A1: WL 1; A3: WL 3) and lower part of unit T6 (A2: WL 2); Line a in A2 indicates the approximate northern boundary of sulphate 
areas during WL 3. The model in B shows the different facies sequences and processes resulting from a continuous fall in lake water level 
from freshwater (HWL = WL 1) to saline carbonate (WL 2), sulphate (WL 3) and halite (WL 4) depositional environments. Sequence (B1): 
Distal alluvial to carbonate lacustrine expansion; sequence (B2): shallowing upward in saline carbonate environment; sequence (B3): 
shallowing upward in sulphate lacustrine environment and evaporite overprint. Legend for maps: 1: alluvial plain (distal sector of alluvial 
systems), with 2: sheet flows and 3: channelled flows; 4: palustrine margin; 5: freshwater carbonate depositional environments; 6: saline 
carbonate depositional environments; 7: surge-dominated area; 8: saline mud flat; 9: sulphate depositional environments. Localities: Alc 
Alcubierre, Al Almudévar, Lan Lanaja, E Ejea de los Caballeros, F Farlete, R Remolinos, Z Zuera. Legend for facies labels in Table 1.

Sections and samples

δ13C (‰VPDB) δ18O (‰VPDB)
δ18O(‰VPDB) 
(4‰)a

Average ± s Average ± s Average ± s

LAN + L + SAC + Alc −2.76 ± 1.12 −4.64 ± 2.17 −4.90 ± 1.52

N = 78 + 102 = 180

LAN + L (N = 78) −3.03 ± 0.90 −4.58 ± 1.74 −4.76 ± 1.28

Correl coef r 0.47 0.47

SAC + Alc (N = 102) −2.92 ± 1.13 −4.60 ± 2.84 −5.00 ± 1.68

Correl coef r 0.47 0.57

Note: Correlation coefficient (r) between δ13C and δ18O. LAN and L: Lanaja section; SAC and Alc: 
San Caprasio section. LAN and SAC: data obtained in this work; L and Alc: data from Arenas (1993) 
published by Arenas et al. (1997). See Table S1 for individual values.
aδ18O after correction of 4‰ of samples containing dolomite ± ankerite (see Section 3).

T A B L E  2   Average values of δ13C 
and δ18O (‰ VPDB) of samples analysed 
in the studied sections of the Sierra de 
Alcubierre.
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12  |      ARENAS et al.

thus, the textural features and isotopic composition of 
these facies are considered indicative of environmental 
parameters occurring in palustrine environments 
(Alonso-Zarza, 2003; Vázquez-Urbez et al., 2013). In the 
case of the laminated limestones, the detrital laminae 
that are interlayered within the dominant micrite or 
dolomicrite correspond to both carbonate and quartz 
grains (Figure 4E); scarce detrital content may also occur 
within some stromatolite laminae (Figure  4F). Some 
samples of facies Ll and Ls contain dolomite. There 
is no petrographic evidence of diagenesis within the 
dolomicrite samples. Dolomicrite is considered to have 
precipitated from the same parent water as calcite (i.e. 
without mixing of different water sources), very soon after 
calcite (see discussion in Arenas et al., 1997). Moreover, 
the large difference between calcite and dolomite δ18O 
values supports a dominant non-diagenetic precipitation 
process, as suggested by Valero-Garcés et al. (2000). Based 
on these observations and the careful selection of samples 
for analyses, the isotopic values of the studied samples are 
considered suitable for providing depositional, climate 
and hydrological information.

4.3  |  δ13C and δ18O composition

The δ13C values of the analysed carbonate-bearing 
samples range from −6.4 to 0.09‰, with a mean value of 
−2.76‰ ± 1.12. The δ18O values range from −9 to 3.66‰, 
with a mean value of −4.64‰ ± 2.17 (Table S1). However, 
average and correlation values vary depending on the 
sedimentary facies and also through time within the study 
sections (Tables 2 and 3; Figure S1).

4.3.1  |  Stable isotopes and sedimentary facies

The δ13C and δ18O values of the different sedimentary 
facies define fields that partially overlap each other, 
with average values that set apart the different groups of 
facies (Figure  6A,B; Table  S1), coinciding with previous 
results based on a smaller set of samples (Arenas, 1993; 
Arenas et  al.,  1997). Each facies and group of facies 
present consistent isotopic differences irrespective of the 
selected temporal interval and section (Tables  2 and 3). 
The stromatolitic and laminated facies (Ls and Ll), either 

T A B L E  3   Average values of δ13C and δ18O (‰ VPDB) of samples analysed in the studied sections of the Sierra de Alcubierre, grouped by 
sedimentary facies.

Section
Sedimentary 
facies

Number of 
samples

δ13C (VPDB) ‰ δ18O (VPDB) ‰ δ18O (VPDB) ‰ Correl coef r

Average ± s Average ± s Aver ± s (4‰)a (1) (2)

San Caprasio 
(SAN + Alc)

Ll 12 −2.52 ± 1.03 −4.87 ± 0.73 −4.87 ± 0.73

Ls 10 −2.62 ± 1.19 −4.44 ± 2.47 −4.82 ± 1.43

Ll + Ls 22 −2.57 ± 1.08 −4.68 ± 1.71 −4.85 ± 1.08 0.49 0.66

Lm 11 −3.50 ± 0.76 −5.92 ± 0.80

Lb 5 −3.01 ± 1.22 −5.61 ± 0.82

Lm + Lb 16 −3.42 ± 0.90 −5.86 ± 0.81 0.47

M 14 −2.25 ± 0.95 −1.71 ± 3.68 −2.93 ± 2.09

F 21 −3.38 ± 1.16 −5.56 ± 2.28 −5.92 ± 1.91

M + F 35 −2.93 ± 1.20 −4.02 ± 3.71 −4.73 ± 2.45 0.67 0.75

Lanaja 
(LAN + L)

