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ARTICLE INFO ABSTRACT

Editor: Dr. Catherine Chagué The Tortonian Pena Adrian Formation represents the youngest depositional unit of the Miranda-Trebino basin

(Basque-Cantabrian Pyrenees), which developed on the Southern Basque-Cantabrian Pyrenees from late Eocene

Keywords: to Late Miocene times. The formation is a 50-160 m thick succession of alluvial detrital grading to lacustrine

Carbmf’te facies carbonates that contain rich and varied calcareous fossil biota (gastropods, ostracods and charophytes). The

]};afusttr,me fossil association characterizes warm temperate, shallow lakes with vegetated bottoms and well-oxygenated and
alustrine

alkaline fresh waters. Integration of stratigraphic, sedimentological, paleontological and C—O stable isotopic
data allows the differentiation of a wide range of sedimentary facies, the construction of a depositional model
and the definition of distinct evolutionary phases and relation to allogenic processes. Up to 3 metre-thick facies
sequences record repetitive water-level changes, likely reflecting short-term climate changes. Overall, the suc-
cession outlines an asymmetric cycle of gradual expansion and faster contraction of a shallow ramp-like lake
system evolving under oscillating climatic conditions. C and O stable isotopes are consistent with decreasing
salinity and increasing precipitation/evaporation balance trough time. Excellent preservation of aragonitic and
bimineralic gastropods characterizes the open lacustrine deposits, whereas shell dissolution and neomorphism
are distinct in the palustrine ones. This contrasting degree of preservation of calcareous biota clearly reflects
changes in the physico-chemical conditions that prevailed during sedimentation and early burial. The findings
add to the knowledge of carbonate lake basins, help discern the factors that controlled their evolution and
highlight specific depositional and preservation conditions for gastropod-rich carbonate records.

Freshwater gastropods
Late Miocene

Urbez et al., 2013; Arenas et al., 2024; Benavente and Bohacs, 2024).
The regional geology controls the nature of the catchment and solute-
sediment source areas and, additionally, determines several intrinsic

1. Introduction

The study of modern and ancient lacustrine carbonate systems has

increased considerably in the last decades, given their high sensitivity to
environmental changes at both short and long-term time scales. These
non-marine carbonates have demonstrated to be excellent indicators of
regional climate, tectonism and depositional conditions and thus can
provide key information for palaeogeographical reconstructions and
inter-regional correlations of sedimentary and biological evolutionary
trends (Kelts and Talbot, 1990; Platt and Wright, 1991; Arenas and
Pardo, 1999; Bohacs et al., 2000; Gierlowski-Kordesch, 2010; Vazquez-
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features of the lacustrine basins such as topography, geomorphology,
subsidence rates, depocentre distribution, their open or closed character
and their variation through time (Carroll and Bohacs, 1999; Davis et al.,
2008; Platt and Wright, 2024). The regional climate controls the hy-
drology (i.e., through surface and groundwater recharge) and the tem-
perature, with an impact on the net balance between precipitation and
evaporation; in closed-lake basins, the latter parameters can influence in
the chemistry of lake waters and the type of lacustrine deposits and
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associated biotas (Arenas et al., 2024; Benavente and Bohacs, 2024).
Furthermore, climate may exert direct control on cyclical or episodic
lake water level variations, which combined with local tectonism may
cause marked facies shifts and complex sedimentary stacking patterns
involving a wide range of clastic, carbonate and/or evaporitic sediments
(Platt and Wright, 1991; De Wet et al., 1998; Alonso-Zarza, 2003;
Gierlowski-Kordesch, 2010; Alonso-Zarza et al., 2012).

Lacustrine carbonate successions were common during the Miocene
in the Iberian Peninsula, located in the western Mediterranean domain,
at similar latitude than today. Carbonate and evaporitic lakes were
particularly common and extensive during the Early and Middle
Miocene, most likely by the combination of warm subtropical climates
(Zachos et al., 2001; Shevenell et al., 2004; Jiménez-Moreno et al.,
2010) and the formation of numerous closed or semiclosed foreland and
piggy-back basins associated to the Alpidic convergence (Friend and
Dabrio, 1996). The global trend to cooler and drier conditions after the
Miocene Climatic Optimum (MCO) (Steinthorsdottir et al., 2020)
prompted a significant decrease in the extension of the Iberian lacustrine
systems. Among the best documented case studies are the carbonate
lacustrine to fluvio-lacustrine successions of the Ebro Basin (Arenas and
Pardo, 1999; Vazquez-Urbez et al., 2013) and the Madrid Basin (Sanz,
1994; Wright et al., 1997), the Cuestas and Calizas del Paramo lacustrine
successions of the Duero and Almazan Basins (Armenteros, 1991;
Huerta, 2006), the palustrine to lacustrine deposits of Miocene-Pliocene
age in the Teruel basin (Alonso-Zarza et al., 2002; Ezquerro, 2017), and
the Upper Miocene carbonate-evaporite successions of the Bicorp Basin
(Anadon et al., 1998). One of the most distinctive features of these
systems was the development of extensive matrix-rich limestones with
moderate to abundant bioclastic content, in some cases associated to
evaporites and significant amounts of microbial carbonates (i.e. oncoi-
dal and stromatolitic limestones). However, none of those studies re-
ported a lake context with varied and abundant calcareous biota, in
particular well-preserved molluscs, which might indicate specific
depositional, hydrological and preservation conditions.

The lacustrine deposits of the Pena Adrian Formation, a Late-
Miocene unit of alluvial clastics and lacustrine carbonate deposits
exposed on the Miranda-Trebino piggy-back basin (southern Basque
Pyrenees, North Spain), offer a unique resource for a comprehensive
analysis of stratigraphic architecture, depositional environment, and
paleoecological and paleoclimate implications. The carbonates stand
out for a wide array of palustrine and lacustrine deposits, including
extensive intervals very rich in freshwater molluscs, mostly preserved as
aragonite shells. The study focuses on 1) the sedimentological, paleon-
tological and geochemical (8'3C and 5'%0) characterization of the car-
bonate deposits, to decipher the depositional, climatic, hydrological and
ecological conditions of the lake systems, and their evolution through
time, 2) the distinct sequential arrangement of facies and the proposal of
a sedimentary facies model, 3) discerning conditions for calcareous
biota development and their preservation, and 4) the influence of
climate at different time scales and regional tectonism. The findings add
to the knowledge of carbonate lake basins, help discern the factors that
controlled their evolution and highlight specific depositional and pres-
ervation conditions for gastropod-rich carbonate records.

2. Geological setting

The Pyrenean range is a west-northwest to east-southeast oriented
mountain belt developed during the Cenozoic by the collision of the
Iberian and Eurasian plates, following the progressive tectonic inversion
and uplift of the series of rift troughs and basins created along the
Europe-north Iberia plate boundary during the Late Jurassic-Early
Cretaceous opening of the Bay of Biscay (Munoz, 2002, 2019; Teixell
et al., 2016, 2018). Compressional tectonism began at Campanian times
and progressed during the Paleogene and Neogene, with phases of
stronger deformation during the middle-late Eocene, Eocene to Oligo-
cene transition and Early-Middle Miocene times. The correlation of the
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syntectonic sedimentary record reveals that all Pyrenean basins already
lost connection to the ocean and became fully continental by the latest
Eocene (Hogan and Burbank, 1996; Costa et al., 2010; Garcés et al.,
2020; Larena et al., 2024). The subsequent Oligocene to Miocene
depositional history was a combination of tectonic shortening,
continued uplift and denudation, and the deposition of thick alluvial and
lacustrine successions along the northern (Aquitaine) and southern
(Ebro) flanking forelands and, to a minor extent, on small intramontane
basins associated to the northern and southern Pyrenean thrust belts
(Plaziat, 1981; Munoz, 2002; Costa et al., 2010; Ortiz et al., 2020; Garcés
et al., 2020; Larena et al., 2024).

The study area is located in the Miranda-Trebino basin, on the
southern Basque-Cantabrian Pyrenees or western Pyrenean domain.
This is a piggy-back basin developed over a series of south-verging folds
and thrust sheets, at depth rooted on a basal detachment thrust plane
that emerges at surface along the Montes Obarenes and Sierra de Can-
tabria ranges. This structure represents the western prolongation of the
south Pyrenean Thrust Front (SPTF in Fig. 1A) and marks the boundary
between the hinterland and the youngest southern foreland basin (i.e.,
the Ebro Basin). The Miranda-Trebino Basin extends for about 30-40km
east-west and 10-15km north-south. The basin infill consists of
1500-2000m of syntectonic Palaeogene to Neogene succession
comprising proximal alluvial deposits grading to lacustrine carbonates,
the latter best developed across the central and southern basin domains.
The succession is arranged in three main unconformity-bounded meg-
asequences overlapping the folded and tilted substrate consisting of
Cretaceous-lower Palaeogene marine sequences (Riba, 1956, 1961;
Martin-Alafont et al., 1978; Larena et al., 2024). The development and
extent of these syntectonic megasequences was largely controlled by the
raise of the SPTF, a progressive northwards basin tilting and depocentre
migration and, at local scale, by the raise of Triassic-cored diapirs and
salt walls (i.e. Salinas de Anana, Trebino and Penacerrada diapirs).

The Pena Adrian Formation (PAF on Fig. 1A) is the youngest depo-
sitional unit of the Miranda-Trebino Basin. It is exposed in two main hill
outcrops on the southern margin of the basin and, according to the
initial definition of Riba (1956, 1961), largely represents a post-tectonic
depositional unit over the thick northward-tilted Oligocene mega-
sequence and the Cretaceous-Paleocene marine substrate (Fig. 1B). The
formation reaches a maximum thickness of 160 m and comprises two
main lithological ensembles: alluvial deposits and lacustrine-palustrine
carbonates containing abundant mollusc fossil biotas. The upper
boundary, only well exposed at the Cantera section (Fig. 1B), is also an
erosional discontinuity separating the topmost lacustrine carbonates
from coarse alluvial deposits attributed to the Pliocene (Portero Garcia
et al., 1976). Based on the general stratigraphic context, the unit was
formerly attributed to the Late Miocene-Pliocene (Portero Garcia et al.,
1976). The recent analysis of charophyte and ostracod associations
(Larena et al., 2023), however, has allowed constraining the formation
to the Tortonian (Late Miocene).

3. Database and methods

The analysis of the Pena Adrian Formation is a field-based study
implying the mapping, logging and correlation of six stratigraphic sec-
tions measured at 1:100 scale (Figs. 1B, 2). From northwest to southeast,
these sections are: Morro (MO), Falla (FA), Depésito (DE), Valverde
(VA), Cantera (CA) and San Miguel (SM) (Fig. 1B). The resulting cor-
relation scheme (Fig. 2A) was constructed through lateral tracing of
several key beds and bed intervals and the interpretation of photomo-
saics and aerial photographs.

