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Resins are substances secreted by some gymnosperm 
and angiosperm plants with a complex composition, 
including volatile and non-volatile terpenoids, phenols, 
acids, and other compounds (Langenheim, 1969, 2003; 
Grimaldi, 2019). Traditionally, it is considered that the 
resin is a defensive and protective substance whose 
massive production occurs under one, or a combination, 

of stressful environmental conditions, which could be 
both of abiotic (temperature, precipitation, atmospheric 
gas composition, wildfires, volcanism, changes in sea 
level, etc.) and biotic origin (damage by arthropods or 
other animals, and microbial activity) (Langenheim, 
1969, 2003; Martínez-Delclòs et al., 2004; Seyfullah 
et al., 2018; Delclòs et al., 2023). Resins sometimes 
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Abstract: Cretaceous amber-bearing outcrops are numerous and mainly distributed along 
the Northern Hemisphere. They have been related to extensive resin mass production 
occurring from the Barremian to the Campanian presumably due to interrelated abiotic and 
biotic factors. Amber outcrops are also abundant in the Iberian Peninsula, and they are 
mostly dated as Albian. Here, we present a new amber-bearing outcrop from the Cretaceous 
of the Maestrazgo Basin called La Dehesa (Estercuel, Aragón, Spain). This locality is 
assigned to the Boundary Marls Unit and is known for its rich and diverse palaeobotanical 
record. The dating of the amber-bearing bed is late Albian–early Cenomanian, based on 
palynomorphs and ostracods. Amber characteristics are compatible with a medium to 
long-distance transport before resin deposition, i.e., allochthonous origin. Organism-resin 
interactions have been identified, such as hyphae of resinicolous fungus in the cortex of the 
amber, a pholadid boring determined as Teredolites clavatus, and an oyster shell that grew 
on the solidified resin surface. No bioinclusions have been found so far. The study of the 
microfossils, some of them containing pyrite aggregates or crystals, found in the amber-
bearing bed (palynomorphs, plant remains, foraminifers, echinoid spines, ostracods, and 
vertebrate remains) points to a coastal to inner mixed platform environment.

Resumen: Los yacimientos de ámbar del Cretácico son numerosos y están distribuidos 
principalmente por el hemisferio norte. Se han relacionado con una producción en masa 
de resina que ocurrió desde el Barremiense hasta el Campaniense posiblemente debido 
a la interrelación de factores abióticos y bióticos. Los yacimientos de ámbar también son 
abundantes en la península ibérica, y son en su mayoría atribuidos al Albiense. Aquí 
presentamos un nuevo yacimiento de ámbar del Cretácico de la Cuenca del Maestrazgo 
denominado La Dehesa (Estercuel, Aragón, España). Esta localidad se incluye en la 
Unidad Margas de Transición y es conocida por su rico y diverso registro paleobotánico. La 
datación del nivel con ámbar indica una edad Albiense superior–Cenomaniense inferior, a 
partir de palinomorfos y ostrácodos. Las características del ámbar son compatibles con un 
transporte de media-larga distancia antes del depósito de la resina, es decir, con un origen 
alóctono. Se han identificado interacciones organismos-resina tales como hifas de hongo 
resinícola en la corteza del ámbar, una perforación de foládido identificada como Teredolites 
clavatus y una concha de ostreido que creció en la superficie de resina solidificada. Por 
el momento no se han hallado bioinclusiones. El estudio de los microfósiles, algunos de 
ellos con agregados o cristales de pirita, encontrados en el nivel con ámbar (palinomorfos, 
restos de plantas, foraminíferos, espinas de erizo, ostrácodos y restos de vertebrados) 
indica un ambiente marino costero o de plataforma interna mixta.
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trap organisms, which pass to be called bioinclusions 
(Martínez-Delclòs et al., 2004). The possibility of 
trapping organisms by resins depends on characteristics 
of the resin, such as production in aerial parts of the 
trees or the roots, viscosity, and time of hardening, and 
on characteristics of the same organisms, such as their 
body size, attraction or repulsion to resin smell, and 
habitat in the resiniferous forest (Martínez-Delclòs et 
al., 2004; Solórzano-Kraemer et al., 2018).
The resin fossilisation process is called amberisation 
(Martínez-Delclòs et al., 2004) and starts when resin 
flows outside the tree and is in contact with atmospheric 
gases. Polymerisation of the resin compounds causes 
its hardening (Langenheim, 2003; Solórzano-Kraemer 
et al., 2020). The resin produced in the aerial parts of the 
trees, namely trunk and branches, falls gravitationally 
to the forest litter, and it is superficially buried (Martínez-
Delclòs et al., 2004). The resin produced by roots 
rests in the soil and can be affected by resinicolous 
fungus. Generally, resin from the roots and aerial parts 
of the trees is transported by runoff to transitional 
environments, such as deltas or coastal marshes, 
where its final burial takes place (Martínez-Delclòs 
et al., 2004). From the point of view of the possible 
resin transport, most amber deposits are considered 
parautochthonous or allochthonous (Martínez-Delclòs 
et al., 2004; Seyfullah et al., 2018). Some amber 
deposits (autochthonous-parautochthonous) have 
been identified where the resin pieces were mostly 
buried in the same place where they formed, without 
being moved by water transport (Seyfullah et al., 2018; 
Álvarez-Parra et al., 2021). The resulting amber pieces 
are classified as kidney-shaped or root amber, related 
to the resin produced in the roots, and as aerial amber, 
related to the resin produced in the trunk and branches 
(Álvarez-Parra et al., 2021).
The oldest known fossil resins date back to the 
Carboniferous (Bray & Anderson, 2009), and the oldest 
amber with bioinclusions is from the Triassic (Schmidt 
et al., 2012). However, amber deposits and amber 
pieces with bioinclusions become abundant and widely 
distributed since the Barremian, in the Cretaceous 
period (Delclòs et al., 2023). Resin mass production 
related to conifers occurred during a time range of 54 
million years from the Barremian to the Campanian 
called ‘Cretaceous Resinous Interval’, presumably due 
to a combination of abiotic and biotic factors, which are 
currently under study (Delclòs et al., 2023). Cretaceous 
amber-bearing outcrops are mostly distributed to the 
Northern Hemisphere, and the most studied deposits 
are relegated to a few regions, such as western Canada, 
eastern USA, northeast Spain, western France, 
Lebanon, Taimyr Peninsula in Russia, and Myanmar 
(Martínez-Delclòs et al., 2004; Seyfullah et al., 2018; 
Delclòs et al., 2023). Some Cenozoic ambers, mainly 
from the Eocene and Miocene, are known to be rich 
in bioinclusions (Penney, 2010; Solórzano-Kraemer et 
al., 2020; Wang et al., 2021).