Ll 15 −2.34 ± 0.64 −3.43 ± 1.80 −3.94 ± 0.85

Ls 3 −2.40 ± 0.46 −3.87 ± 1.21 −4.35 ± 0.56

Ll + Ls 18 −2.35 ± 0.60 −3.50 ± 1.70 −4.04 ± 0.81 0.35 0.35

Lm 9 −3.29 ± 1.30 −5.62 ± 1.61

Lb 14 −3.19 ± 1.24 −4.62 ± 1.49

Lm + Lb 23 −3.44 ± 1.09 −5.22 ± 1.17 0.44

M 15 −2.78 ± 0.57 −4.15 ± 2.42 −4.41 ± 1.69

F 19 −3.35 ± 0.70 −5.06 ± 1.28 −5.15 ± 1.12

M + F 34 −3.07 ± 0.70 −4.68 ± 1.87 −4.84 ± 1.41 0.39 0.35

Note: Correlation coefficient (r) between δ13C and δ18O: (1) using original δ18O values; (2) using δ18O values after 4‰ correction. Samples LAN and L: Lanaja 
section; Samples SAC and Alc: San Caprasio section. LAN and SAC: data obtained in this work; L and Alc: data from Arenas (1993) published by Arenas 
et al. (1997). See Table S1 for individual values. Shaded bands correspond to grouped facies.
Abbreviations: F, Siliciclastic fines (Mudstones); Lb, Bioturbated bioclastic limestones; Ll, Laminated limestones±dolostones; Lm, Massive bioclastic 
limestones; Ls, Stromatolites limestones±dolostones; M, Marls. marlstones (calcite±dolomite±ankerite).
aδ18O after correction of 4‰ of samples containing dolomite ± ankerite (see Section 3).
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      |  13ARENAS et al.

limestones, dolomitic limestones or dolostones, present 
similar δ13C and δ18O values, having the highest average 
values of all samples. In this group, the highest δ18O 
values, including those that are positive, are proportionate 
to the percentage of dolomite and ankerite in the samples. 
The massive and bioturbated bioclastic limestones (Lm 

and Lb) have similar δ13C and δ18O values, although with 
slightly more negative average δ18O values in the massive 
limestones than in the bioturbated. This group (Lm and 
Lb) presents the lowest average δ13C and δ18O values, 
while marls, marlstones and carbonate mudstones (M 
and F) have intermediate δ13C and δ18O values. In section 

F I G U R E  6   δ13C versus δ18O values (‰ VPDB) of all samples considered in this study (see Table S1 and Section 3 for details). (A) San 
Caprasio section. (B) Lanaja section. Samples with positive δ18O values contain significant amounts of Mg carbonates.
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14  |      ARENAS et al.

SAC, the δ18O values of the Mg carbonate-bearing samples 
change the average δ18O values towards higher values.

If the δ18O values of Mg carbonate-bearing samples 
are corrected to calcite isotopic values (as explained in 
Section  3) and only calcite samples are considered, the 
average δ13C and δ18O values of the three facies groups 
are clearly separate in the two sections (Figure  6A,B; 
Table 3).

4.3.2  |  Evolution of δ 13C and δ 18O values 
through time

The tendencies of the δ13C and δ18O values from single 
or grouped sedimentary facies (e.g. mudstones and marl-
stones, massive and bioturbated bioclastic limestones and 
laminated carbonate and stromatolitic facies) through 
time are similar to each other (Figure S1). Therefore, all 
the data can be used as single sets of values to infer the 
climate-related, depositional and hydrological processes 
of the studied succession. The LOESS smoothing of the 
δ13C and δ18O values series (as explained in Section  3) 
unveils several evolutionary trends (Figure  7). These 
smoothed trends are discussed below and compared with 
time series literature. Up to five main distinct trends can 
be distinguished in the evolution of δ13C and δ18O values 
through the LAN and SAC sections (Figure 7):

1.	 In the LAN section, both δ13C and δ18O values show 
generally increasing trends; most values of δ13C are 
between −4 and −2‰ while δ18O values have a much 
wider range of variability. Two intervals, designated 
segments a and b, are as follows:
a.	From the base of section (sample LAN-46) to 99–

103 m (samples L-52b to L-59b), ca 17.73 to 17.10–
17.06 Ma. This segment shows δ13C values increasing 
from the base (sample LAN-46) to 66.8 m (peaking 
at sample L-101; 17.52 Ma), then decreasing to 99–
103 m (samples L-52b to L-59b). The δ18O values first 
delineate a gentle rise roughly coinciding with the 
peak δ13C value at 66.8 m, then continue with an 
overall decrease to the end of segment.

b.	From the end of segment a to 169 m (sample LAN-
204), corresponding to ca 16.31 Ma. A generally 
increasing trend in the δ13C values extends through-
out. The values of the upper half are less variable 
(mostly between −2 and −3‰; from 128 m, samples 
L-109 and LAN-162A, to the top) than those below. 
The δ18O values also show an overall increasing 
trend. Several oscillations are depicted, with a latest 
maximum around 158 m. From this maximum to the 
top of this segment, there is a distinct shift to more 

negative values, with a narrower range of variability 
(−3.8 to −6‰) than seen below. This uppermost part 
spans from ca 16.43 to 16.31 Ma.

2.	 In the SAC section, overall decreasing trends are de-
picted by both δ13C and δ18O values, although the trend 
in δ18O values is interrupted by a sharp increase in the 
second third. In detail, four segments, designated c, d, 
e and f, are as follows: 
c.	From the base of the section (sample Alc-1a) to 

133 m (samples SAC-141 and SAC-142), ca 16.12 to 
14.86. The δ13C values in interval c are highly vari-
able (most being within 0 to −4‰). There is a gentle 
maximum close to the base, at 59.9 m (sample Alc-
12), at 15.94 Ma, and a broad minimum at the end 
of segment c centred on sample SAC-134 (125 m; 
14.97 Ma). The δ18O values show a chiefly parallel 
evolution to those of δ13C values, but with low δ18O 
values extending up to the end of the segment.