A total of one hundred and ten oriented rock samples of detrital (i.e.,
formed of extrabasinal sediment) and carbonate composition were
collected to study the microfacies, mineralogy and C—O stable isotopes
(Tables S1, S2). Seventy thin sections were performed at the Rock Pro-
cessing Lab (SGIKER) of the University of the Basque Country (UPV-
EHU), Spain for the petrographic analysis, textures, microfossil
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Fig. 1. A) Geological map of the Miranda-Trebino Basin, in the blue box the studied area. 1 to 4 indicate the surfaces and subsurface thrust sheets. B) Geological map
of the study area with the location of the six detailed sections of the Pena Adrian Formation. The blue line represents the proposed maximum extension of the

lake margin.

abundance and diagenetic attributes, using a petrographic microscope
equipped with digital camera and software for image capturing. Fifteen
samples were studied by scanning electron microscopy using a Carl Zeiss
MERLINTM FESEM, Zeiss AG, operating at 3-15 kV and 158 pA in the
research facilities (Servicios de Apoyo a la Investigacion, SAI) of the Uni-
versity of Zaragoza (UZ), Spain. The classification of the carbonate
samples was based on Dunham (1962), Embry and Klovan (1971),
Fliigel (2004) and Alonso-Zarza and Wright (2010).

3.1. Mineralogy and stable isotope analysis

The mineralogical composition of fifty-three carbonate rock samples
and three samples of gastropod shells was determined by X-ray
diffraction (XRD) at the X-Ray Laboratory (SGIKER) of the UPV-EHU
using a PANalytical CubiX diffractometer, equipped with copper tube,
vertical goniometer, programmable slits, automatic sample exchanger,
filter nickel and PixCel detector. The measurement conditions have been
40 kV and 40 mA, with a sweep between 5 and 70° 2 theta's from some
samples. Powders for mineralogical and isotopic analysis were extracted
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using a microdrill, from the most pristine areas of the samples (mainly
matrix sediment) lacking diagenetic overprint (i.e. neomorphism and
cement phases).

The 5'%C and 8'%0 analyses of fifty nine samples have been per-
formed in the Centres Cientifics i Tecnologics of the University of Barce-
lona (UB), Spain. The ratios were measured in a mass spectrometer
(MAT-252, Thermo Finnigan; Thermo Fisher Scientific, Waltham, MA,
USA), following standard procedures for calcite (McCrea, 1950). The
international standards NBS-18 (813C =-5.1 %o VPDB; 580 = -23.01 %o
VPDB) and IAEA-603 (5'3C = 2.46 %o; 5'%0 = — 2.37 %o VPDB), and
internal RC-1 (813C = 2.78 %0 VPDB; 5180 = -2.08 %o VPDB) were used to
calibrate 8'3C and §'80 to the Vienna Pee-Dee Belemnite (VPDB). The
overall reproducibility was better than 0.02 %o and 0.04 %o for 5'°C and
5180 respectively. Results are reported in § %o notation relative to VPDB
(Table S2).

Dolomite and aragonite were not removed from carbonate and marl
samples prior to isotopic analyses due to the difficulties with this pro-
cedure (Sreenivasan et al., 2023; Yui and Gong, 2003). Carbonate
samples containing those minerals were analysed following calcite
protocols. A correction factor proportionate to the dolomite or aragonite
content respect to the total carbonate content has been applied to 5'3C
and/or 8'®0 values of samples containing those minerals (as explained
below). The corrected values are used as an estimation of the isotopic
values of calcite, to be comparable with other calcite values (Table S2).

There is no consensus about the %0 enrichment of dolomite 580
with respect to calcite in natural environments (Murray and Swart, 2017

mation, Datum of the correlation of the six sections located at the top of Unit 3
described by the net change of carbonate facies. Internal facies architecture of the three units: Unit 1 (alluvial deposits), Unit 2 (palustrine carbonates) and Unit 3
(palustrine-lacustrine carbonates). Basal angular unconformity with the Oligocene and Paleocene substrate. B) Outcrop photograph of the northwestern sections.

substrate.

and references therein). In this work, dolomite 5!%0 enrichment with
respect to calcite has been corrected by 4 %o proportionate to dolomite vs
total carbonate content in each sample, as described by Arenas et al.
(1997, 2024). As discussed below (Section 5.2.2), dolomite is considered
a primary precipitate that formed from the same water parents as calcite
(cf. Arenas et al., 2024). The correction provides an estimation of the
5180 values of calcite that would have coexisted with dolomite. Only one
sample contains significant dolomite percentage. No correction has been
applied to 8'3C values, as the relationship between §'°C and dolomite
content is unclear, and the dolomite §'3C enrichment is much smaller
than that of §'80 (Arenas et al., 1997, 2024; Horita, 2014; Valero-Garcés
et al., 2000).

The abundance of gastropod whole shells and fragments in most
samples suggests that the aragonite content in the extracted powder is of
bioclastic origin. Different fractionation mechanisms, including vari-
ability of vital effects affecting primarily 5'3C, are involved in °C and
180 enrichment of aragonite with respect to calcite. The approximate
5'3C and 5'%0 values corresponding to calcite can be estimated by using
correction factors. Three samples containing significant amounts of
aragonite (> 30 % of total carbonate) have been excluded from calcu-
lations and evolutionary trends to avoid uncertainties. The isotopic
values of samples containing up to 21 % of aragonite vs total carbonate
content have been corrected as follows (Table S2). The calcite 51%0
values have been calculated by using the difference of ca 0.8 %o
aragonite-calcite fractionation at 25 °C, obtained by Kim et al. (2007) for
equilibrium conditions. For the calcite 5'3C values, the difference of
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aragonite-calcite fractionation of 1.7 + 0.4 %o at temperatures between
10 and 40 °C estimated by Romanek et al. (1992) has been used.

The 5'3C and §'80 values were smoothed through LOESS (Locally
Estimated Scatterplot Smoothing) of the statistical program PAST soft-
ware (Hammer et al., 2001; https://www.nhm.uio.no/english/research
/resources/past/).
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3.2. Paleontological analysis

The Pena Adrian lacustrine deposits are rich in fossil calcareous bi-
otas, including gastropods, ostracods and charophyte. Eight samples
from poorly-indurated sediments were collected for taxonomic de-
terminations: two from limestone-marlstone beds of Unit 2 and six from
layered limestone-marlstone intervals within subunits 3A to 3C (sample
location in Fig. 3). Three kilogram of sediment per collected sample
were washed and sieved using 2-, 0.5- and 0.16-mm mesh light sizes.

300m

i

T+ N

t_

Fig. 3. Detailed correlation of the northwestern stratigraphic sections, location in Figs. 1B and 2A. The datum is the net change of lacustrine facies of subunit 3C to
palustrine facies of subunit 3D. Identified facies sequences (fs) are represented and numbered.
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Table 1
Paleontological content (presence of ostracods, charophytes and gastropods) of the ten samples collected in units 2 and 3.
Unit 2 Unit 3
Nivel 1  Nivel2  Subunit 3A Subunit 3B Subunit 3C
PAF- PAF- PAF- PAF- PAF-15 PAF- PAF- PAF-
A B C D 24A 24B 35
Ostracods
Candona sp. X X
Cypridopsis vidua (O. F. Miiller, 1776) X X
Cypris bispinosa (Lucas, 1849) X X X X X X X X X
Darwinula stevensoni (Brady y Robertson, 1870) X X X X
Ilyocypris bradyi (Sars, 1890) X X X X X X X
Ilyocypris gibba (Ramdohr, 1808) X X X
Paralimnocythere psammophila (Flosner, 1965) X
Pseudocandona eremita (Vejdovsky, 1882) X X X
Pseudocandona marchica (Hartwig, 1899) X
Pseudocandona parallela (G.W. Miiller, 1900) X X X X X X X
Charophytes
? Lychnothamnus sp. X X
Chara sp. X
Chara cf. molassica var. notata (Straub, 1952; Soulié-Marsche, X X X X X X
1989)
Gastropods
Gyraulus laevis X X X
Mercuria sp. X X X X X X X X X
Bithynia sp. X X X X X
Stagnicola sp. X X X X X X X X
Ancylus sp. X
Segmentina sp. X X X
Planorbis sp. 2 X X
Planorbis sp. 1 X

The sediment fractions >2 and >0.5 mm were studied for gastropod
determinations, and those between 0.16 and 0.5 mm for charophyte and
ostracods. A SEM Quanta 200 equipment (CCiTUB, Barcelona) was used
for imaging of charophytes and a stereomicroscope (Nikon SMZ-U, Bil-
bao) for ostracods and gastropods. Table 1 summarised the results of the
paleontological study, including previous paleontological data from two
samples collected in the same area (Larena et al., 2023). The semi-
quantitative analysis of thirty-two thin sections, rock slabs and several
clean outcrops provided additional information about the relative
abundance and distribution of the fossil biotas in the indurated deposits
of subunits 3A to 3D. Small (<3 mm) gastropods dominate in most
bioclastic beds, along with smaller quantities of medium-large (3-30
mm) gastropods, ostracods and charophyte. The relative abundance of
small gastropods, expressed in number of specimens per square centi-
metre, was established through specimen counting from 4 cm? areas in
thin sections and from 25 cm? quadrats in polished rock slabs and clean
surfaces of selected beds at outcrop. Aside from marked variation in
relative abundance depending on facies types, the calcareous biota ex-
hibits different degree of preservation in terms of mineralogy and
microstructure, due to contrasting early diagenetic modifications (see
below). Among gastropods, the most abundant bioclastic component,
good, poor and bad preservation categories can be distinguished. Good
preservation refers to shells keeping their primary single aragonitic or
bimineralic, (calcitetaragonite) layers of lamellar to homogenous
microstructure. Poor preservation, instead, refers to shells affected by
moderate to intense neomorphism to calcite, and partial to complete
loos of original microstructure. Finally, bad preservation mainly results
from partial to complete dissolution of the shells, producing moulds and
steinkers in the sense of Wright et al. (2018), with or without late calcite
cement fills. Charophyte remains (calcified parts of gyrogonites and
stems) usually exhibit poor to bad preservation due to low primary
calcification, neomorphism, encrustation and cement overgrowths or
combination among these processes. In contrast, ostracod caparaces

commonly exhibit good preservation and, in several washed residues,
shells of pristine calcite are relatively common.

4. Results
4.1. Stratigraphic arrangement

The correlation of the six stratigraphic sections logged across the
study area provided the large-scale stratigraphic architecture of the Pena
Adrian Formation, which ranges in thickness between 50 and 160 m
(Fig. 2A). Three lithological units, arranged in gradual vertical and
lateral transition, are distinguished: a basal detrital (consisting of
extrabasinal sediment) Unit 1 (U1), a middle unit of mixed carbonate-
fine detrital (consisting of extrabasinal sediment) nature Unit 2 (U2)
and an upper carbonate-dominated Unit 3 (U3).

Unit 1 comprises the basal 8-50 m and consists of fine to coarse al-
luvial detrital deposits. The dominant facies are reddish massive to
laminated sandy mudstones with prominent colour mottling and sparse
root traces (facies Lut, Table S1). They occur interbedded with metre-
thick beds of massive, poorly sorted conglomerates and pebbly sand-
stones (facies Ss and Cgl, Table S1) consisting of a high proportion of
lithoclasts (bioclastic limestones, dolostones and sandstones), from
different units of the Cretaceous to Paleocene marine basin substrate.