Most of the amber outcrops in the Iberian Peninsula 
have been dated as Early Cretaceous, but there are 
a few ambers related to Triassic, Upper Cretaceous, 
and Miocene deposits (Delclòs et al., 2007; Peñalver 
& Delclòs, 2010). Cretaceous amber outcrops in the 
Iberian Peninsula mainly correspond to the western 
(Lusitanian Basin), northern (Central Asturian 
Depression and Basque-Cantabrian Basin), and 
eastern (Maestrazgo Basin) coasts of the palaeoisland 
of Iberia (Peñalver & Delclòs, 2010). These deposits 
have been interpreted as transitional environments, 
including deltas, estuaries, or coastal marshes, where 
the resin pieces accumulated after a short transport, 
relating the deposits to parautochthonous amber 
accumulations (Delclòs et al., 2007; Peñalver & 
Delclòs, 2010). During the mid-Cretaceous, Iberia was 
located at low latitudes of 25–30ºN under a subtropical-
tropical climate along with the development of arid 
environments at a regional level (Heimhofer et al., 
2012; Bueno-Cebollada et al., 2021, 2023; Barrón et 
al., 2023; Burgener et al., 2023). Bioinclusions have 
been found in ambers from 12 outcrops in the Iberian 
Peninsula so far (Álvarez-Parra et al., 2023, fig. 1). 
The most studied amber-bearing outcrops are Ariño, El 
Soplao, Peñacerrada I and II, and San Just (Peñalver 
& Delclòs, 2010; Álvarez-Parra et al., 2021). Regarding 
the Maestrazgo Basin, bioinclusions have been found 
in ambers from four outcrops related to the Escucha 
Formation and Utrillas Group (Peñalver & Delclòs, 
2010; Álvarez-Parra et al., 2021; Barrón et al., 2023; 
Solórzano-Kraemer et al., 2023): Ariño (early Albian), 
San Just (late Albian), Arroyo de la Pascueta (late 
Albian), and La Hoya (earliest Cenomanian).
Here, we present a new amber-bearing outcrop from 
the Cretaceous of the Maestrazgo Basin called La 
Dehesa, in Estercuel (Teruel, Aragón, Spain). This 
palaeontological locality is assigned to the Boundary 
Marls Unit, latest Albian–earliest Cenomanian in age 
(Villanueva-Amadoz et al., 2011), and is known for 
its palaeobotanical record previously studied (e.g., 
Sender et al., 2012; Santos et al., 2023). We focus 
on the characteristics and taphonomy of the amber 
and the associated fossil record to interpret the 
palaeoenvironment of the original resin deposition.

GEOLOGICAL SETTING
The Iberian Range (Fig. 1A) is an intraplate chain that 
resulted from the tectonic inversion of the Mesozoic 
Iberian Basin Rift System (IBRS) during the Alpine 
orogeny in the Cenozoic (Sopeña et al., 2004; De 
Vicente et al., 2009; Vergés et al., 2019). The IBRS 
is structured in five sedimentary basins (Valencia, 
Cuenca, Cameros, Central Iberian, and Maestrazgo), 
and its evolution comprises two rifting stages with 
their respective post-rift phases. The first rifting stage 
spanned Permian–latest Triassic, and was followed by 
an Early to Middle Jurassic post-rift phase (Sopeña 
et al., 2004; López-Gómez et al., 2019; Gómez et al., 
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2019), and the second lasted from the Late Jurassic 
(Kimmeridgian) to the Early Cretaceous (middle Albian) 
and was preceded by a Late Cretaceous post-rift phase 
(Sopeña et al., 2004; Aurell et al., 2019; Martín-Chivelet 
et al., 2019a, 2019b).
The Maestrazgo Basin is in the eastern sector of the 
Iberian Ranges. This basin is divided into several sub-
basins (Fig. 1A), that were formed during the second 
rifting stage (Salas et al., 2001; Martín-Chivelet et al., 
2019a, 2019b). The studied locality is in the La Dehesa 