d.	From the end of segment c to 153 m (sample SAC-
159), corresponding to 14.56 Ma. The δ13C values 
have a narrower range of variability (−2 to −1‰) 
with respect to segment c, the relative increase peak-
ing at 147 m (sample SAC-155), at 14.62 Ma. The δ18O 
values are in a clearly defined set with a sharp be-
ginning and a sharp end, having extreme variability, 
from −5 and −7‰ to +1 and +3.6‰.

e.	From the end of segment d to 167 m (up to sample 
SAC-174A), corresponding to 14.41 Ma. An acute 
decrease is shown in the δ13C values, evolving from 
ca −1.5 to −5‰. Likewise, the δ18O values show an 
abrupt decrease, evolving from ca −4.5 to −8.5‰.

f.	 From the end of segment e to 210.1 m (the last ana-
lysed sample: Alc-197c), corresponding to 14.0 Ma. 
Overall, the δ13C values decrease, showing a wide 
range of variability (from 0 to −5, with most sam-
ples being between −2 and −5‰). In contrast, δ18O 
values delineate a smooth increase through seg-
ment f, showing a wider range of variability (from 
−2.5 to −8.2, with most samples being between 
−4 and −7‰). From 193 m (sample SAC-191, ca 
14.15 Ma) onwards, the trends in δ13C and δ18O 
values change from roughly parallel to opposing 
trends.

The calcite δ18O values calculated from dolomite and/
or ankerite-bearing samples (4‰ correction factor; see the 
Section 3) define the same increasing or decreasing trends 
as those without correction. In the case of segment c, the 
trend of the corrected δ18O values is parallel to the δ13C 
trend. In interval d, the calculated calcite values define a 
clear set, with less negative values, but still with sharp be-
ginning and end.
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      |  15ARENAS et al.

4.4  |  Illite crystallinity index (FWHM)

The FWHM values range from 0.105 to 0.354 in the LAN sec-
tion (x = 0.167); in the SAC section, they are slightly lower, 
ranging from 0.100 to 0.247 (x = 0.145). The variability is 
also lower at SAC (s = 0.039 at SAC and s = 0.052 at LAN). 
Roughly, FWHM values seem to increase through the sec-
tion at LAN, while they decrease through the section at SAC 
(Figure 8C). Like the evolution in stable isotope values, the 
smoothed crystallinity index line allows several intervals to 
be distinguished through time. However, it should be taken 
into account that this evolution corresponds to fewer data 
points than the isotopic trends, with a long gap between the 
LAN and SAC sections that spans 16.3–15.1 Ma. Three inter-
vals have been identified (Figure 8C):

1.	 From 17.7 to 17.1 Ma (segment a), the FWHM values 
oscillate below ca 0.15.

2.	 From 17.1 to 16.3 Ma (segment b), there is a gentle in-
crease, peaking at the maximum value of 0.21, at ca 
16.9 Ma.

3.	 From 15.1 to 14.0 Ma, the trend decreases, first more 
steeply to ca 14.9 Ma, then more gently. At 14.3 Ma there 
is a turning point, with a minimum value of 0.111, then 
gently rising up to 13.9 Ma (upper part of segment f).

4.5  |  MS data

MS curves show variations due to changes in the concen-
tration of fine-grained magnetic minerals (Figure  8D). 
The sharpest change occurs between 14.6 and 14.4 Ma 
(SAC section), with a significant increase concurrent with 
a decrease in FWHM values (Figure 8C). The lowest MS 
values coincide with the highest δ18O values and a δ13C 
maximum around ca 14.62 Ma (Figure 8A,B).

5   |   DISCUSSION

In closed-lake systems dominated by chemical precipita-
tion, as in this case, the lake-level variations are related 
to water input, either groundwater or surface supply, and 
evaporation, primarily dependent on climate conditions 
(Alonso-Zarza et  al.,  2012; Gierlowski-Kordesch,  2010; 
Kelts & Talbot,  1990; Valero-Garcés et  al.,  2000). These 
variations are reflected by changes in mineralogy, sedi-
mentological features and geochemical composition of 
the sediments, either as single sedimentary facies or as fa-
cies associations over different timescales. Likewise, the 
spatial distribution of lithofacies belts through time can 
also reflect such lake level changes (Figure 5A; Arenas & 
Pardo, 1999; Platt, 1989).

The evolution of the illite crystallinity index and MS 
of distal alluvial, lacustrine and palustrine sediments 
through time are often used to estimate rates of climate-
associated chemical and/or physical processes within the 
watershed and are transferred to lake systems (Bastida 
et al., 2017; Mandic et al.; 2011; Song et al., 2018). Illite is 
an inherited mineral within the fine detrital deposits of al-
luvial and lake systems. Since the illite crystallinity index 
depends on the intensity of sediment hydrolysis, it rep-
resents the intensity of chemical alteration (weathering) 
in the source area. The larger the index, the more intense 
the chemical alteration undergone by these sediments. In 
terms of climate parameters, the illite crystallinity index 
reflects a warmer and/or humid scenario in the source 
area.

The oxygen isotopic composition of lake water de-
pends on (1) the isotopic composition of the rainfall, its 
temperature and amount, (2) humidity and evaporation 
and (3) groundwater inflow (Deocampo,  2010; Leng & 
Marshall, 2004; Talbot, 1990; Valero-Garcés et al., 2000). 
In closed lake systems, the effects of evaporative pro-
cesses on the lake water composition can be intense and 
also on the interstitial water in the exposed areas sur-
rounding the lake. Changes in the precipitation/evapora-
tion ratio (P/E) produce effects on the δ18O composition 
of lake and interstitial water that are opposite to those 
caused by temperature changes. Thus, the evolution of 
δ18O values of the resulting deposits cannot be inter-
preted as a function of a single parameter. If no major 
changes in the water sources are produced, a decrease in 
δ18O values of the deposits can be interpreted in terms 
of increasing P/E or hydrological balance or lake water 
renewal (due to increased inputs of isotopically lighter 
water) and decreasing air temperature (as cool precipita-
tion is isotopically lighter than warm precipitation). The 
effects of temperature on δ18O fractionation during car-
bonate mineral precipitation are considered of second-
ary importance with respect to the temperature effects on 
the δ18O values of the meteoric water (Deocampo, 2010; 
Dworkin et al., 2005).