Unit 2, with a maximum thickness of 60 m, is mostly made of massive
to laminated grey limestone-marlstones (facies L-Mb, Table S1), con-
taining moderate-abundant silt-sized quartz grains and sparse remains
of gastropods, ostracods and charophyte. The limestone-marlstones beds
include thin interbeds of reddish lutites and comprise discontinuous
horizons of rhizogenic calcretes (facies Calc, Table S1). The unconsoli-
dated nature of this facies ensemble only provides outcrops of moderate-
bad quality and sparse occurrence, a situation that prevents continuous
logging and a detailed observation of bedding features and facies
arrangement.
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Unit 3, 34 to 40 m thick, mostly consists of indurated carbonate
deposits forming stepped cliffs, representative of different palustrine
and lacustrine depositional settings (see below). The study focused
through the 775-m long outcrop between Morro (MO) and Depdésito (DE)
sections (Fig. 2B), complemented with information from the Cantera and
San Miguel sections. According to changes in their constituent facies and
vertical sequential arrangement, Unit 3 can be subdivided into four
subunits (3A to 3D in Figs. 2A, 3), each ranging from 8 to 13 m in
thickness.

As for the stratigraphic relationships between these units, Ul and U2
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are laterally related, with a clear expansive character of Unit 2 over the
basin margins. The boundaries between Units 2 and 3, and between
subunits 3A to 3D correspond to sharp facies changes that locally also
exhibit erosion and features of subaerial exposure. Detailed stratigraphic
correlation reveals that the boundary between subunits 3A and 3B also
corresponds to an onlap towards the Morro section (Fig. 3).

4.2. Facies analysis and facies associations

Up to thirteen individual sedimentary facies have been distinguished

fs-17a

SUBUNIT
3B

Y MWPrcs

3B

SUBUNIT
3A

Palustrine facies

| Bioturbated-neomorphosed bioclastic
limestone (Lbn-wp)

Open lacustrine facies

Bioturbated-fissured muddy limestone (Lbf-mw) [l Massive bioclastic limestone (Lm-gch(wp))
Layered gastropod
limestone-maristone (LI-g(wp))

Restricted lacustrine facies
Chalky dolomitic marlstone (CDm)

Fig. 4. Outcrop photographs and their corresponding stratigraphic sections (Morro section (MO) and Falla section (FA)), location in Fig. 3. Note the vertical dis-

tribution of the facies and the inferred facies cyclicity. See location in Fig. 3.
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in the Pena Adrian Formation according to their lithology, textural
characteristics, bedding style, sedimentary structures, diagenetic fea-
tures and biotic content. Table S1 summarizes their key features and
interpretation in terms of sedimentary processes and prevailing condi-
tions during deposition. The succession comprises alluvial, extrabasinal
sediment-made deposits, and a variety of carbonate facies, mainly
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limestones with variable content of aragonite and dolomite. The facies
analysis focuses on the carbonate and mixed deposits that form the bulk
of Units 2 and 3 of the Pena Adrian Formation The detailed correlation
scheme in Fig. 3 shows the complex spatial distribution and in-
terrelationships of all deposit types across the outcrop segment between
the Morro and Depésito sections (location in Fig. 2B), while Fig. 4

Fig. 5. Outcrop photographs and microfacies of open and restricted lacustrine facies (FA2 and FA4). A) Two stacked facies sequences consisting of layered gastropod
limestone-marlstone (LI-g(wp)) and gastropod limestone (Lm-g(wp)). B) Close up of gastropod limestone note the large number of gastropod individuals. C)
Microphotograph of gastropod “coquina” of the facies gastropod limestone note the good preservation of gastropods aragonite shells. D) Charophyte-gastropod
wackestone-packstone (Lm-chg) with high number of charophyte thally and gyrogonites and gastropod fragments. E) Layered gastropod limestone-marlstone
where the lateral continuity of the different layers can be observed. Note the irregular shape and sedimentary compensation of some layers. F) Close up of
layered gastropod limestone-marlstone, consisting of some layers with high proportion of gastropod individuals and others with lees proportion. Intercalated
marlstone layers with coalified plant debris (pd). G) Typical facies sequence of subunit 3A (Figs. 3, 4) with whitish massive chalky dolomitic marlstone (CDm) of the
restricted lacustrine facies association (FA4) at the base. Note the SEM image of palygorskite from the massive chalky dolomitic marlstones.
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presents the vertical distribution of facies at the base of the Falla section
and the Morro section. Figs. 5 and 6 illustrate representative examples of
facies at outcrop scale and microfacies.

4.2.1. Detrital facies

These consist of lutites, sandstones and conglomerates (facies Lut, Ss
and Cg) formed of extrabasinal calcareous and siliceous sediment from
the basin bounding units. They form the bulk of Unit 1 (Fig. 2A) and
represent extensive distal alluvial mud flats that received channelled
and unconfined water flows with coarse to fine sediment.
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4.2.2. Massive bioclastic limestones

The deposits of this group are the most abundant within the subunits
3A to 3C. They form massive tabular strata, 13 to 55 cm thick (Fig. 5A to
D). Gastropods and charophyte gyrogonites, along with minor amounts
of charophyte stems and ostracods, are the main allochems in these
facies. According to texture and relative proportion of gastropods and
charophytes, three main facies types in gradual vertical and/or lateral
transition can be distinguished: gastropod wackestone-packstones (Lm-g
(wp)), charophyte mudstone-wackestone (Lm-ch) and, transitional be-
tween them, charophyte-gastropod wackestone-packstones (Lm-chg)
(Table S1). The three varieties comprise small (<3 mm) planispiral and

Fig. 6. Outcrop photographs and microfacies of palustrine facies (FA3). A) Two stacked facies sequences of bioturbated-neomorphosed bioclastic limestone (Lbn-wp)
(FA2) and gastropod limestone (Lm-g(wp)) (FA3). Note the interval with silex nodules in the bioturbated-neomorphosed bioclastic limestone strata. B) Close up of
bioturbated-neomorphosed bioclastic limestones with root traces of different sizes. C) Bioturbated-fissured muddy limestones (Lbf-mw) with abundant areas having
fissures, cracks and brecciation. Note the root traces with reddish fillings. D) Bioturbated muddy limestones (Lb-m). Note the presence of vertical to subvertical
fissures and occasional root marks. E) Microphotograph of silicified gastropod shell in elongated silex nodule, location of the nodule in Fig. 4A. F) Bioturbated muddy
limestone (Lb-m), note the partial and/or total dissolution of the bioclasts. G) Close up of intraclastic limestone (Lm-ip) including micrite intraclasts and in less

proportion bioclasts.
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trochospiral gastropods of aragonitic or bimineralic compositions with
good shell preservation (Fig. 5B to D), plus lesser amounts of larger
gastropods (3-30 mm) showing different degree of flattening and frag-
mentation by compaction. The matrix in all of them consists of micrite
with variable amounts of peloids, tiny bioclastic fragments, sparse
coalified plant remains and disseminations of iron sulphides.

The diagenetic imprint in these massive bioclastic limestones mainly
consists of compactional features evidenced by gastropod shell flat-
tening and in situ breakage (Fig. 5C). Neomorphism affects locally the
micrite and microbioclastic matrix, in some cases associated to com-
pactional sub-mm dissolution seams.

4.2.3. Layered carbonate facies

This is the second most abundant facies type within subunits 3A to
3C. They consist of cm-thick wackestones and packstones with small
planispiral and trochospiral gastropods, alternating with mm-thick,
discontinuous marlstone interbeds (Fig. 5E). Locally, mollusc shells
form thin discontinuous coquina layers (Fig. 5F). In the outcrop, this
characteristic facies occurs forming m-thick recessive intervals that can
be traced laterally across 100's of meters. Most marlstone interbeds
consist of a mixture of clays, silt-sized quartz grains, comminute coali-
fied plant debris and reworked gastropod shells and fragments. Ostra-
cods are common and charophyte gyrogonites occur locally in both
terms.

Differential carbonate cementation is common and evident at
outcrop, in the form of bed-parallel calcite nodules engulfing both
limestone and marlstone interbeds. Sparry and blocky calcite cements
fill matrix voids and gastropod intra-shell voids, commonly overlaying
muddy-peloidal geopetal sediment.

4.2.4. Bioturbated carbonate facies

This group includes deposits with evidence of root traces, breakage,
desiccation, oxidation and/or reworking. Up to five distinct facies types
can be distinguished: bioturbated limestone-marlstone (L-Mb), rhizo-
genic calcrete (Calc), bioturbated-neomorphosed bioclastic limestone
(Lbn-wp), bioturbated-fissured muddy limestone (Lbf-mw), intraclastic
limestone (Lm-ip) and bioturbated muddy limestone (Lb-m) (Table S1).

The bioturbated limestone-marlstones (L-Mb) are the bulk facies of
Unit 2, but also occur as discrete interbeds in Unit 3. Within Unit 2, they
form extensive and poorly-consolidated intervals ranging 0.5 to 5 m in
thickness, of dominant grey colour and with discontinuous lamination.
They comprise abundant small gastropods, ostracods and charophyte
gyrogonites, all with disperse distribution. Sub-vertical root traces are
common in most outcrops, locally forming layers of immature rhizo-
genic calcretes (Calc). These are whitish indurated carbonate horizons,
30-60 cm in thickness, that are mainly identified by calcified sub-
vertical root marks combined with moderate brecciation-fissuring and
red-yellowish irregularly shaped oxidized zones.

The bioturbated-neomorphosed bioclastic limestones (Lbn-wp) are
distinct facies in subunits 3 A and 3B, particularly in the Morro section,
where they form up to eight characteristic bed intervals ranging 0.2-2 m
in thickness (Figs. 3, 4). They consist of bioclastic wackestones and
packstones with differential dissolution and neomorphism affecting
both the matrix and allochems. At outcrop, the most distinct feature of
this facies is the development of mesh works of cm-long subvertical
rhizoliths (Fig. 6B), commonly coated with gastropod fragments.
Discontinuous levels of ellipsoidal to elongated secondary chert nodules,
up to 0.5 m long (Fig. 6A), occur intimately associated with facies Lbn-
wp commonly engulfing both bioclasts and micrite matrix (Fig. 6E).

The bioturbated-fissured muddy limestones (Lbf-mw) are bioclastic
mudstones and wackestones forming a characteristic interval at the base
of subunit 3D, laterally continuous between the Morro and Depdsito
section (Fig. 3), and across the outcrops between Cantera and San
Miguel (Fig. 2A). They form tabular indurated strata, up to 2 m thick,
with irregular and discontinuous bases and tops (Fig. 6C). A dense and
homogenous micrite matrix containing very sparse gastropods,
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ostracods and charophyte stems and gyrogonites, plus a minor fraction
(1-2 %) of silt-sized subangular quartz grains, characterizes this facies.
Disseminations of iron sulphides (pyrite?) are evident in thin section.
The very sparse fossil remains are mainly preserved as empty moulds
(Fig. 6F) and steinkerns, in the sense of Wright et al. (2018). Local
brecciation and staining by iron oxides, both as patches and dissemi-
nations, commonly occur associated with subvertical to irregular root
traces and dissolution fissures.