Quarry (Estercuel municipality, Teruel, Aragón, Spain), 
in the Oliete Sub-basin, at the northern part of the 
Maestrazgo Basin (Fig. 1B). The studied sedimentary 
succession comprises two mid-Cretaceous litho-
stratigraphic units: 1) at the base, the Utrillas Group 
(initially defined with the rank of formation by Aguilar 
et al. (1971), and currently reinterpreted as a group by 
Rodríguez-López et al. (2009)) composed of siliciclastic 
continental to coastal deposits (Rodríguez-López et 
al., 2012, 2013), and 2) at the top, the Mosqueruela 

Figure 1. Geological setting of the La Dehesa locality (late Albian–early Cenomanian; Estercuel, Aragón, Spain). A, Map of the 
Maestrazgo Basin indicating the study area in Oliete Sub-basin, modified from Barrón et al. (2023) after Aurell et al. (2016); B, 
geological map of the study area showing the location of the La Dehesa Quarry, modified from the Magna IGME 1: 50,000 nº 
493 (Almela et al., 1975); C–D, photographs of the succession in the La Dehesa Quarry indicating the studied amber-bearing 
bed (interval 11) with white arrows; E, plant remain; F, amber piece in the rock matrix.
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Formation composed of shallow marine carbonates 
(Canérot et al., 1982). In this regard, the Utrillas Group 
in the Maestrazgo Basin, described initially as fluvial 
deposits with tidal influence (Pardo, 1974), has been 
reinterpreted as deposited in a fore-erg setting where 
aeolian dunes interacted with tide-dominated coastal 
deposits giving rise to a wide range of sedimentary 
environments (Rodríguez-López et al., 2009, 2012, 
2013). The Utrillas Group is dated as late Albian–
earliest Cenomanian in the Maestrazgo Basin based 
on palinostratigraphy (Barrón et al., 2023). While the 
Mosqueruela Formation is dated as early Cenomanian 
based on foraminifers (Canérot et al., 1982).
The new studied amber-bearing outcrop, the La 
Dehesa locality (Fig. 1C–1F), is located in the 
transition between the Utrillas Group and Mosqueruela 
Formation. Previous works have referred to this 
interval as the Boundary Marls Unit (Aguilar et al., 
1971), an informal lithostratigraphic unit dated as latest 
Albian–earliest Cenomanian in the Aliaga and Oliete 
sub-basins (Villanueva-Amadoz et al., 2011). The 
Boundary Marls Unit, corresponding to the uppermost 
part of the Utrillas Group, represents the transition 
from continental to the shallow marine deposits of 
the Mosqueruela Formation (Aguilar et al., 1971; 
Villanueva-Amadoz et al., 2011).
Additionally, the Early to Late Cretaceous transition is 
characterised by the highest global sea levels of the 
Phanerozoic (Haq, 2014), which gave rise to seaways 
that flooded large continental areas worldwide. Sea-
level fluctuations during the mid to Late Cretaceous 
indicate a eustatic fall at the beginning of the Albian 
and a progressive eustatic rise (punctuated by minor 
regressive phases) during Albian that culminated 
with the eustatic maximum in the Turonian (Haq, 
2014), coinciding with thermal maximum during the 
Cenomanian/Turonian (e.g., Pucéat et al., 2003; 
Forster et al., 2007).
The sedimentary record of the Utrillas Group reflects 
this eustatic rise during the middle to late Albian 
in the IBRS, which is indicated by its generalised 
transgressive trend (i.e., Bueno-Cebollada et al., 2021, 
2022). These eustatic rise conditions progressively led 
to the sedimentation of the Mosqueruela Formation in 
the Maestrazgo Basin. In this regard, the Mosqueruela 
Formation represents most of the transgressive phase 
of a 2nd order transgressive-regressive (T-R) cycle, 
spanning the latest Albian to the Turonian, which is well 
represented in the IBRS (Segura et al., 2004; Torromé 
et al., 2022).
The La Dehesa locality is known for the abundant and 
diverse palaeobotanical record as compression fossils 
yielded from the lower levels of the stratigraphic section 
of the quarry, including lycopods, ferns, gymnosperms, 
and terrestrial and aquatic angiosperms (Sender et 
al., 2012, 2019; Villanueva-Amadoz et al., 2014). 
The palynological assemblage previously studied is 
dominated by gymnosperms and characterised by 
the presence of diverse angiosperms (Sender et al., 

2012). Evidence of numerous plant-insect interactions 
has been identified in both aquatic and terrestrial 
angiosperm leaves, pointing to the presence of diverse 
phytophagous insects in the ecosystem (Estévez-
Gallardo et al., 2017; Santos et al., 2023). The 
palaeobotanical record of the locality was interpreted to 
be deposited in a fluvial sedimentary environment with 
marine inputs together with coastal freshwater ponds 
and marshes (Sender et al., 2012).