In the case of the carbon isotopic composition, the 
dissolved inorganic carbon in the lake water depends on 
(1) the source rock composition; (2) the biological activ-
ity in and around the lake and watershed, including soil 
development, and thus the 12C contribution to the lake 
system; (3) photosynthesis in the lake water; and (4) the 
atmospheric-CO2 equilibration with dissolved carbonate 
species in the lake water (Leng & Marshall, 2004; Talbot & 
Kelts, 1990). Assuming the δ13C source rock and ground-
water composition of the lake did not change through 
time, a decrease in δ13C values of the deposits can be inter-
preted in terms of increasing humidity, with rising plant 
and soil development.
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16  |      ARENAS et al.

F I G U R E  7   Stratigraphic sections (Lanaja and San Caprasio) with location of samples and their δ13C and δ18O composition. The 
diverse segments (a–f) correspond to smoothed tendencies and are described in the main text. Some ages and sample labels are indicated 
for guiding. Smoothed curves have been calculated by LOESS method (locally estimated scatterplot smoothing). For geomagnetic polarity 
(Ogg, 2020), see Figure 2.
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      |  17ARENAS et al.

5.1  |  Mineralogical, sedimentological and  
δ13C and δ18O composition of the  
sedimentary facies: sedimentary context,  
hydrology and climate

The newly obtained mineralogical, textural and δ13C 
and δ18O results are consistent with previous studies 
of the same area (Arenas et  al., 1993, 1997; Arenas & 
Pardo,  1999) which indicated that the several sedimen-
tary facies formed as a result of distinct depositional, cli-
mate and hydrological conditions, that is, primarily those 
defined by sediment supply, water input (precipitation 
versus evaporation) and hydrodynamics. Likewise, these 
authors concluded that the isotopic compositions of the 
facies and their variations through time were related to 

the depositional sedimentary conditions, which depended 
on climate variations over different timescales.

In brief, mineralogical, sedimentological and δ13C and 
δ18O results (Figure 6 and Figure S1; Tables 1 and 3) suggest 
that massive and bioturbated bioclastic limestones (with 
the lowest δ13C and δ18O values) formed in freshwater (cal-
cium bicarbonate water) with diverse and abundant fauna 
and flora. These facies developed on low slope lake margins, 
including palustrine fringes, at times of high lake water lev-
els (Figure 5A1,B1), during periods of considerable water 
input, likely coinciding with wet conditions (cf. Arenas & 
Pardo, 1999; Platt, 1989). Laminated and stromatolitic facies 
(with the highest δ13C and δ18O values) represent saline, 
calcium-bicarbonate-rich water in which microbial mats 
developed and wave activity formed a variety of structures 

F I G U R E  8   Comparison between (A) δ13C and (B) δ18O isotope records (this work), (C) variations of FWHM of 001 reflection (ca 10 Å) 
from clay fractions (this work); (D) k, volume normalised magnetic susceptibility (Pérez Rivarés, 2016) from Lanaja and San Caprasio 
sections; (E) and (F) Cenozoic global reference benthic foraminifer carbon and oxygen isotope dataset (CENOGRID) from ocean drilling 
core sites spanning 17.8–14 Ma. Smoothed curves in A, B, C and D have been calculated by LOESS method (locally estimated scatterplot 
smoothing); δ18O values are those after 4‰ correction for dolomite and/or ankerite. Absolute ages for epochs, stages and geomagnetic 
polarity from Ogg (2020). (1) Holbourn et al. (2015), Steinthorsdottir et al. (2020), Westerhold et al. (2020): 17-16.9 to 14.7-14.6 Ma; (2) 
Holbourn et al. (2015): 14.7 to 13.8 Ma; (3) Holbourn et al. (2007, 2015); (4) Methner et al. (2020); (5) Westerhold et al. (2020). Oblique white 
lines on light red (1) and blue (2) vertical bands represent the main range of ages proposed by different authors for the beginning and end of 
MCO and the beginning of MMCT.
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18  |      ARENAS et al.

(Martín-Bello et al., 2019a, 2019b). These two facies were 
associated with lower lake water levels, during periods of 
less abundant water input, likely coinciding with arid or 
less humid conditions (Figure 5A2,B2). Dolomite and an-
kerite could precipitate in such conditions, from lake and 
interstitial water, directly from the lake water and pene-
contemporaneous to calcite (Arenas et  al.,  1997; Casado 
et al., 2014; Pavelić et al., 2022). Marls, marlstones and car-
bonate mudstones (with intermediate δ13C and δ18O val-
ues) are associated with periods of surface water supply to 
the lake. Deposition took place in sublittoral and offshore 
areas. In arid conditions, lowering lake levels would cause 
such marly areas to become saline mud flats in which Mg-
carbonate and Ca-Mg sulphate minerals could form inter-
stitially (Figure  5A3). Calcium sulphate and halite facies 
formed in salinas and in saline mud flats (Figure 5A3,B3; 
Salvany, 1997). These evaporative facies reflect the lowest 
lake water levels and were associated with very arid phases. 
Siliciclastic mudstones and sandstones interbedded through 
the studied sections represent distal alluvial sediments, 
which deposited on the alluvial plains and also entered the 
lake. Other studies on lake systems have suggested similar 
sedimentological interpretations of the carbonate and sul-
phate lacustrine deposits (Gierlowski-Kordesch, 2010; Graf 
et al., 2015; Pavelić et al., 2022; Rhodes & Carroll, 2015).