The intraclastic limestones (Lm-ip), also characteristic of subunit 3D,
form a 1-2 m thick interval overlying the basal Lbf-mw facies and are
also recognized as thin discontinuous interbeds within strata with facies
Lb-m. They form brechoid to massive strata of dominant wackestone-
packstone texture with abundant peloids and subrounded micrite
intraclasts concentrated in the brecciated zones. Their fossil content
comprises charophyte stem and gyrogonites (commonly neomorphosed)
and gastropods moulds partially filled with sparry calcite.

The bioturbated muddy limestones (Lb-m) define the topmost bed
interval of subunit 3D across the whole the study area. They occur ar-
ranged in m-thick, laterally-continuous massive beds composed of dense
and homogeneous dark grey micrite with a minor bioclastic fraction of
recrystallized or dissolved charophyte gyrogonites and stems, and very
sparse gastropod moulds. At outcrop, the most distinct features are
decimetre-long subvertical irregular root traces and fissures lined by
iron oxides and locally filled with intraclastic, brechoid sediment
(Fig. 6D). These structures form networks that deepen 0.5-2 m, cutting
across primary bedding surfaces and, attending to the variety of filling
material, seem to have recorded a polyphasic development.

The dissolution and/or moderate-intense neomorphism affecting the
bioclastic fraction and matrix are common in all of the bioturbated
carbonate facies. The most distinct neomorphic features occur in the
facies Lbn-wp intervals, disrupting the regular stratification in combi-
nation with heterogeneous cementation. Sparry and drusy calcites are
common cement phases filling all primary and secondary voids associ-
ated to cracking and fissuring, as well as in channel and breccia fabrics
(Fig. 6C, D).

4.2.5. Dolomitic marlstone

These deposits are minor and exclusive to subunit 3A and comprise a
single facies type: cream to whitish, chalky dolomitic marlstones (CDm).
They form structureless poorly-indurated intervals, 0.3-2 m thick
(Fig. 5G), which can be traced over hundreds of meters laterally (Fig. 3).
These intervals are better developed and thicker in the central sections
of the study area (i.e. Depdsito section), and gradually loose entity and
thickness towards the northwest (i.e. Morro section, Fig. 3). Micro-
scopically, facies CDm consists of mosaics of very fine-grained subhedral
to anhedral calcite and dolomite crystals, the latter representing up to
90 % in volume in some samples. Up to 20 % of palygorskite has been
identified in a few samples (Fig. 5G; Table S2). Fossil components are
lacking, with no evidence of having been removed by dissolution or
replacement. Small traces of root marks and irregular desiccation cracks
can be seen locally in all intervals.

4.2.6. Facies associations

The individual sedimentary facies described above (Table S1) can be
grouped into facies associations (FA), based on integration of mineral-
ogical composition, texture, sedimentary structures and biological at-
tributes, which are representative of four main depositional
environments: alluvial (FA1), open lacustrine (FA2), palustrine (FA3)
and restricted lacustrine (FA4). Their detailed interpretation is discussed
in Section 5.3.

The detrital facies (FA1l) are indicative of middle-distal alluvial
zones, with rare channels and extensive floodplains recording inter-
mittent subaerial exposure (Miall, 1996; Paredes et al., 2007; Scott and
Smith, 2015). The massive bioclastic limestones and the associated
layered carbonate facies (FA2) indicate settings lacking subaerial
exposure and plant bioturbation, i.e. shallow open lacustrine areas, with
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varying contribution of fauna and flora, hydrodynamic processes and
sediment transport and supply (Sturm and Matter, 1978; Glenn and
Kelts, 1991; Platt and Wright, 1992; Saez et al., 2007; Gierlowski-Kor-
desch, 2010). The bioturbated carbonate facies (FA3) are representative
of palustrine zones (likely fringes) defined by dense plant colonization,
and subject to episodic subaerial conditions (Freytet, 1973; Freytet and
Plaziat, 1982; Alonso-Zarza et al., 1992; Freytet and Verrechia, 2002).
Finally, the dolomitic marlstone facies (FA4) indicate shallow lacustrine
areas with moderate to intense evaporative conditions, recording pre-
cipitation of Mg-rich carbonate and clay deposition (Calvo et al., 1995;
Rodriguez-Aranda and Calvo, 1998; Warren, 2006).

4.3. Calcareous biota

The presence of a rich and abundant bioclastic content is one of the
most distinct features of the lacustrine-palustrine facies of the Pena
Adrian Formation. The most representative bioclastic components are
small gastropods along with variable proportions of large gastropods,
ostracods and charophyte (Table 1; Fig. 7). The relative abundance and
degree of preservation of all these components vary significantly
depending on the facies group.

4.3.1. Gastropods

The two representative facies of the open lacustrine environment
within subunits 3A to 3C (the Ll-g(wp) and Lm-g(wp) facies) contain
high amounts of well-preserved small (<3 mm) gastropods plus smaller
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quantities of medium-large (3-30 mm) taxa. A fabric of unsorted whole
shells dispersed within the muddy-microbioclastic matrix is character-
istic in both facies types. A relative abundance of 5-20 specimens/cm? of
small gastropods is the rule in all thin sections of wackestone-packstone
texture from facies Lm-g(wp) (i.e. Fig. 5F). This high abundance is
laterally persistent, as noticed by visual inspection of distinctive beds
and bed intervals of both Ll-g(wp) and Lm-g(wp) facies across 10's m
distances (Fig. 5A, E). Additionally, thin and discontinuous gastropod
coquina layers, made of whole shells and shell fragments occur inter-
spersed in many beds of both massive layered open lacustrine carbon-
ates. Taxonomic determinations revealed that Mercuria sp. (Fig. 7J) is
the most abundant gastropod in the eight samples of Ll-g(wp) facies
from subunits 3A to 3C, followed by variable amounts of Bithynia sp.,
Gyraulus laevis and Stagnicola sp. A similar association was determined in
the two samples of palustrine limestone-marlstones (facies L-Mb) from
Unit 2, which additionally contain small amounts of Ancylus sp., Seg-
mentina sp. and Planorbis sp. The preservation of gastropod shells is good
to excellent in all samples analysed from the open lacustrine deposits.
The relative abundance of gastropod shells falls to <5 specimen,/cm?
in the laterally-equivalent bioturbated palustrine deposits of subunits 3A
to 3C, in parallel to a significant decrease in their degree of preservation.
This is particularly evident in the facies Lbn-wp (bioturbated-neo-
morphosed bioclastic limestone), in which small and large gastropod
shells commonly occur partially dissolved and/or affected by moderate-
intense neomorphism. The abundance of gastropods is lower in the three
characteristic muddy palustrine deposits that characterize subunit 3D

Fig. 7. Selected bioclast from carbonate facies. A) Chara cf. molassica var. notata. A.1. apical view, A.2. lateral view, A.3. basal view. B) ? Lychnothamnus sp. B.1.
apical view, B.2. lateral view, B.3. basal view. C) Chara sp. C.1. apical view, C.2. lateral view, C.3. basal view. D) Ilyocypris bradyi. E) Cypris bispinosa. F) Ilyocypris
gibba. G) Pseudocandona parallela. H) Pseudocandona marchica. I) Darwinula stevensoni. J) Mercuria sp. Scale bars for 1 to 8 = 0.1 mm. Scale bar for image 9 = 0.5 mm.
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(the Lbf-mw, Lm-chg and Lm-ch facies), with sparse gastropod shells
mostly preserved as empty moulds and steinkerns.

4.3.2. Ostracods

Ten different ostracod taxa were identified in the ten samples studied
from Unit 2 and subunits 3A-C. They are comparatively abundant in the
two levels of palustrine limestone-marlstones (L-Mb) from Unit 2, but
with a monospecific association of Cypris bispinosa (Fig. 7E) plus scarcer
Pseudocandona eremita (Table 1). Ostracods are more varied in the eight
samples analysed from the open lacustrine facies of subunits 3A to 3C,
with an association dominated by Cypris bispinosa (Fig. 7E), Ilyocypris
bradyi (Fig. 7D) and Pseudocandona parallela (Fig. 7G). Some samples
also include minor amounts of Candona sp., Cypridopsis vidua, Darwinula
stevensoni (Fig. 71), Ilyocypris gibba (Fig. 7F), Paralimnocythere psammo-
phila, Pseudocandona eremita and Pseudocandona marchica (Fig. 7H;
Table 1). The preservation of ostracod shells is good in all samples from
Units 2 and subunits 3A to 3C, in some samples occurring as pristine
calcite caparaces. Thin section analysis revealed that ostracods are also
common in all indurated carbonate palustrine and lacustrine deposits
within subunits 3A to 3D but similarly to gastropods, they show evi-
dence of dissolution and/or neomorphism.

4.3.3. Charophytes

In Units 2 and subunits 3A-C, this group is represented by three
different taxa: Lychnothamnus sp., Chara sp. and Chara cf. molassica var.
notata (Fig. 7A, B, C) (Straub, 1952; Soulié-Marsche, 1989). The former
two are particularly abundant in the two samples of limestone-
marlstones of Unit 2. As revealed by thin sections, charophyte stems
and gyrogonites are common components in the Lm-ch deposits of
subunit 3C and in facies Lbf-mw and Lb-m of subunit 3D, in which they
occur as reworked fragments or forming concentrations attributed to
para-autochthonous charophyte meadows. In all lacustrine and palus-
trine deposits charophytes are affected by partial dissolution and
moderate-intense neomorphism.

4.4. Mineralogy and §°C and 5180 composition

In terms of mineralogical composition, calcite is the dominant phase
in almost all samples, ranging between 80 and 100 % (Table S2). The
single sample of chalky dolomitic marlstone (CDm) contains calcite (2
%), dolomite (79 %), palygorskite (16 %) and quartz (3 %). The second
most abundant mineral phase is aragonite, whose contents varying be-
tween 4 and 20 % in 23 samples, and between 30 and 50 % in 3 samples.
Most aragonite derives from tiny gastropod fragments within the matrix
that could not be split off. The mineralogical analysis of 3 single
gastropod specimens (samples AD-32, AD-56 and AD-115) provides
aragonite contents of 32, 36 and 58 % respectively, thus documenting
their aragonitic or bimineralic (aragonite+calcite) composition. Finally,
it is important to note that detrital quartz is minor but present in most
samples, with percentages varying between 1 and 11 % (Table S2).

Excluding the three samples with the highest aragonite content, and
after correction for isotopic enrichment of dolomite and aragonite-
bearing samples (see Database and methods), correlation coefficients
between aragonite content and §'°C and §'%0 are r = +0.80 and r =
+0.83, respectively; in the case of calcite content are r = —0.57 for 5*>C
and r = —0.69 for 8'%0 (Table $2).