MATERIAL AND METHODS
The palaeontological monitoring and tracking works 
at the La Dehesa Quarry that allowed to prospect 
and obtain the material were carried out under the 
permissions Expte.: 007/16-17-18-19-20-21-22-2023, 
Prev.: 001/14.145 of the Aragón Government (Spain). 
The studied material is deposited at the Museo de 
Ciencias Naturales de la Universidad de Zaragoza 
(Zaragoza, Aragón, Spain).
The palynological sample EMD-11.1 was processed 
following standard palynological techniques (Traverse, 
2007) based on acid treatment with HCl and HF. The 
residues were sieved through 250, 75 and 10 μm-mesh 
sieves and mounted in glycerine jelly on glass slides. 
After that, they were covered by transparent glass 
coverslips and sealed with paraffin. Photographs of 
palynomorphs were taken with an Olympus BX51 
microscope that incorporate a ColorView IIIu camera 
using a 100X oil immersion objective.
Amber pieces and amber within the rock matrix were 
collected from interval 11 of La Dehesa stratigraphic 
log (Fig. 2). Four rock samples (about 2 kg, 0.9 kg, 0.4 
kg, and 0.2 kg) from interval 11 were disaggregated 
in water for one day. Samples were sieved using 
meshes of 1-, 0.5-, and 0.2-mm aperture. Once they 
were dried, microfossils were hand-picked using a 
small brush under Leica Wild M3Z stereomicroscope. 
Some of the microfossils were treated with ultrasonic 
cleaning cycles. Scanning Electron Microscopy (SEM) 
imaging of microfossils was carried out using a Quanta 
200 electronic microscope that incorporates Energy 
Dispersive X-ray (EDX) analyser at the SEM Unit of 
the CCiTUB (Universitat de Barcelona); all specimens 
were sputtered with graphite. The Fourier Transform 
Infrared Spectroscopy (FTIR) analysis of La Dehesa 
amber was conducted using an IR PerkinElmer 
Frontier spectrometer with a diamond ATR system, 
a temperature-stabilised DTGS detector, and a CsI 
beam splitter at the Molecular Spectrometry Unit of 
the CCiTUB. FTIR graphic was obtained through R 
4.0.4 software. Microphotographs were taken using 
a Leica Wild M3Z stereomicroscope and an Olympus 
CX41 compound microscope, both with an attached 
sCMEX20 digital camera. Possible aerial amber pieces 
were cut and polished in search of bioinclusions. 
Figures have been processed using Photoshop CS6.
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RESULTS

Sedimentary section and amber-bearing beds 
description

In the study area, the Boundary Marls Unit is dominated 
by dark grey mudstones and marlstones, which 
contain plant remains and root traces at some levels 
and represent approximately 80% of the thickness of 
the logged section (Fig. 2). Mudstone and marlstone 
levels are usually massive. However, heterolithic 
bedding, mainly wavy and flaser, may also occur. 
The mudstone/marlstone levels alternate with 100 to 
10 cm-thick sandy limestone beds with bivalve shell 
fragments, which contain percentages up to 20–30% of 
quartz grains. Limestone beds mainly depict mudstone 
to wackestone textures; however, they may locally 
show packstone-grainstone textures (e.g., interval 4 of 
the logged section; Fig. 2). Regarding their geometry, 
limestone beds are mostly tabular and laterally 
continuous across the outcrop; notwithstanding, they 
may also show lens-shaped bodies extending laterally 
for 20 to 30 m (e.g., intervals 13 and 14; Fig. 2). Amber-
bearing strata are located in intervals 11 and 13 of the 
studied section (Fig. 2), being interval 11 where the 
main accumulation of amber occurs. In this interval, 
amber is associated with mollusc remains (including 
oysters and other bivalves and gastropods as well). 
Conversely, amber pieces are found as scattered 
accumulations in interval 13.
Interval 11 contains framboidal pyrite aggregates and 
pyrite crystals with octahedral or spherical morphology 
(Fig. 3). Framboids are composed of tens to hundreds 
of small octahedral crystals, and the size of a whole 
structure is up to 15 µm. EDX spectra show abundant 
concentrations of S and Fe, together with minor amounts 
of O (Data S1–S3). Scattered octahedral crystals have 
a diameter of 5 µm and their composition is similar to 
that observed in the framboids, suggesting that they 
may have had a similar origin. Thus, octahedrons 
may correspond to disaggregated or broken pyrite 
framboids. Spherules have an octahedral-like size, but 
EDX analyses show higher amounts of S and Fe than 
the framboids and no O (Data S4).

Amber characteristics

Amber pieces at interval 11 of the section are 
embedded in a tough rock matrix consisting of 
mudstones and marlstones (Fig. 4). Most of the 
amber pieces are found fragmented and they easily 
disaggregate when extracted from the rock matrix. 
Their appearance includes yellow and reddish-brown 
colour, and their size range encompasses from a 
couple of centimetres to more than ten centimetres. 
The morphologies of the amber pieces link most of 
them to a subterranean origin in the roots (Álvarez-
Parra et al., 2021), i.e., kidney-shaped or root amber 
pieces. They are irregular in shape (flattened or 
nearly spherical), showing an external crust, lacking 

desiccation surfaces, and including whitish layers that 
might correspond to phloem sap flows similar to those 
from El Soplao amber (Lozano et al., 2020). A few 
possible aerial amber pieces have been observed (Fig. 
4I). No bioinclusions have been found in La Dehesa 
amber so far.