Regarding the composition of the three groups of carbon-
ate facies in the LAN and SAC sections (Figure 6, Table 3), 
in the case of δ13C, the average values of the three groups 
of facies are very similar in the two sections; only a small 
difference concerns facies Ll and Ls, which are on average ca 
0.3‰ more negative in SAC than in LAN, likely suggesting 
overall slightly higher humidity and soil-derived CO2 input 
in the SAC section. The average δ18O values of facies groups 
Lm + Lb and Ll + Ls are lower in the SAC section than at 
LAN (regardless of mineralogy), indicating overall higher 
P/E after ca 16.1 Ma. Carbonate mudstones, marls and marl-
stones have similar average δ18O values in both sections, 
but the large dispersion precludes stating clear differences 
through time. The aforementioned differences based on the 
isotopic composition of all the facies through time are con-
sistent with those described by Arenas et al. (1997) consid-
ering units T5, T6 and T7 as temporal units for comparison.

5.2  |  Evolutionary trends of δ13C and δ18O 
values, illite crystallinity index and MS 
through time in the Ebro Basin

5.2.1  |  δ 13C and δ 18O values

For evolutionary and correlation purposes, the δ13C 
and δ18O values of the two studied sections have been 
reunited and treated as single sets of data representing 

time series, using the same LOESS smoothing conditions 
as in the case of Figure 7 (Figure 8A,B). In these series, 
the δ18O values of Mg-bearing carbonate samples are 
those corrected by 4‰, as explained in the Section  3. 
The interval from 16.2 to 15.4 Ma has a lower sampling 
frequency compared to the intervals below and above. 
There is a short gap between the two sections (ca 185 ka) 
and a longer gap (ca 300 ka) devoid of isotopic data within 
the SAC section. Nonetheless, the available data add 
information on the climate and depositional conditions 
in the interim between the beginning and ending of the 
MCO.

The evolution of δ13C and δ18O values through time 
shows several distinctive trends that do not always run 
parallel to one another or are not fully synchronous 
(Figure 8A,B). Several intervals and trends can be seen on 
different scales.

Regarding the δ13C smoothed line, on a broad scale 
and using as a central reference value the δ13C average 
from all samples (−2.7 ± 1.2‰), three clear intervals can 
be distinguished (Figure  8A). The first interval spans 
from 17.7 to ca 16.8 Ma. Most values are lower than the 
average, having an increasing–decreasing–increasing 
evolution, with the minimum at ca 17.10 Ma. The sec-
ond interval spans from ca 16.8 to 14.5 Ma, with most 
values higher than the average, and two maxima at ca 
16 Ma and 14.6 Ma. The third interval spans from ca 14.5 
to 13.9 Ma and has most values below the average, de-
picting a clear decreasing trend. These values represent 
the lowest δ13C values throughout the section. Within 
these three broad intervals, some peaks or evolution-
ary tendencies mark several smaller δ13C trends. Some 
of these smaller trends broadly coincide with those 
obtained using thickness data (Figure  7). Together, in 
terms of varying humidity, and the associated biota and 
soil development, the δ13C variations in the studied sec-
tions represent (Figure 8A):

1.	 An initially oscillating variation, with a minimum 
around 17.4 Ma, a maximum between 17.10 and 
17.06 Ma, and then a drop until ca 16.8 Ma, coincid-
ing with segment a and part of segment b.

2.	 Since 16.8 to ca 16.5 Ma, more or less stable humidity 
conditions occurred, with the δ13C line coinciding with 
the average value, covering a long part of segment b.

3.	 After this steady situation, humidity first decreased up 
to ca 16 Ma and then gradually rose up to 15–14.9 Ma, 
that is, most part of segment c.

4.	 A fall to a relative minimum in humidity is recorded at 
ca 14.6 Ma, parallel to the end of segment c and most of 
segment d.

5.	 From 14.6 to 13.99 Ma humidity increased; first sharply 
up to ca 14.41 Ma (segment e)—reaching δ13C values 
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similar to those at 17.1 Ma—and then more gradually 
up to a maximum humidity at 13.99 Ma (segment f).

The latter situation (segment f) agrees with large water 
and sediment supply to the lake basin. The opposite con-
text, poor lake water renewal during arid periods, would 
favour atmospheric-CO2 equilibration with the carbonate 
species in the lake water, leading to higher δ13C calcite 
values (e.g. relative maximum within segment a, begin-
ning of segment c and most segment d). In this respect, 
the isotopic increases within the poorly sampled inter-
val might have been exaggerated by local effects related 
to the offshore position of the SAC section, in which the 
lake water would experience high atmospheric-CO2 equil-
ibration and evaporation effects during periods of low 
lake water level. Maximum δ13C values are recorded in an 
interval dominated by laminated and stromatolitic facies 
(Ll and Ls) at the beginning of the SAC section (base of 
segment c in Figure 7). These facies formed during peri-
ods of lowered lake level due to reduced water supply and 
high evaporation, resulting in saline carbonate lake water 
(Figure 5A2,B2).

The δ18O smoothed line also delineates distinct inter-
vals with respect to the average δ18O value (−4.9 ± 1.5‰) 
from all samples (Figure 8B). These intervals are almost co-
incident with those distinguished based on thickness data 
in Figure 7. The changes indicated by the δ18O smoothed 
line can be interpreted as a function of (i) the P/E and the 
associated lake water level variations or changing lake 
water renewal, and (ii) the air temperature (Tair), which 
influences the evaporation rate and, above all, the rainfall 
δ18O composition and thus the δ18O composition of the 
lake water (Figure 8B). Following these ideas, the studied 
sections record:

1.	 An increase in P/E from 17.73 Ma up to approximately 
17.30 Ma, that is, the lowest values of segment a.

2.	 This is followed by a slow drop in P/E, reaching a peak 
at ca 16.6 Ma, that is, the highest values of segment b.

3.	 Mostly stable conditions seem to have characterised a 
long period between 16.1 and 15 Ma (most of segment 
c). This long stable period includes the poorly sampled 
interval; thus, other variations, if any existed, might not 
be recorded by the δ18O smoothed line.