The 5'3C and §'0 values of the whole sample set shows a moderate
range of variation. The 8!3C values range from —4.54 to —8.60 %o VPDB
(average = —6.63 + 1-08 %o VPD), and the 5180 from-2.64 to —6.74 %o
VPDB (average = —5.57 + 1.04 %o VPDB; Table S2 and Fig. 8). The
correlation coefficient between these §'°C and §'80 data is r = +0.42 (r
= +0.39, if uncorrected values are considered).

The average isotopic values and the correlation coefficients vary
depending on sedimentary facies and their vertical stratigraphic distri-
bution (Tables 2, 3; Fig. 9). By sedimentary facies (Table 2; Fig. 9), the
most negative 5'3C values occur within the group of bioturbated facies
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(Lb-m, Lbn-wp and Lbf-mw, Lm-ip), with an average 5'3C of —7-48 +
0.93 %o VPDB. The average 8'3C value of the massive bioclastic lime-
stones (Lm-chg, Lm-ch and Lm-g(wp)) is —6.28 + 0.95 %o VPDB and that
of the layered gastropod limestone-marlstones (Ll-g(wp)) is —6.20 +
1.00 %o VPDB, thus ca. 1.2 %o higher than that of the palustrine deposits.
The average 5'%0 values vary in the same order as for §!3C in the three
facies groups, with an average of —5.96 + 0.60 %o VPDB for the bio-
turbated, of —5.76 + 1.01 %o, VPDB for the massive bioclastic and of
—5.13 + 1.12 %o VPDB for the layered bioclastic deposits (Table 2). The
sample of facies CDm from subunit 3A (PAF-1%) is set apart due to the
high dolomite content, and yielded 8'3C = —5.45 %o and 5'%0 = —2.80
%o VPDB. The bioturbated limestone-marlstones (L-Mb) of Unit 2 show
513C values intermediate between the three other groups, and the least
negative 5'%0 values, excluding the dolomitic sample (Fig. 9). The
correlation coefficients between 5'3C and 520 are significant and pos-
itive for the bioturbated limestones, and less significant to poor in the
other three facies groups (Table 2).

The 8'3C values show a wide range of variability through the strat-
igraphic section, while !0 values only have wide variability in subunit
3A (Fig. 8). The evolutions of 5'3C and 8'®0 expressed by LOESS
smoothing depict oscillating curves through time, but with overall
increasing 8'3C and decreasing 5'®0 evolutions from subunit 3A to
subunit 3D (Fig. 8). By sedimentary units (Table 3) the lowest average
513C values are those of subunits 3B and 3D. The average 5'%0 values are
higher in Unit 2 and subunit 3A, and the lowest in subunits 3B and 3C.
The correlation coefficients between §'3C and §'80 are significant and
positive for subunits 3A and 3B (Table 3).

5. Interpretation and discussion

The stratigraphic-sedimentological study of the Pena Adrian For-
mation revealed a lacustrine succession showing a wide range of depo-
sitional facies, a complex facies architecture and a rich and varied record
of calcareous benthic biota. In the following sections, main interpreta-
tive issues concerning the calcareous biota, the significance of 5!3C and
5180 composition and the sedimentological characterization of facies
are used to build a depositional model and to discuss the evolution of the
paleolake and the potential control exerted by climate and tectonism.

5.1. Environmental inferences from calcareous biota

The abundance of calcareous biota is the main compositional char-
acteristic of the Pena Adrian lacustrine succession, particularly of the
open lacustrine facies of subunits 3A-C and some palustrine intervals of
Unit 2. The taxonomic determinations in such units revealed varied
associations of small gastropods and ostracods, and a low-diversity,
almost monospecific association of charophyte (Table 1). Most genera
and species determined in the three groups have extant representatives
with ecological preferences well documented in the literature, which are
them useful for inferences of the ecological and physico-chemical con-
ditions that prevailed during development of the Pena Adrian lake
system.

Most taxa of the gastropod assemblage are common in numerous
modern subtropical to temperate freshwater ponds and shallow lakes
across northern Africa, Europe, Asia and North America. The association
of small gastropods comprises both pulmonate and prosobranch aquatic
taxa, which in modern lakes live adapted to shallow and well-
oxygenated shallow muddy bottoms colonized by algae and macro-
phytes, sometimes as epiphyte components, and in which they mainly
feed on living plants, degraded plant detritus and even carrion (Dillon,
2006). The dominant hydrobiid Mercuria sp. has been common in the
western Mediterranean and Atlantic lowland freshwater records since
the Miocene (Miller et al., 2022). It usually inhabits freshwater to
slightly brackish ponds and shallow lakes, preferentially on densely
vegetated littoral to sublittoral areas (Alvarez-Halcén et al., 2012).
Different studies document that modern small hydrobiid, planorbid and
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renewal are indicated. Orange line represents smoothing through LOESS (Locally Estimated Scatterplot Smoothing).
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Table 2
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Average 5'2C %o (VPDB) and 580 %o (VPDB) values of the samples in analysed in Unit 2 and subunits of Unit 3 according to the facies types. The value of correlation

coefficient (r) is indicated.

Sedimentary facies N 5'3€ %, (VPDB) 580 %, (VPDB) Correl coef (r)
Bioturbated-fissured limestone Lb-m 1 —5.16 —7.48 +0.93 —5.01 —5.96 + 0.60 - 0.75 (N = 14)
Lbn-wp 10 ~7.71 £ 0.71 ~6.09 + 0.62 0.84
Lbf-mw 3 -7.82+0.3 —5.82 + 0.47 -
Lm-ip 1 —6.61 —-6.12 -
Massive bioclastic limestone Lm-chg 3 —6.27 +1.33 —6.28 + 0.95 —6.50 + 0.28 —5.76 + 1.01 - 0.13(N=18)
Lm-ch 2 —5.14 + 0.72 —5.69 + 0.07 -
Lm-g(wp) 13 —6.45 + 0.84 —5.60 + 1.12 0.27
Layered gastropod limestone-marlstone Ll-g(wp) 13 —6.20 + 1.00 —6.20 + 1.00 -5.13 +£1.12 —5.13 + 1.12 0.48
Chalky dolomitic marlstone CDm 1 —5.45 —5.45 —2.80 —2.80 -
Bioturbated limestone-marlstone L-Mb 2 —6.71 +£ 0.21 —6.71 £ 0.21 —4.92 + 0.89 —4.92 + 0.89 -
Table 3 3'%0 (% VPDB)
Average 5'3C %o (VPDB) and §'%0 %o (VPDB) values of the samples analysed 80 80 40 20
according to stratigraphic units (Unit 2 and subunits 3A-3C). The value of cor- 20
relation coefficient (r) is indicated.
Sedimentary unit N d13C %o (VPDB) d180 %o (VPDB) Correl coef (1) A
Subunit 3D 5 -7.05+1.2 —5.72 + 0.53 0.65 A
Subunit 3C 15  —6.17 +0.98 —5.89 + 0.67 0.02
Subunit 3B 16  —7.02+1.04 —5.97 + 0.53 0.83 00
Subunit 3A 11 -657+1.1 ~4.89 + 1.50 0.66
Unit 2 2 —6.71+0.21 —4.92 + 0.89 -
Lymnaeidae gastropods mainly attain large populations in neutral to
slightly alkaline calcium-rich waters with averaged annual temperatures -20
over 12 °C (see Tessier et al., 2004; Dillon, 2006; Neubauer, 2024 and
references therein). °
Concerning the ostracod association, the dominant taxon Cypris bis- g
pinosa is characteristic of many shallow ponds and lakes with submersed .
and riparian vegetation since the Pliocene (Meisch, 2000), as well as in 40 g
temporary fresh or slightly saline waters (<3.6 %) (Martin-Rubio, S E
2003). Darwinula stevensoni is usually indicative of permanent water
systems, such as rivers and shallow lakes with organic-rich bottoms and ce¢ A A
variable current activity (Meisch, 2000). According to Ninemets (1999), 80 o aA 5)
a persistent occurrence of Ilyocypris bradyi, as found within subunits 3A- ° A o 60
C, likely points to conditions of moderate to high energy. Darwinula ® Q. AA ®
stevensoni and Ilyocypris bradyi occur and attain higher concentrations in ceo0 , i
the three samples collected in subunit 3C, which is thought to represent O
the stage of maximum expansion of shallow open conditions through the é °®
studied lacustrine system (see below). 4 . ° . -80
Studies of charophyte communities from modern environments P
document that representatives of the genera Lychnothamnus sp. and $

Chara sp. preferentially flourish in ponds and shallow lakes with slightly
alkaline waters recording marked seasonality and repeated wet and
drying stages (Krause, 1997; Casanova et al., 2003). Similar conditions
have been inferred for the Lychnothamnus sp. rich deposits of the Late
Miocene La Cerdanya Lake system (Martin-Closas et al., 2006), largely
contemporary to the Pena Adrian Formation. In turn, Chara cf. molassica
var. notata is the only taxon identified in the samples from subunits 3A to
3C. It was a very common species in Chattian-Tortonian wetland and
lacustrine systems developed across Europe and the Middle East,
including the Tajo, Ebro and Valles-Penedes lacustrine basins of the
Iberian Peninsula (Sanjuan et al., 2022). According to these authors, Ch.
molassica var. notata developed in a broad ecological spectrum from
palustrine to shallow lacustrine environments of fresh to slightly
brackish waters.

5.2. Significance of 5'°C and 5'80 composition of the carbonate facies
5.2.1. General considerations

In closed-lake systems dominated by chemical precipitation, as was
the case of the Pena Adrian system, water level variations are mostly
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Fig. 9. Plot of 8'3C versus §'%0 (%o VPDB) according to facies types. Values
in Table 2.

related to the balance between water input, via groundwater and/or
surface supply (together reflecting the precipitation), and evaporation
(P/E ratio) (Arenas et al., 1997; Gierlowski-Kordesch, 2010; Deocampo,
2010). The lake carbonate 5'80 variations can be interpreted in terms of
varying P/E ratios or lake water renewal (Talbot, 1990; Leng and
Marshall, 2004). Temperature influences the 8'%0 composition of air
and water (Lachniet, 2009). However, interpreting temperature varia-
tions from 5'®0 values of carbonates formed in closed lakes is not
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straightforward, because of the superposed water lake 80-enrichment
caused by evaporation effects (Valero Garcés et al., 2000; Arenas et al.,
2024). Aquifers held in marine-carbonate rocks, as is the study case,
provide water with varying 813C composition depending on parameters
such as recharge frequency and in-aquifer temperature. Yet the '2C-
enriched CO, of biological origin greatly contributes to the 8'°C signa-
ture of meteoric water. The lake carbonate 8'3C variations can be
explained by changes in humidity and biota development, atmospheric
CO4, equilibration and biological processes in the lake (Kelts and Talbot,
1990; Leng and Marshall, 2004).