Figure 2. Stratigraphic log of the La Dehesa Quarry in the 
Maestrazgo Basin (Estercuel, Aragón, Spain) indicating with 
an arrow the location of the amber-bearing bed studied here 
(interval 11). Scattered amber pieces were also found at 
interval 13.
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Figure 3. Pyrite framboids found in microfossils from interval 11 of the La Dehesa locality (late Albian–early Cenomanian; 
Estercuel, Aragón, Spain). A–C, Framboids and octahedral pyrite found in an ostracod carapace of Cythereis (Rehacythereis) 
cf. pseudobartensteini, MPZ 2024/32; D–E, spherical pyrite crystal found on a carapace of Schuleridea sp., MPZ 2024/44; F–G, 
framboid-like structure formed by spherical pyrite crystals on an echinoid remain, MPZ 2024/25. EDX spectra can be found in 
Data S1–S4; scale bars = 0.2 mm (A), 0.1 mm (B, D, F), 0.005 mm (C, G), 0.02 mm (E).

Figure 4. Amber from interval 11 of the La Dehesa locality (late Albian–early Cenomanian; Estercuel, Aragón, Spain). A–C, 
Small amber pieces in rock matrix; D–E, photographs of interval 11 showing abundant millimetric and centimetric amber pieces 
indicated with white arrowheads; F, amber piece in rock matrix, MPZ 2024/09; G, amber piece (white arrowhead) very close to 
an oyster shell (black arrowhead) in rock matrix, MPZ 2024/12 a and MPZ 2024/12 b; H, reddish-brown amber piece with whitish 
outer layer, MPZ 2024/07; I, possible aerial amber piece with stalactite-shaped morphology; scale bars = 2 cm (F, G), 1 cm (H, I).
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The FTIR spectrum of a transparent amber piece (Fig. 
5) shows the characteristics of Cretaceous amber 
(Grimalt et al., 1988; Alonso et al., 2000), such as 
bands at about 2950 cm–1 (carbon-hydrogen stretching 
band), 1700 cm–1 (carbonyl band), and 1470 cm−1 and 
1380 cm−1 (bending carbon-hydrogen bands). Hydroxyl 
bands are present at about 3500 cm−1. Exocyclic 
methylenic bands are absent at 1640 cm−1 and 880 
cm−1, indicating a high degree of maturation. The FTIR 
spectrum from La Dehesa amber has less intense 
bands, but it does not show significant differences in 
comparison with the spectra of the other ambers from 
the Maestrazgo Basin (Peñalver et al., 2007; Álvarez-
Parra et al., 2021; Solórzano-Kraemer et al., 2023).
Interestingly, some amber pieces show evidence 
of interaction between organisms and resin in the 
palaeoenvironment. The sample MPZ 2024/08 is 
an amber piece containing a club-shaped (clavate) 
structure filled with lithified sediment and a connection 

with the external amber surface (Fig. 6A, 6B). This 
structure is mostly smooth, but two slightly sigmoidal 
striations are visible. Other Cretaceous ambers show 
this kind of structures, which have been identified 

Figure 5. Fourier Transform Infrared Spectroscopy (FTIR) 
spectrum of La Dehesa amber (late Albian–early Cenomanian; 
Estercuel, Aragón, Spain).

Figure 6. Amber pieces from interval 11 of La Dehesa locality (late Albian–early Cenomanian; Estercuel, Aragón, Spain) showing 
evidence of interaction between organisms and resin. A–B, Bivalve pholadid boring in amber piece MPZ 2024/08 identified as 
Teredolites clavatus; C–E, oyster shell (black arrowhead) that grew on solidified resin, piece MPZ 2024/11 b; F–H, mycelia of 
resinicolous fungus in the cortex of amber, piece MPZ 2024/11 a; scale bars = 4 mm (A), 1 mm (B), 2 cm (C–E), 0.5 mm (F), 
0.2 mm (G), 0.1 mm (H).
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as bivalve borings (Smith & Ross, 2017; Mayoral et 
al., 2020). The specimen in La Dehesa amber has a 
morphology that can be associated with Teredolites 
clavatus, similar to San Just amber specimens 
(Mayoral et al., 2020). This ichnospecies is related to 
martesiine (Pholadidae) bivalves (Smith & Ross, 2017). 
The striations might correspond to movement marks in 
relation to the rugose ornamentation of the producer 
(Mayoral et al., 2020). The sample MPZ 2024/11 is an 
amber piece of taphonomic importance, as it shows an 
oyster shell that grew on the solidified resin surface (Fig. 
6C–6E) and networks of mycelia formed by hyphae of 
resinicolous fungus in the cortex of the amber (Fig. 
6F–6H). These two organism-resin interactions have 
also been described in other Cretaceous ambers 
(Speranza et al., 2015; Mao et al., 2018).