4.	 A rise of evaporation (low P/E) is inferred from the 
sharp increase in δ18O values, starting at ca 14.9 Ma 
and reaching a maximum at 14.62 Ma (within segment 
d); whether it is associated with an increase in Tair is 
unclear. These conditions could favour the precipita-
tion of dolomite and ankerite, as recorded by the marl 
deposits that yielded the highest δ18O values. Likewise, 
some marls, marlstones and limestones in this inter-
val reflect the effects of shallowing and evaporative 

processes through the presence of nodular gypsum, 
both scattered and forming beds. This isotopically 
heavy interval partly coincides with an evaporite-rich 
depositional wedge, that is, the Perdiguera Member 
(Arenas,  1993; Arenas & Pardo,  1999). Nonetheless, 
the intense effects of high evaporation could have oblit-
erated the opposite effects of an initial cooling on the 
δ18O composition of the lake water.

5.	 After that evaporation peak, a sharp rise in P/E is repre-
sented by a drop in δ18O values from 14.56 to 14.41 Ma 
(segment e), followed by a gentle increase in P/E up 
to 14.15 Ma; from this time a slight decrease in P/E is 
recorded up to 13.99 Ma (segment f).

The overall increase of the P/E after 14.56 Ma favoured 
the following: (i) the final phases of lake expansion, as 
recorded by the abundance of massive and bioturbated 
bioclastic limestones up to 14.44 Ma (i.e. the bound-
ary between units T6 and T7), (ii) the growth of vegeta-
tion and (iii) the development of the fluvial system, that 
is, the Huesca system, providing freshwater to the lake. 
Distal fluvial deposits are interbedded with the dominant-
freshwater lacustrine deposits in this younger part of the 
section (i.e. belonging to unit T7). The rise in P/E may have 
coincided with Tair diminishing, which would have slowed 
down the chemical alteration in the catchment area.

5.2.2  |  Illite crystallinity index (FWHM)

Given that illite in the studied lacustrine and dis-
tal alluvial sediments is an inherited mineral (Bauluz 
Lázaro et  al.,  1994), the oscillations defined by FWHM 
(Figure 8C) can be interpreted in terms of variations in 
the degree of chemical alteration in the sediment source 
area (Mesozoic and Cenozoic detrital rocks and carbon-
ate rocks of the Pyrenean Central Unit and Palaeozoic 
formations of the Pyrenean Axial Zone). Low values 
are recorded from 17.7 until 17.1 Ma (segment a), then 
the chemical alteration strongly increases, reaching a 
maximum at 16.9 Ma, and then decreases until 16.7 Ma 
(within segment c). From 15.1 Ma onwards, the chemi-
cal alteration decreases, first rapidly until 14.9 Ma, then 
slowing down, with a gentle rise at the end of the record. 
In general, chemical alteration increases in the section at 
LAN and decreases at SAC.

The increase in P/E inferred from the stable isotope 
composition of the studied deposits since 14.56 Ma on-
wards mostly coincides with low FWHM values, which 
indicates low chemical alteration (Figure 8C) and is con-
sistent with low Tair. Therefore, in the study area, dimin-
ishing Tair accompanied the increasing P/E from 14.56 Ma 
to the end of the studied section (13.99 Ma).
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5.2.3  |  Magnetic susceptibility

Lake sediments with higher concentrations of terrigenous 
material are generally characterised by a higher concen-
tration of magnetic minerals (Geiss et  al.,  2003), so MS 
studies can characterise changes in detrital inputs that 
may reflect environmental responses to changes in cli-
mate. However, variations in detrital inputs into the lake 
basin could also be linked to changes in the relief of the 
sediment source area caused by tectonics. Increases and 
decreases in MS values of the predominantly lacustrine 
intervals through the two studied sections would be in-
dicative of variations in the input of detrital material dur-
ing changes in lake level. The MS minimum values are in 
segment d, fitting relative arid and warm conditions, as 
suggested by the highest δ18O values and the relative δ13C 
maximum at around 14.62 Ma (Figure  8A,B). However, 
the large increase in MS values above 14.5 Ma (Figure 8D) 
coincides with a significant increase in the supply of de-
trital material into the basin (Figure 2), concurring with 
the dominantly humid and cold conditions indicated by 
the δ13C and δ18O values, and with the low chemical al-
teration inferred from the FWHM variations in the same 
time interval (Figure  8A through D). These results sup-
port the idea that the large supply of detrital material into 
the basin after 14.44 Ma reflects a tectonic process in the 
catchment area during a period of change to humid and 
cold conditions. Subsequently, the carbonate lake system 
experienced a southward shift.

5.2.4  |  Summary of principal features of the 
MCO and the MMCT

The aforementioned findings allow the beginning and 
end of the MCO in the Ebro Basin to be characterised as 
follows:

The onset of the MCO: It is characterised by a rise in 
humidity until 17.1–17.06 Ma, which then progressively 
diminishes until ca 16 Ma. A gradual increase of Tair oc-
curs from 17.3 until ca 16.6 Ma. There is a gradual increase 
in chemical alteration with a peak at 16.9 Ma. An overall 
decrease, with short oscillations, in the concentration of 
magnetic detrital minerals is recorded until ca 16.2 Ma, 
peaking at ca 17 Ma.

The end of the MCO and the beginning of the MMCT: A 
gradual fall in humidity and P/E occurs from 14.9 until 
14.6 Ma. After 14.56 Ma, there is an abrupt increase in P/E 
and cooling, which continued more gradually from 14.41 
until 13.99 Ma, with a cooling peak at 14.15 Ma. A slight cool-
ing of Tair might have begun earlier, by 14.6 Ma, but the con-
current intense evaporation (low P/E) could have masked its 
effect on the bulk δ18O values of the lake water. A gradual 

falling of chemical alteration is detected up to 14.3 Ma. A de-
crease followed by a sharp increase in the concentration of 
magnetic detrital minerals are parallel to P/E evolution.