5.2.2. Interpretation of the isotopic values of the Pena Adrian lake system

The §'3C and 6!%0 values of the analysed carbonate samples are
indicative of freshwater carbonate environments with relatively high
CO4, input of biogenic or soil origin and variably affected by evaporative
effects (Platt, 1989; Talbot, 1990; Leng and Marshall, 2004; Deocampo,
2010). In such conditions, the variability in 513C values can be inter-
preted in terms of humidity, as well as related to plant activity and soil-
related compositional transformations (Platt, 1989; Armenteros et al.,
1997). In general, the §'3C values of samples from palustrine deposits in
the study area are more negative and have higher dispersion than those
from the open lacustrine deposits (Fig. 9). This variation may indicate
the different development of vegetation cover in and around the lake,
with changing influence of soil-derived CO,, which would be higher in
the palustrine environment (facies Lb-m, Lbn-wp, Lbf-mw and Lm-ip,
and bioturbated limestone-marlstones (L-Mb) of Unit 2). Poor soil-
derived CO, input would have contributed to the carbonate §'3C of
dolomite marly environment (facies CDm). The 50 values suggest
variable P/E ratio, which would be similar during deposition of palus-
trine and massive bioclastic facies, reflecting poor evaporation effects
(Talbot, 1990; Deocampo, 2010; Moreau et al., 2023). Slightly higher
average 5120 values of the layered bioclastic facies might suggest overall
slightly higher evaporation; however, provided the isotopic data
dispersion of facies L1-g(wp) (Table 3; Fig. 9), the latter might also reflect
similar P/E conditions to those of the massive bioclastic facies at certain
moments. The §'80 values of carbonate deposits in Unit 2 (L-Mb) sug-
gest similar to slightly higher P/E conditions than those of above
mentioned facies. In contrast, the high 5'80 value of the dolomitic facies
(subunit 3A) fits intense evaporation in shallow lake conditions, leading
to dolomite precipitation (Arenas et al., 1997; Valero-Garcés et al.,
2000). Moreover, these conditions favoured palygorskite formation
(non-detrital crystals as revealed by SEM observations). Together these
features support a primary origin of dolomite.

5.3. Characterization of the lacustrine depositional environment

The sedimentological and mineralogical results indicate that the
different sedimentary facies formed in distinct depositional and hydro-
logical conditions, driven by lake water level, sediment supply, biolog-
ical development and hydrodynamics. The three main facies
associations (FA2-FA4), representing distinct lacustrine environments,
are characterized as follows.

5.3.1. Open lacustrine facies association (FA2)

Two main groups fit this association: i) massive bioclastic limestones,
which include three variants based on biological components (gastropod
wackestone-packstone (Lm-g(wp)), charophyte mudstone-wackestone
(Lm-ch) and charophyte-gastropod wackestone-packstone (Lm-chg)),
and ii) layered bioclastic limestones (layered gastropod limestone-
marlstone (Ll-g(wp))). The deposits of FA2 make the bulk of subunits
3A to 3C and are characteristic in the central outcrops of the Pena Adrian
Formation between Falla and Depdsito sections (Fig. 2A).

The massive bioclastic limestones indicate shallow and open lacus-
trine settings affected by variable energy processes and sediment
transport and supply. Facies Lm-ch most likely developed in littoral
zones, with calm and well-oxygenated waters favourable for the
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proliferation of charophyte meadows, as described by Villalba-Breva
and Martin-Closas (2013) in the Upper Cretaceous carbonates of the
Southern Pyrenean Basins. Facies Lm-chg, with high amounts of mol-
luscs, shell fragments and quartz grains, likely record the effects of oc-
casional inflows transporting fine clastic particles, as well as bioclasts
from adjacent littoral zones (Sturm and Matter, 1978; Muniz, 2013).

The gastropod-rich deposits (Lm-g(wp)) likely document stages, or
lake zones, of reduced to absent clastic input and, thus, represent the
lake areas evolving under the most stable conditions in terms of water
composition (i.e., salinity), oxygen levels, temperature and nutrient
availability. The interbedded discontinuous coquina layers probably
indicate reworking and concentration of bioclastic components caused
by moderate energy currents associated with storms and wind-driven
wave activity (Carvalho et al., 2000; Jahnert et al., 2012). These cur-
rents would transport the bioclastic components to nearby zones above
and below the fair-weather wave base (Muniz, 2013). Similar discon-
tinuous layers of fresh to brackish-water mollusc coquinas have been
described in the Early Cretaceous Pre-Salt lacustrine successions of the
Campos Basin (Carvalho et al., 2000; Thompson et al., 2015; Oliveira
et al., 2019), the Santos Basin (Carlotto et al., 2017) and the Sergipe-
Alagoas Basin (Kinoshita, 2010; Tavares et al., 2015), as well as in
Barremian lacustrine limestones on the west African margin (Hassan
et al., 2016).

The layered deposits (L1-g(wp)) developed in shallow open lacustrine
areas, having similar features to those of the massive bioclastic car-
bonate deposits, but additionally received intermittent inflow carrying
suspended fine clastic sediment and plant debris from the marginal
zones. These sediment inputs were associated with fluvial discharge
periods, likely leading to rise in lake level (Arenas and Pardo, 1999;
Alonso-Zarza and Wright, 2010). The presence of discontinuous coquina
layers, together with scoured surfaces, give evidence of episodic
reworking and redistribution of bioclasts by wind-induced storms
(Sturm and Matter, 1978; Glenn and Kelts, 1991; Platt and Wright, 1992;
Séez et al., 2007; Gierlowski-Kordesch, 2010). Spatial changes in the
intensity of erosion, transport and accumulation of bioclasts and fine
carbonate and silicic clastic sediment due to varying current strength,
produced irregular bottom topography, bed amalgamation and the
lateral pinch and swell bed patterns that characterize many deposits
formed of layered gastropod limestone-marlstones (Fig. 5E). Similar
deposits have been described in the Miocene limestones of the Lake Sinj,
Croatia (Mandic et al., 2008), where gastropod coquina layers and fine
coal seams are interspersed in a shallow, calm and freshwater lacustrine
environments with infrequent higher energy storm events.

Aside of their great abundance, the good preservation of gastropods
of aragonitic and bimineralic composition is characteristic of both Lm-g
(wp) and Ll-g(wp) open lacustrine facies. It is likely that a taphonomic
effect favoured by the low sulphide activity of freshwaters and the rapid
burial of shells due to enhanced bioclastic production-accumulation and
recurrent high-energy processes can explain the good preservation of
gastropods, as was inferred by Wright et al. (2018) for some molluscan
faunas in the Upper Jurassic of Portugal. The common presence of dis-
seminations of iron sulphides (pyrite?) in all open lacustrine deposits
suggests dominant low oxygen levels at the time of early burial and
lithification (Armenteros, 2010). The amounts of comminute coalified
plant remains reflect recurrent inflows from adjacent palustrine and
emerged areas and later coalification (Cabrera and Saez, 1987; Mandic
et al., 2008).

5.3.2. Palustrine facies association (FA3)

This association comprises five distinct facies types: bioturbated
limestone-marlstone (L-Mb), rhizogenic calcrete (Calc), bioturbated-
neomorphosed bioclastic limestone (Lbn-wp), bioturbated-fissured
muddy limestone (Lbf-mw), intraclastic limestone (Lm-ip) and bio-
turbated muddy limestone (Lb-m) (Table S1). Facies Ma and Calc pre-
dominate in Unit 2, facies Lbn-wp predominate in subunits 3A to 3B, and
the last three facies (Lbf-mw, Lbn-wp, and Lm-ip) comprise subunit 3D
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(Fig. 3).

The bioturbated limestone-marlstones (L-Mb) represent vegetated
environments that received fine siliciclastic sediment (quartz and clays)
through semi-continuous surface water inputs and that experienced
episodic subaerial exposure and desiccation. In favourable conditions,
these could be inhabited by gastropods, charophytes and ostracods. The
presence of discontinuous sub-metric thick rhizogenic calcretes (Calc
facies) indicates colonization of land plants with coeval carbonate
cementation during episodes of prolonged subaerial exposure
(Armenteros and Daley, 1998; Alonso-Zarza and Wright, 2010).

The bioturbated-neomorphosed bioclastic limestones (Lbn-wp) are
representative of littoral bioclastic lime mud-depositing areas, which
hosted hygrophilous plants and experienced repetitive water level
changes. The latter caused episodic subaerial exposure, desiccation and
cracking (Huerta, 2006; Alonso-Zarza and Wright, 2010). These pro-
cesses together with plant activity overprinted the initial lime mud
features. As documented by Sommer et al. (2006), Bustillo et al. (2002),
and Bustillo (2010), the precipitation of silica nodules can be associated
to microbial activity in a scenario of evaporation and enhanced by the
plant activity. Similar palustrine facies with root traces and silica nod-
ules occur in Middle Miocene deposits of the Ebro basin (Vazquez-Urbez
et al., 2013), and in Upper Triassic deposits of southwest USA (Tanner,
2000).

The bioturbated-fissured muddy limestones (Lbf-mw), intraclastic
limestones (Lm-ip) and bioturbated muddy limestones (Lb-m) that form
subunit 3D fit laterally-extensive palustrine environments affected
intermittently by subaerial exposure, desiccation and recurrent
reflooding (Freytet and Plaziat, 1982; Platt, 1989; Freytet and Verrechia,
2002; Alonso-Zarza and Wright, 2010). Plant colonization aided the
development of cracking and brecciation, features that are better rep-
resented in the bioturbated-fissured muddy limestones (Lbf-mw). The
intraclastic limestones (Lm-ip) also suggest episodes of reworking by
currents that carried fine siliciclastic sediment (Freytet, 1973; Freytet
and Plaziat, 1982; Alonso-Zarza et al., 1992; Freytet and Verrechia,
2002). Similar facies comprising a variety of pedogenetic features have
been described in the upper Eocene Bembridge Limestones, southern
England (Armenteros and Daley, 1998), in the Campanian Fortanete
Formation of the Maestrazgo basin, NE Iberia (Torromé et al., 2023) and
in the modern-day Florida Everglades (Platt and Wright, 1992). Addi-
tionally, the dense networks of subvertical root traces and fissures with
varied internal sediment, typical of Lb-m facies, resemble pedogenic
pseudo-microkarst features (Freytet and Plaziat, 1982) associated with
active colonization of land plants over aggrading palustrine areas
recording episodes of prolonged subaerial exposure.