Micropalaeontology

Palynomorphs. The palynological study of the sample 
EMD-11.1 from interval 11 reveals a mixed assemblage 
comprising marine and terrestrial palynomorphs (Fig. 
7; Tab. S1). Most of the specimens of this level belong 
to the groups: dinoflagellate cysts (10 morphospecies), 
spores of vascular cryptogams (18 morphospecies), 
and pollen grains (11 morphospecies). In addition, a 
few acritarchs, algae and test lining of foraminifers 
have been identified. Dinoflagellate cysts represent 

the most abundant group accounting for 57.49% 
of the identified palynomorph (Fig. 7A–7D). The 
morphospecies Oligosphaeridium complex (Fig. 7A) 
and Canningia cf. reticulata (Fig. 7B) are the most 
conspicuous dinocysts with values of 25.13% and 
7.77%, respectively. Lycophyte and fern spores exhibit 
high diversity but low values, 11.67% (Fig. 7E), being 
the most relevant the psilate Cyathidites australis. 
Pollen grains of gymnosperms represent 28.24% of 
the palynomorphs (Fig. 7F–7J), and those attributed 
to conifers are the most frequent. Grains of the extinct 
family Cheirolepidiaceae (Fig. 7G) and bisaccate pollen 
(Fig. 7H) are relevant, showing values of 6.73% and 
5.96%, respectively. It is remarkable the abundance 
of pollen produced by Araucariaceae (13.73%), 
which is represented by four different morphospecies 
(Araucariacites australis, Araucariacites spp., 
Balmeiopsis limbata (Fig. 7I), Callialasporites dampieri 
(Fig. 7J)). Only four grains of angiosperm pollen have 
been found (Fig. 7K), representing 1.04% of the total 
identified palynomorphs.

Plant remains. The rock in which amber pieces are 
found shows abundant plant remains of uncertain 
affinity (Fig. 1E). Fusinite (charcoal) is abundant in 
interval 11, associated with the amber, although the poor 
preservation avoids a taxonomic wood determination 
(Fig. 8A, 8B). Two fragments of twigs have been found 

Figure 7. Selected palynomorphs from interval 11 of La Dehesa locality (late Albian–early Cenomanian; Estercuel, Aragón, 
Spain), present in the palynological sample EMD-11.1. Dinoflagellate: A–D; Pterydophyta: E; Coniferophyta: F–J; Magnoliophyta: 
K; A, Oligosphaeridium complex; B, Canningia cf. reticulata; C, Palaeohystrichophora infusorioides; D, Palaeoperidinium 
sp.; E, Microreticulatisporites sacalii; F, Afropollis jardinus; G, Classopollis major; H, undetermined bisaccate pollen grain; I, 
Balmeiopsis limbata; J, Callialasporites dampieri; K, Dichastopollenites? sp.; scale bars = 20 μm. All at the same scale. Full list 
of palynomorphs from sample EMD-11.1 is available in Table S1.
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(Fig. 8C), one corresponding to a middle part, and 
another corresponding to a distal part. Both are more 
than 5 mm long. They show homophylly with rounded, 
alternate leaves, and are tentatively identified as 
Pagiophyllum? sp. (Pinopsida: Araucariaceae), based 
on the similarity to the twigs of this morphogenus from 
other Early Cretaceous outcrops in Spain (Barale, 

1989; Gómez et al., 1999). Interestingly, Pagiophyllum 
sp. twigs previously described from the La Dehesa 
locality show rhombic leaves with a sharp apex (Sender 
et al., 2012).

Foraminifera. The studied samples from interval 11 have 
yielded scarce foraminifers represented only by benthic 
miliolids (Fig. 8D, 8E) and an undetermined benthic 

Figure 8. Microfossils from interval 11 of La Dehesa locality (late Albian–early Cenomanian; Estercuel, Aragón, Spain). A–B, 
Fusinite (charcoal), B is a detail of A, MPZ 2024/27; C, two plant twigs identified as Pagiophyllum? sp. (Pinopsida: Araucariaceae), 
MPZ 2024/10 a and MPZ 2024/10 b; D–E, benthic miliolid Foraminifera, MPZ 2024/21 and MPZ 2024/24; F–G, undetermined 
benthic Foraminifera, MPZ 2024/22 and MPZ 2024/23; H–I, irregular echinoid spines morphotype 1, MPZ 2024/13 and MPZ 
2024/15; J–K, irregular echinoid spines morphotype 2, MPZ 2024/14 and MPZ 2024/16; L, fragment of possible interambulacral 
plate probably belonging to a regular echinoid, MPZ 2024/26; M, conical tooth lacking enameloid of actinopterygian affinity, MPZ 
2024/18; N, bulbous tooth of actinopterygian affinity, MPZ 2024/20; O, partial spine of chondrichthyan affinity, MPZ 2024/17; P, 
dermal denticle of neoselachian (chondrichthyan) affinity, MPZ 2024/19; scale bars = 0.1 mm (A, O), 0.05 mm (B), 5 mm (C), 
0.2 mm (D–G, N, P), 1 mm (H–L), 0.5 mm (M).
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morphotype (Fig. 8F, 8G). A more precise taxonomic 
determination is challenging due to the limited number 
of specimens and their state of preservation.