5.3  |  Comparison with other records

The results obtained in this study, spanning from 17.7 to 
13.9 Ma, fully covering the MCO and including the MMCT, 
agree with those from other studies in nearby areas of 
the Ebro Basin based on sedimentology, palaeontology 
and low-resolution sampling of the δ13C and δ18O com-
position of distal alluvial and lacustrine deposits (Larena 
et  al.,  2020; Suarez-Hernando,  2017; Vázquez-Urbez 
et  al.,  2013). Collectively, these results are consistent 
with the changes in temperature and humidity reported 
for the Burdigalian-Langhian in other continental (Calvo 
et  al.,  1993; Methner et  al.,  2020; Pavelić et  al.,  2022; 
Trayler et al. 2020; Vázquez-Urbez et al., 2013) and ma-
rine examples (Holbourn et  al.,  2018; Steinthorsdottir 
et al., 2020; Westerhold et al., 2020). However, the degree 
of coincidence varies depending on the studies.

With respect to the illite crystallinity index, the entire 
MCO has been studied in marine sediments accessed by 
two drill cores in the South China Sea. In one case, span-
ning from 23 to 11 Ma, He et al. (2022) obtained illite crys-
tallinity index values that ranged from 0.14 to 0.21, rising 
distinctly at 16.2 Ma. This result was interpreted to reflect 
the enhanced warm and humid conditions of the MCO. 
Values then decreased rapidly from 14.4 to 13.8 Ma, in-
terpreted by the authors as the interval experiencing the 
dry, cold climates of the MMCT. At another site, from 
17.17 to 12.69 Ma, Ma et al. (2023) calculated illite crystal-
linity index values ranging from 0.16 to 0.21. The values 
increased just after 17 Ma (i.e. at the MCO onset), then 
decreased after 14.7 Ma, and at the end of this interval, ca 
14.2 Ma (MMCT), they became steadier. According to the 
boundaries established in the literature, those results were 
also indicative of more humid conditions during the MCO 
and a drier climate during the MMCT. The higher variabil-
ity of the illite crystallinity index during the MMCT was 
interpreted to represent enhanced seasonality.

There are not many studies using illite crystallinity in 
continental materials of the MCO. The high illite crystal-
linity index during the MCO has been linked to warmer 
and more humid conditions in continental sediments in 
Asia (Song et al., 2018). In the study of a red clay succession 
from 17 to 12 Ma in north-west China, the illite crystallinity 
index is >0.4, with the highest values corresponding to the 
interval dated between 16 and 14 Ma, which permits the 
authors to interpret this interval as the MCO. Conversely, 
illite crystallinity index values are lower in the pre-MCO 
and post-MCO intervals (Song et al., 2018).
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As in the study case in the Ebro Basin, the relation-
ship between high MS values and high humidity has also 
been recorded in other studies on soils and lake sediments 
(Maher et  al.,  2003; Mandic et  al.,  2011). Although the 
strength of this parameter as a climate indicator usually 
relies on support from other proxies, in this study, it suits 
well the evolution of P/E and the chemical alteration rate 
in the source area.

Regarding the marine record, there are a number of 
studies using different proxies, but the δ13C and δ18O 
composition of benthic foraminifera has proved particu-
larly valuable. Compilations of high-resolution δ18O and 
δ13C records from benthic foraminifera (Steinthorsdottir 
et al., 2020; Westerhold et al., 2020) indicate temperature 
and 12C-related variations that are in accordance with the 
results obtained in the studied lake system of the Ebro 
Basin (Figure 8A,B,E,F) for both varying characters or pa-
rameters and timing.

Collectively, the variations in temperature and 12C-
contribution to the sedimentary system in the marine re-
cord match some of the general changes inferred for the 
lacustrine case studied herein. For example, the interval 
from ca 17.1 to 16.3 Ma approximately suits the tempera-
ture increase reported from the marine record (Figure 8F; 
Westerhold et  al.,  2020), but with a delay in the marine 
record (Figure 8F). The interval of maximum temperature 
values in the marine record is reported between 16.6 and 
16.4 Ma (Figure 8F), partially coinciding with the interval 
of maximum temperature in the study area, but peak-
ing approximately 100 ka earlier in the lacustrine record 
(Figure 8B,F).

One peculiarity of the MCO is the positive shift in 
δ13C values, known as the Monterey excursion (Vincent 
& Berger, 1985), which lasted from 16.9 to about 13.5 Ma 
(Holbourn et al., 2007), and has been recorded in foramin-
ifera from open waters, but also in shallow water settings of 
Central Europe, in the Apennines (Brandano et al., 2017). 
The interpretation of this event is complex, including or-
bital cycles as a driven factor (Holbourn et al., 2007). In 
the case of the studied continental record, the evolution in 
δ13C values from 16.5 to 14.5 Ma (Figure 8A) delineates a 
positive shift which may correspond to the Monterey ex-
cursion. Several maxima have been described through this 
event (Holbourn et  al.,  2007; Woodruff & Savin,  1991), 
but these cannot be recognised in the studied record. 
However, the most outstanding maximum of this interval, 
about 16 Ma in the study area, may be the counterpart of 
the concurrent maxima recorded in the Apennines record 
(Brandano et al., 2017), specifically the CM3 of Holbourn 
et al. (2007).

In accordance with global climate tendencies in-
ferred from marine cores, many terrestrial biota records 
reflect warm and humid conditions during the Early 

and Middle Miocene. However, this is not always the 
case (Steinthorsdottir et  al., 2020). Trayler et  al.  (2020), 
using δ13C and δ18O values from the tooth enamel of 
fossil herbivores in distal fluvial and floodplain deposits 
in Patagonia, estimated a temperature increase between 
16.9 and 16.4 Ma, which suits well the temperature rise 
reported from the marine record (Figure 8F; Westerhold 
et al., 2020) and also parallels the increase in δ18O values 
between 17 and 16.3 Ma in the studied deposits of the Ebro 
Basin (Figure 8B). However, the aridification estimated by 
Trayler et  al.  (2020), based on δ13C values, from 17.4 to 
16.9 Ma is not recognised in the studied deposits of the 
Ebro Basin. This issue can be related to multiple causes, 
including the different altitude and latitude, and high-
lights the regional character of the hydrological response 
to climate changes. Moreover, another study based on mi-
crovertebrate assemblages of distal alluvial and lacustrine 
deposits of the Ebro Basin (Suarez-Hernando, 2017) re-
ported the establishment of warm conditions at 19 Ma, ca 
2 Ma before warming was detected in the marine record; 
the thermal maximum was detected at 17.4 Ma. Younger 
rodent assemblages also indicated warm conditions and a 
significant increase in humidity following lake expansion 
(Larena et al., 2020). These cases exemplify the regional 
heterogeneity in terrestrial ecosystem response to MCO 
conditions (Harris et al., 2020).