The dissolution and/or moderate-intense neomorphism affecting the
bioclastic fraction and matrix in most palustrine deposits are common
early diagenetic processes in palustrine environments (Armenteros,
2010). Disseminations of iron sulphides occur in most muddy palustrine
deposits, and mottles and haloes of iron oxides mainly formed around
root traces and desiccation fissures. The coexistence of both iron-rich
phases in many beds is likely indicative of alternating oxic and anoxic
conditions following water level fluctuations (Freytet and Plaziat,
1982). In the case of gastropods, the increased salinity after evaporation
and the acidity associated to plant activity may have controlled the
preservation or dissolution of aragonitic or bimineralic shells (Alonso-
Zarza and Wright, 2010; Wright et al., 2018). In freshwater and brackish
environments with low sulphate concentrations, the preservation po-
tential of primary biogenic aragonite is relatively high across the
taphonomically active zone (TAZ) (Wright et al., 2018), mainly due to a
reduced sulphide activity (e.g. Sanders, 2003; Cherns and Wright, 2011;
Wright et al., 2018). By contrast, in the final burial zone (FBZ) of the same
authors, the aragonitic and bimineralic shells may in turn be actively
dissolved, providing distinct moldic porosity or recording intense
replacement by sparite.
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5.3.3. Restricted facies association (FA4)

Chalky dolomitic marlstone (CDm) is the only facies in FA4 and is
exclusive to subunit 3A. The lack of lamination and the dominant fine
crystalline texture of the chalky dolomitic deposits indicate dolomite
precipitation in a shallow lacustrine setting, subjected to water restric-
tion and with intense evaporation, likely associated with episodes of
water level drops. In these conditions, the lake water would have
attained higher salinity, with Mg/Ca ratios favourable for the precipi-
tation of both high-Mg calcite and dolomite (almost stoichiometric)
(Tucker and Wright, 1990; Calvo et al.,, 1995; Arenas et al., 1997;
Rodriguez-Aranda and Calvo, 1998; Armenteros, 2010). Similar dolo-
mite facies have been described by Canaveras et al. (2020) in the Late
Miocene deposits of the Madrid Basin (Spain) and in the Pliocene of La
Roda (Garcia del Cura et al., 2001). The presence of palygorskite in
association with the dolomite reinforces a lacustrine setting dominated
by evaporative conditions (Arostegui et al., 2011).

5.4. Facies sequence arrangement and sedimentary facies model

According to sedimentological features and stratigraphic arrange-
ment the studied deposits of the Pena Adrian Formation can be inte-
grated in the generic model of low-energy shallow lake systems with
ramp-shaped margins established by Platt and Wright (1991). Within
low-gradient systems, water level variations produce extensive migra-
tions of lakeshores and cause the formation of facies sequences of
different scales, reflecting shallowing and deepening processes (Arenas
and Pardo, 1999), as those described below. Based on the sedimento-
logical and hydrological significance of the afore described facies and
facies associations, up to eighteen facies sequences, decimetre to metre
thick, can be distinguished through Unit 3 (fs-1 to fs-18 in Fig. 3). These
sequences represent the vertical superposition of laterally related envi-
ronments, mostly following shallowing upward processes. These are
particularly evident in the correlation scheme of subunits 3A to 3C
(Fig. 3).

In subunits 3A to 3C, the most common facies sequence consists of
1-3 m thick packages of sharp-based layered gastropod limestone-
marlstones (Ll-g(wp)) in gradual vertical transition to massive
gastropod limestones (Lm-g(wp)), i.e., fs-1 to fs-18 (Figs. 3, 4). Signifi-
cantly, sequences fs-1, fs-3 and fs-4 also include a distinct basal interval
of chalky dolomitic marlstone (CDm), representative of stages of
increased restriction and evaporation across the lacustrine basin, which
is consistent with the lack of fossil remains in CDm. Additionally, several
sequences in subunits 3A and 3B comprise basal and/or capping in-
tervals and interbedded deposits indicative of littoral and palustrine
setting (Lm-ch, Lm-chg and Lbn-wp), particularly best developed in the
Morro section (Figs. 3, 4). Sequences formed of capping intervals
bioturbated-neomorphosed limestones (Lbn-wp) are noteworthy
(Fig. 6B). They exemplify the establishment of palustrine conditions
over previous littoral deposits, as a result of lake level lowering, which
would cause marked shoreline migrations offshore.

In contrast, subunit 3D does not show clear facies sequences. Along
the Morro-Depdsito outcrops, from base to top, facies occur as follows:
bioturbated-fissured muddy limestones (Lbf-mw), intraclastic limestone
(Lm-ip) and bioturbated muddy limestone (Lb-m). A similar vertical
succession is identified in all outcrops located further southeast (Cantera
and San Miguel sections), a fact documenting the widespread shallowing
and final desiccation across most, if not all, the studied lacustrine
system.

A sedimentary facies model is proposed to summarize the distinct
depositional and hydrologic characteristics corresponding to three lake
level situations, as represented by subunits 3A to 3C (Fig. 10). During
low lake-level conditions (Fig. 10A) episodes of enhanced evaporation
and restriction occur, similar to the episodes of underfilling and marked
negative water balance stablished by Bohacs et al. (2000) during the
evolution of closed and semi-closed lake basins. These conditions are
recorded at the base of three facies sequences of subunit 3A. During
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Fig. 10. Detailed depositional facies model for subunits 3A to 3C. Low lake-level: low water level with high evaporation represented by subunit 3A. Intermediate
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subunits 3A and 3B. High lake-level: high water level, with fine siliciclastic inflows, largest lake expansion and extension of open lacustrine facies deposition

(subunit 3C).

periods of high lake-levels (Fig. 10C), well recorded in subunit 3C, the
most stable and favourable conditions for calcareous biota occur, with
abundant gastropods and charophyte meadows. In conditions of inter-
mediate lake-level (Fig. 10B), bioturbated-neomorphosed bioclastic
limestones (Lbn-wp) predominate, covering eight different sequences
within subunits 3A and 3B in almost marginal zones that document
stages of basinward lakeshore migration, with the establishment of
palustrine conditions on areas corresponding to previous littoral to open
lacustrine deposits (Arenas and Pardo, 1999).

5.5. Evolution of depositional environments through time

The vertical variation in the type and distribution of dominant facies
in each unit allows the differentiation of three consecutive stages
through the large-scale evolution of the lacustrine systems (Fig. 11).

The first stage corresponds to Unit 2 and is defined by the estab-
lishment of a muddy vegetated palustrine area that aggraded and
expanded progressively towards the basin margins under a semi-
continuous supply of fine siliciclastic sediment. This palustrine area
attained a minimum width of ca. 3.5 km. Within the bioclastic
limestone-marlstone succession, the abundance of Cypris bispinosa,
Lychnothamnus and Chara charophyte taxa, and the presence of a Mer-
curia dominated gastropod group support the existence of well-
oxygenated freshwater conditions. Studies on modern wetlands docu-
ment that Lychnothamnus and Chara mainly flourish in ponds and
shallow lakes that record seasonal-induced wet and drying stages
(Krause, 1997; Casanova et al., 2003). Similar conditions have been also
inferred for the last filling stage of the late Miocene La Cerdanya
siliciclastic-dominated lake (Martin-Closas et al., 2006), a system largely
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coeval to the Pena Adrian Formation.

Subunits 3A to 3C altogether characterize the second evolutionary
stage, during which lacustrine and palustrine facies attained greater
development (Figs. 10, 11). From an initially low lake-level with greater
evaporation and precipitation of dolomite (subunit 3A), the lake evolved
to freshwater conditions, experiencing and overall expansion through
time. In these freshwater conditions, repetitive water level changes
caused extensive shoreline migrations and produced up to eighteen
shallowing facies sequences (Fig. 3). High lake-level prompted high
proliferation of calcareous biota and layered deposits offshore, whereas
relative lowering water table to intermediate lake-levels led to forma-
tion of extensive palustrine areas with abundant vegetation on the
margins. The lowest 530 values of subunits 3B and 3C suggest higher P/
E ratio than during deposition of subunit 3A, which is consistent with
decreasing salinity and the expansion of the lake body, reaching its best
development during deposition of subunit 3C (Fig. 8, Table 3). The slight
rise of average 5'3C value in subunit 3C respect to previous subunits
(Table 3) matches a decrease in paleosol development and the expansion
of open lacustrine conditions during deposition of subunit 3C.

The last stage, recorded by subunit 3D (Fig. 11), is dominated by a
laterally-extensive palustrine area. These deposits represent vegetated
palustrine environments affected intermittently by subaerial exposure,
desiccation and recurrent reflooding. Evidence of root activity is more
evident in the uppermost interval, which exhibits dense networks of sub-
vertical to irregular pseudo-microkarst features (Freytet and Plaziat,
1982). The general vertical facies arrangement characterizes a phase of
intermittent vertical aggradation that culminated with the final filling of
the Pena Adrian lacustrine basin. Though based on five values, the
average 513C value of subunit 3D (Table 3) agrees with soil
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vegetation. Subunits 3A-C) freshwater shallow lake surrounded by palustrine fringe. Subunit 3D) Palustrine wetland with intermittent changes in the water level and

consequent subaerial exposure and colonization by plants.

development, and an overall decline in humidity and a decrease in P/E
rates during this phase respect to previous ones is suggested by both C
and O data (Fig. 8). The general depositional setting inferred is that of a
km-wide vegetated carbonate swamp that developed a gentle but
irregular topography, in a similar scenario to the series of sloughs,
prairies and hummocks described in the modern Florida Everglades by
Platt and Wright (1992).

5.6. Tectonic setting and climate control on sedimentation

Local-regional tectonism and climate are major factors influencing
the evolution of lacustrine systems (i.e. Kelts and Talbot, 1990; Carroll
and Bohacs, 1999; Gierlowski-Kordesch, 2010; Benavente and Bohacs,
2024). In terms of tectonic context, the Pena Adrian paleolake devel-
oped during an interval of relative quiescence along the southern Basque
Pyrenees, following the main phases of deformation, uplift and active
denudation that defined Oligocene to Middle Miocene times. Despite
these general conditions, there is unambiguous evidence documenting
that differential subsidence persisted in local areas along the SPTF,
associated to local thrust overload, halokinetic readjustment of detached
Triassic salts and extensional faulting, allowing the creation of several
small depressions with Miocene to Pliocene alluvial-lacustrine sediment
fill (see Riba and Jurado, 1992; Cortés-Gracia and Casas-Sainz, 1997;
Pyjalte et al., 2002; Frankovic et al., 2016; Valenzuela et al., 2023;
Mirumbrales-Ayllon et al., 2023). The Tortonian Pena Adrian Formation
represents the fill of one of such small endorheic depressions along the
southern margin of the Miranda-Trebino piggy-back basin. The studied
alluvial-lacustrine succession overlies unconformably folded and
thrusted strata of its lower Oligocene infill and locally rests directly onto
the Cretaceous-Paleocene substrate, a stratigraphic configuration
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documenting a long phase of uplift and active denudation before its
deposition. The composition of the basal alluvial conglomerates (Unit 1)
reveals a range of potential source areas, including the Cretaceous to
Paleocene rocks forming the high reliefs of the SPTF to the west, south
and southeast of the study area, and the Lower-Middle Miocene silici-
clastic and carbonate series exposed to the north and northeast. The
stratigraphic reconstruction and the detailed outcrop analysis of the
Pena Adrian Formation do not provide clear evidence of coeval tecto-
nism during its deposition, such as synsedimentary faulting, slumping or
growth strata relationships. The only internal stratigraphic feature
indicative of potential tectonic deformation is the onlap geometry
described by facies sequences fs-5 and fs-6 over fs-4 along the outcrops
between the Depésito and Morro sections (Fig. 3). The actual signifi-
cance of this feature is difficult to establish with the available infor-
mation as it might also result from local changes in accommodation and/
or sediment distribution patterns. Instead, the erosional surface capping
the Pena Adrian succession, only observable in the Cantera section
(Fig. 2A), the associated hiatus and present-day southward tilting and
local faulting affecting the formation attest to renewed tectonic activity
during the latest Miocene to modern times.