Ostracods. Twelve morphotypes of ostracod carapaces 
from interval 11 have been identified and preliminarily 
determined at genus and/or species levels (Fig. 9). 
Most of the ostracod specimens belong to Paracypris 
sp. (Candonidae) and Asciocythere aff. compressa 
(Schulerideidae). Other, less abundant ostracods 
are determined as Cythereis (Rehacythereis) cf. 
pseudobartensteini (Cytheridae), Cytherella sp. 
(Cytherellidae), Cytheropteron sp. (Cytheruridae), 
Oertiella sp. (Trachyleberididae), and Schuleridea 
jonesiana (Schulerideidae). Carapaces of all these 
species are complete, mostly with both valves 
anatomically attached and without evidence of transport 
(such as broken specimens or superficial abrasion of 
the carapaces). Thus, it is evidence of autochthony 
(e.g., Trabelsi et al., 2021). In contrast, carapaces of 
Schuleridea sp. and Schuleridea alata show moderate 
damage (surface abrasion, spines broken), suggesting 
that most of the specimens suffered a short transport. 

Carapaces assigned to Pterygocythereis cf. robusta and 
Pterygocythereis gr. pulvinata (Trachyleberididae) are 
very rare and mostly broken, suggesting transport. The 
species Platycythereis degenerata (Trachyleberididae) 
is represented only by a few uncompleted and 
superficially abraded carapaces, suggesting longer 
transport.

Echinoids. Two morphotypes of isolated echinoid 
spines from interval 11 have been found. On one hand, 
thick and straight spines with a longitudinally striate 
shaft and a prominent base (Fig. 8H, 8I); all spines 
belonging to this morphotype are incomplete at the tip. 
On the other hand, thin and slightly curved spines also 
with a longitudinally striate shaft (Fig. 8J, 8K); most of 
the spines belonging to this morphotype are complete, 
being about 3–4 mm long. Based on the short longitude, 
the slender shape, and the longitudinal striation of 
the spines, they belonged to irregular echinoids. 
Furthermore, a fragment of a possible interambulacral 
plate with polygonal ornamentation, perhaps belonging 
to a regular echinoid, has also been identified (Fig. 8L).

Figure 9. Ostracod carapaces from interval 11 of La Dehesa locality (late Albian–early Cenomanian; Estercuel, Aragón, Spain). 
A, Paracypris sp., MPZ 2024/28; B, Asciocythere aff. compressa, MPZ 2024/29; C, Cytherella sp., MPZ 2024/30; D, Schuleridea 
alata, MPZ 2024/46; E–F, Schuleridea jonesiana, male and female carapace respectively, MPZ 2024/41 and MPZ 2024/43; 
G–H, Schuleridea sp., male and female carapace respectively, MPZ 2024/44 and MPZ 2024/42; I, Cythereis (Rehacythereis) cf. 
pseudobartensteini, MPZ 2024/33; J–K, Oertiella sp., male and female carapace respectively, MPZ 2024/39 and MPZ 2024/36; 
L–M, Cytheropteron sp., male and female carapace respectively, MPZ 2024/38 and MPZ 2024/40; N–O, Pterygocythereis cf. 
robusta, fragment in O was broken during the preparation of the SEM stub, MPZ 2024/34; P, Pterygocythereis gr. pulvinata, MPZ 
2024/35; Q, Platycythereis degenerata, MPZ 2024/37. All at the same scale; scale bar = 0.5 mm.
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Vertebrates. Fish remains from interval 11 have 
been identified as belonging to chondrichthyans (i.e., 
cartilaginous fishes) and actinopterygians (i.e., ray-
finned fishes). Actinopterygian remains correspond 
to a conical tooth lacking enameloid (Fig. 8M) and a 
bulbous tooth presenting well-preserved ornamentation 
at the base (Fig. 8N). Regarding chondrichthyans 
remains, a partial spine (Fig. 8O) and a dermal denticle 
of neoselachian affinity (Fig. 8P) have been identified. 
The dermal denticle possesses an arrow-shaped 
outline with an anterior extension and two posterior 
extensions, where two rings are displayed; the base 
is not well preserved and protrudes laterally below the 
wings. Although some authors have classified dermal 
denticles at family or genus levels (e.g., Cappetta, 
1987; Thies, 1995), the great morphological and 
functional disparity of dermal denticles results in a 
limited taxonomic and systematic value.

DISCUSSION

Age of the amber from the La Dehesa locality

A late Albian age for interval 11 of the La Dehesa 
locality is suggested by the presence of the dinocyst 
Palaeohystrichophora infusorioides. The oldest occur-
rences of this morphospecies in southern Europe are 
recorded in the Stoliczkaia dispar ammonite Zone 
(Foucher & Monteil, 1998), present-day equivalent to 
the Mortoniceras fallax, M. rostratum, M. periflatum, and 
M. briacensis biozones (Gale et al., 2011; Reboulet et 
al., 2014), which corresponds to the Vraconian (“latest” 
Albian) (Davey & Verdier, 1973). The previous Iberian 
late Albian records of P. infusorioides correspond to 
marine environments of the Bay of Biscay (Davey, 
1979) and Portugal (Berthou & Hasenboehler, 1982), 
and those coastal environments of the amber-bearing 
outcrops of Peñacerrada I and II (Barrón et al., 2015). 
A late Albian age is also supported by the occurrence of 
the ostracod species Platycythereis degenerata, which 
is found in the late Albian of the Basque-Cantabrian 
Basin and other localities from the Iberian Ranges 
(López-Horgue et al., 1999; Schudack & Schudack, 
2009). However, a late Albian–Cenomanian age is 
supported by the presence of the morphospecies 
Microreticulatisporites sacalii, which appears in strata 
of that age in Europe and North America (Ravn, 1986; 
Ludvigson et al., 2010). In addition, the occurrence 
of angiospermous pollen grains similar to those 
described as Dichastopollenites? sp. 1 in the amber-
bearing outcrops of Charentes in France (Peyrot et 
al., 2019a) also relates the studied assemblage to the 
early Cenomanian. The studied ostracod assemblage 
supports a Cenomanian age by the species 
Pterygocythereis gr. pulvinata and Pterygocythereis 
cf. robusta. The stratigraphic range of P. gr. pulvinata 
is Cenomanian–Turonian (López-Horgue et al., 1999). 
Similarly, P. robusta is reported from the Turonian 
of England, and its oldest occurrence could be 