Additional valuable data regarding precipitation and 
temperature can be estimated from soil types, weather-
ing ratios and the chemical index of alteration (Hamer 
et al., 2007) and, in carbonate-bearing soils, from δ13C and 
δ18O values and carbonate clumped isotopes. Methner 
et al. (2020) provided clumped isotope temperatures (∆47) 
from carbonate palaeosols formed in floodplain alluvial 
deposits in Central Europe (molasse basin, Switzerland) 
covering the interval 18–14 Ma. These authors reported 
two temperature (∆47) maxima for soil water: one at 
16.6 Ma and another between 15.4 and 14.5, peaking at 
14.9 Ma (Figure 8). The first warm maximum fits well the 
increase in δ18O values between 16.7 and 16.5 Ma, peaking 
at 16.6 Ma, recorded by the studied lake deposits. The sec-
ond warm maximum might correspond, in the study area, 
to the second increase in δ18O values, which spans from 
14.85 to 14.56 Ma, with a peak at 14.62 Ma, and therefore 
it would be delayed in the study lake record. It is worth 
noting that these authors also detected a remarkable tem-
perature change after 14.5 Ma, reaching a minimum at 
14.1 Ma, coinciding with the MMCT. This minimum is 
found in the study area around 14.1 Ma. Together, these 
data show some parallel variations between the inferred 
Tair in the north-east of the Iberian Peninsula, in the Ebro 
Basin, and Twater in palaeosols of Central Europe.

Regarding the timing of the onset and end of the MCO, 
there is a slight asynchrony in the beginning of warming 
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(onset of the MCO), with the warming in the lake system 
of this study manifesting ca 100 ka earlier than in the 
marine record (Figure  8F). Nevertheless, a longer delay 
might have existed if the age of ca 16.9 Ma is consid-
ered for the onset of warming, as identified by Holbourn 
et al. (2015) from benthic foraminifera and sediments in 
a Pacific core. As for the cooling following the MCO, the 
temperature gradually declined from ca 14.7 Ma in the 
marine record (Holbourn et  al., 2014, 2015), some 100-
150 ka before the sharp Tair drop detected in the study's 
lake basin (Figure 8B). Regarding the ending of the MCO, 
Methner et al.  (2020) found a 300-ka offset between the 
palaeosol record in Central Europe (maximum at 14.9 Ma) 
and the bottom water temperatures (at 15.2 Ma), which 
was explained by a delay in the transmission of heat from 
the ocean to the atmosphere.

5.4  |  Possible causes of the climate 
changes in the Iberian Peninsula

An array of interrelated factors coincided during the MCO, 
including orbital oscillations, changes in ocean heat trans-
port, palaeogeography and atmospheric CO2 (Holbourn 
et  al., 2014, 2015; Steinthorsdottir et  al., 2020), which 
make it difficult to know how global changes affected the 
studied lake basin. Changes in Antarctic ice sheet volume 
in conjunction with the δ13C cycle alteration resulted in 
global changes in temperature and humidity. The position 
of the Iberian Peninsula and the general palaeogeography 
of the Ebro Basin (referred to its boundaries) during the 
MCO were the same as the present situation. Despite the 
array of factors that may have controlled climate changes 
during the Early and Middle Miocene, an increase of 
warm air masses entering the Iberian Peninsula during 
the MCO is expected. In this respect, it is worth noting 
that Baldassini et al. (2021) found that water in the west-
ern Mediterranean was warm from 17 to 14.55 Ma as a 
consequence of the closure, and partial reopening, of the 
Mediterranean Sea and the Indian Ocean. How much this 
situation affected the characteristics of the air masses on 
the Iberian Peninsula is unknown. It is likely that humid 
and cool air primarily from the Atlantic would have 
gained control from 14.5 Ma onwards.

6   |   CONCLUSIONS

A lacustrine and distal alluvial record in north-east Iberia 
(17.73–14.0 Ma), encompassing the MCO, has been stud-
ied using sedimentological data and the δ18O and δ13C 
values of carbonate samples, and complemented by illite 

crystallinity index and MS data. Based on the results from 
the studied succession and their comparison with other 
continental and marine records, the following important 
points were made.

The onset of the MCO, at 17.10–17.06 Ma, has been in-
ferred from an increase in Tair, humidity and chemical al-
teration, as well as a decrease in detrital magnetic-mineral 
concentration. This age is slightly older than the age re-
ported in the marine record (17.0-16.9 Ma) for the onset 
of the MCO.

The end of the MCO, at 14.56 Ma, has been interpreted 
from a sharp increase in the P/E and cooling, a gradual 
fall in chemical alteration and an abrupt rise in detri-
tal magnetic-mineral concentration. This age is slightly 
younger than that reported in the marine record (14.7 Ma) 
for the end of the MCO.

Through the MCO, variations in the studied parameters 
affecting humidity, temperature, chemical alteration and 
detrital supply have been noted, but their correlation with 
the marine MCO pattern is not straightforward. However, 
an interval of higher δ13C values in the studied record, 
from 16.5 to 14.5 Ma, can be correlated with the Monterey 
excursion. Some intervals of temperature variations in the 
Ebro Basin record agree with similar variations identified 
in carbonate soils of Central Europe.

Of major significance is the finding that the multi-
proxy analysis of this study supports the idea that some 
terrestrial environments, such as the lacustrine system 
in the Ebro Basin, have an earlier response to warming 
and a faster response to cooling than the marine realm. 
Moreover, lake records proved to be good for detecting 
some isotopic anomalies detected in ocean records, such 
as the Monterey δ13C excursion.
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