On the other hand, the sedimentological attributes, stacking patterns
and the depositional evolution inferred for the Pena Adrian lacustrine
sediments document a depositional history influenced by changes in
paleohydrological conditions potentially associated to local and regional
climate control operating at different temporal scales. At the smaller
scale, the carbonate intervals with authigenic calcite, dolomite and
palygorskite (the basal chalky dolomitic marlstones-CDm in facies se-
quences fs-1, fs-3 and fs-4) document several short-lived episodes of
marked drop in P/E ratios and water inflow, likely associated to phases
of increasing aridity and basin restriction, which are reflected by
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increased 580 values. At a larger scale, the distinct sequential ordering
of the littoral to open lacustrine deposits in subunits 3A to 3C, facies
sequences fs-1 to fs-18, also sustain a series of successive short-term
changes in lake levels of potential climatic origin. The lateral extent,
regular thickness and repetitive character of these m-thick units
resemble the precession-driven sedimentary cycles identified in other
Miocene to Pliocene continental basins, such as the lacustrine lignite-
marl sequences of the Ptolemais basin in Greece (Steenbrink et al.,
1999) and the distal alluvial-lacustrine and palustrine-lacustrine se-
quences in the Iberian Calatayud-Daroca and Teruel basins (Abdul Aziz
et al., 2000; Abels et al., 2009; Ezquerro et al., 2014). Nonetheless, in
absence of accurate age constraints, any interpretation of the charac-
teristic m-thick open lacustrine units of the Pena Adrian Formation in
terms of astronomical climatic control must remain tentative.

Finally, the overall trend of lake expansion and contraction with the
three distinct depositional stages described by the lacustrine succession,
seems to trace a long-term hydrological cycle also potentially related to
climate variations, probably aided by the local tectonic regime. This
large-scale depositional cycle involved the foundation and progressive
enlargement of a shallow palustrine to lacustrine basin as a result of
gradual increasing water inflow and storage, during deposition of Units
2 and subunits 3A-C, followed by a comparatively faster contraction
with final exposure, exemplified by subunit 3D (Fig. 11). In terms of
climate, the Late Miocene and Pliocene were defined globally by a
gradual change to drier and cooler conditions, a trend well recorded in
marine sediments and in numerous continental successions by changes
in stable isotopes, micro- and macro-vertebrate associations and domi-
nant land vegetation (Steinthorsdottir et al., 2020). In Europe, a series of
wetter and drier climatic periods have been identified during the Late
Miocene and Pliocene based on rainfall estimations from paleontological
and geochemical records (i.e. van Dam, 2006; Bohme et al., 2008;
Ezquerro et al., 2014), although there is still no major consensus in the
number, intensity and time span of such hydrological stages and their
potential link with regional and local paleotemperature estimates (for a
recent discussion, see Ezquerro et al., 2022). According to precipitation
estimations for central-eastern and southwestern Europe, Bohme et al.
(2008, 2011) recognize two main stages of wetter (washhouse) condi-
tions interspersed with drier periods during the Tortonian, at least
outlining two complete cycles of drier-wetting-drier conditions that they
correlate with marine isotopic stages, tectonic events and major paleo-
circulation changes at the scale of the Atlantic and Indian oceans.
Without excluding the local tectonic control, the large-scale evolution of
the Pena Adrian lacustrine system might respond to one of such major
paleo-precipitation cycles, given its paleogeographical position close to
the Bay of Biscay and thus open to North Atlantic influences. The
interpretation of the potential record of a major Tortonian climate-
influenced depositional cycle in the Basque Pyrenees based on the
Pena Adrian paleolake is reinforced by the occurrence of coeval lacus-
trine carbonate successions in the same domain as, for example, the
unnamed gastropod-rich limestones preserved on the northeastern tip of
the Miranda-Trebino basin (Davo et al., 1978) and the Oko Limestones
infilling the fault-bounded Ancin-Murieta trough, some 70 km to the
east of Pena Adrian (Valenzuela et al., 2023).

5.7. The Pena Adrian paleolake model: comparison with ancient and
modern examples

The reconstruction of the Pena Adrian lacustrine system provides a
depositional model and basin characteristics that according to Bena-
vente and Bohacs (2024) are representative of a transitional system
between semi-permanent freshwater ponds and small lakes. In terms of
facies types and stratigraphic arrangement, the Pena Adrian model fits
quite well in the category of low-energy shallow carbonate lakes with
ramp margins established by Platt and Wright (1991). This type of
systems is distinguished by relatively wide palustrine fringes recording
semi-continuous small-scale water level oscillations that towards the
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basin centre grade to more regular littoral and open lacustrine areas
with variable vegetation cover and bioclastic production that eventually
converge into pelagial zones. The specific attributes of shallow, low-
gradient lacustrine systems, however, may vary considerably depend-
ing on the size, physiography and the hydrological, tectonic and climatic
conditions that prevailed during their development. In the Pena Adrian
system a major spatial and temporal variability of the palustrine areas is
revealed through comparison of the sedimentological features, extent
and inferred environmental conditions of the siliciclastic-influenced
limestone-marlstones of Unit 2 (evolutionary stage 1), the strongly
bioturbated marginal limestone intervals characteristic of subunits 3A
and B (stage 2) and the different types of intraclastic, bioturbated and
fissured limestones within the laterally-extensive subunit 3D (stage 3).
Most differences among these palustrine ensembles are associated to
variations in the frequency and intensity of subaerial exposure, pedo-
genesis and plant activity, giving way to the wide range of physical,
textural and mineralogical diagenetic modifications observed in the
Pena Adrian deposits, well documented in numerous examples of
ancient palustrine carbonates (i.e. Freytet and Plaziat, 1982; Alonso-
Zarza and Wright, 2010; Armenteros, 2010; Platt and Wright, 2024 and
references therein).

Apart from its palustrine deposits, the Pena Adrian system stands out
by the high abundance of benthic calcareous biota, most particularly of
freshwater gastropods. They are characteristic in almost all open
lacustrine deposits of subunits 3A to 3C, which characterize the stage of
maximum extent and facies differentiation of the paleolake system.
Freshwater gastropods are very abundant in all massive (Lm-g(wp)) and
layered (L1-g(wp)) open lacustrine lithofacies and in the detail occur
forming two types of bioclastic accumulations. The dominant type is
limestone beds and layers of wackestone to packstone texture, showing
good lateral continuity along 10's m although with common amalgam-
ation and pinch and swell patterns. These limestones mostly include
well-preserved small gastropods, all dispersed within an ungraded fine-
grained to microbioclastic matrix with common presence of bio-
turbation traces. These characteristics point to an extensive autochto-
nous biocenosis representative of a shallow low energy open lake area.
The abundance of gastropods in almost all beds representative of these
shallow open areas characteristic of the evolutionary stage 2 mainly
results from the confluence and persistence of highly favourable
physico-chemical conditions (temperature, pH, alkalinity, Ca concen-
trations) and the extensive development of macrophyte-algal cover
providing both food and refuge for the mollusc community. Similar
gastropod-rich facies were common in other Cenozoic paleolakes, such
as in the upper Eocene Bembridge Limestone (Armenteros et al., 1997),
the Lower-Middle Miocene Lake Sinj sequences (Mandic et al., 2008)
and the Middle-Upper Miocene limestones from the Teruel basin
(Ezquerro, 2017). The gastropod biofacies in Holocene vegetated lakes
and ponds of the Pampean region (Argentina) may represent good
modern analogues of the studied Miocene gastropod-rich deposits
(Cristini and De Francesco, 2012; Stutz et al., 2014). A second but minor
type of gastropod accumulation corresponds to coquina layers inter-
spersed within both the massive and layered bioclastic limestones. They
are thin (<1 cm) and laterally-discontinuous shelly concentrations of
packstone-grainstone texture made of similar amounts of entire shells
and shell fragments. These accumulations clearly represent a reworked
thanatocenosis associated to storm activity or episodes of moderate to
high-energy. By contrast, relatively thick and extensive mollusc co-
quinas are very common in lacustrine systems with moderate to high-
energy littoral zones evolving under persistent winds and/or frequent
storm activity. The best documented recent to modern examples occur in
the large lakes along the east African rift system (Tanganyka, Malawi,
Turkana), with numerous examples of gastropod-bivalve coquinas
forming bioclastic beach face accumulations, proximal offshore bars and
storm beds (i.e. Cohen, 1989; Ring and Betzler, 1995; McGlue et al.,
2010). Similar deposits are infrequent or absent in small shallow lakes
such as the Pena Adrian system due to the limited fetch for wind activity
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and the baffling role of extensive aquatic plants.
6. Conclusions

The Upper Miocene Pena Adrian Formation documents the last
filling stage of the piggy-back Miranda-Trebino basin, through an up to
50-160 m thick clastic and carbonate rock succession that lies uncon-
formably on Cretaceous to Oligocene series. Thirteen sedimentary facies
are characterized. These are grouped into four main facies associations
that represent alluvial (FA1), open lacustrine (FA2), palustrine (FA3)
and restrictive lacustrine (FA4) depositional environments. A low-
energy shallow freshwater lake with ramp-shaped margins and exten-
sive palustrine fringes is envisaged for deposition of FAs 2 and 3. The
lake experienced water level changes, which could drop to evaporative
conditions, as embodied by FA4. The §'3C and 5'%0 values of the car-
bonate facies reflected changes in biological CO5 input and Precipita-
tion/Evaporation rates which correlated with distinct depositional and
hydrological conditions, consistent with the aforementioned
environments.

The enhanced production of biogenic carbonate sediment, as exem-
plified by rich and varied assemblages of gastropods, charophyte and
ostracods, allows to interpret a lake ecosystem with well-oxygenated
and slightly alkaline waters under varied nutrient levels. The good
preservation of carbonate bioclasts, including gastropods with arago-
nitic and bimineralic shells, in most open lacustrine deposits, likely in-
dicates rapid burial and reduced degradation. By contrast, bad fossil
preservation in the palustrine facies is probably related to early diage-
netic pathways in marginal and shallow littoral areas.

Overall, the Pena Adrian lacustrine system embodies a complete
cycle of gradual lake expansion, from an initial dominant palustrine area
that subsequently evolved to open lacustrine conditions, followed by a
comparatively shorter lake retreat and final fill characterized by a broad
palustrine setting. The 5!3C and §'0 smooth trend through time is
consistent with this interpretation. This large-scale cycle was punctu-
ated by shorter cycles of water level change, consisting of sharp-based
m-thick facies sequences, which are best recorded in the open lacus-
trine domain. These depositional cycles could match with short climate
changes detected in continental records in western Europe during the
Late Miocene, which in some cases have been linked to precession and
short-term eccentricity cycles. To what extent such cycles are recorded
in the Pena Adrian system is difficult to ascertain due to the lack of good
chronostratigraphic constraints but, in any case, open a line of research
to be confirmed or ruled out in the near future.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.sedgeo.2025.106899.
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