Cenomanian (Slipper, 2021). Other species, such as 
Schuleridea jonesiana, have a long biostratigraphic 
range from the Aptian to the Cenomanian, according to 
Babinot et al. (2007).
Amber-bearing beds of the La Dehesa locality are 
limited in its top by the occurrence of Cenomanian 
praealveolinid assemblages in rock corresponding to 
the overlying Mosqueruela Formation (Canérot et al., 
1982). We assign the amber from interval 11 of the La 
Dehesa locality to a late Albian–early Cenomanian age. 
In comparison, the palaeobotanical remains studied 
previously were dated as late Albian (Sender et al., 
2012). These remains were obtained from lower levels 
in the stratigraphic section of the quarry; therefore, 
their age is compatible with our dating.

Resiniferous forest and amber taphonomy

The vegetation of the terrestrial areas was probably 
analogous to that of the late Albian environments 
inferred for the Maestrazgo Basin, mainly composed 
of ferns and angiosperms in humid places, conifers 
in coastal areas, arid woodlands, and salt marshes 
(Barrón et al., 2023). The FTIR spectrum of La Dehesa 
amber shows similar characteristics to spectra of other 
ambers from the Maestrazgo Basin (Peñalver et al., 
2007; Álvarez-Parra et al., 2021; Solórzano-Kraemer 
et al., 2023), pointing to similar resin-producing trees 
(Araucariaceae) and diagenetic conditions, although 
a gas chromatography-mass spectrometry analysis is 
required to link the amber with a resin source.
According to Abbink et al. (2004), a high percentage 
of Mesozoic Araucariaceae pollen might be related 
to plants that grew near seashores. However, 
extant Araucariaceae species have pollen that 
does not disperse easily (Peyrot et al., 2019b), and 
various researchers have observed that in modern 
palynological assemblages from araucarian forests, 
there are relatively low percentages of Araucariaceae 
pollen, typically <5–10% (Elliot, 1999). The inferred 
percentage of araucarian pollen in the sample we 
studied, which is 13.73%, is notably higher than those 
found in modern samples. Given this, along with the 
likelihood that the species producing this pollen may 
have lived in coastal areas, it is possible that araucarian 
forests had a significant presence along the coasts 
during the deposition of interval 11 at the La Dehesa 
locality.
The occurrence of pyrite crystals in interval 11 is 
interpreted as a descriptor of redox conditions (Wilkin 
et al., 1996; Schoonen, 2004). According to the 
size of the crystals (Bond & Wignall, 2010) and the 
abundance of pyrite crystals and framboid aggregates 
in the studied samples, lower dysoxic conditions are 
inferred. Oxygen-available conditions are supported 
by the occurrence of bioturbation and the abundance 
of ostracods in interval 11. Occurrence of pyrite is 
frequent in both empty inner spaces and the surface 
of amber pieces and fusinised plant remains (e.g., 
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Alonso et al., 2000; Najarro et al., 2010; Álvarez-Parra 
et al., 2021). However, it is not possible to confirm if 
lower dysoxic conditions are common for all amber-
bearing deposits or only the ones related to a marine 
sedimentary environment, and if this type of condition 
has prime importance for the preservation of amber 
and other organic components.
Amber pieces show characteristics of resin transport 
(Martínez-Delclòs et al., 2004; Seyfullah et al., 2018). 
They appear fragmented, and their morphology is 
irregular but lacking delicate protrusions. Root amber 
pieces are found mixed with pieces of possible aerial 
origin. Therefore, based on amber characteristics and 
sedimentology of the amber-bearing interval 11, we 
infer an allochthonous nature from the amber pieces 
of the La Dehesa locality. Resin-producing trees were 
probably placed in coastal areas, as inferred from 
other amber-bearing outcrops (Barrón et al., 2023), 
and the resulting resin pieces underwent medium-long 
transport before deposition. However, the presence of 
networks of mycelia formed by hyphae of resinicolous 
fungus in the most external layer of the amber indicates 
that non-solidified resin pieces remained in the forest 
soil for a certain time before transport (Speranza et 
al., 2015). Interestingly, evidence of resinicolous fungi 
has not been found in the early Albian Ariño amber 
(Álvarez-Parra et al., 2021). It is possible that this 
kind of fungus-resin interaction originated along the 
Albian or depended on the environmental conditions 
of the forest soil. The abundance of fusinite indicates 
the development of palaeofires in the resiniferous 
forest (Sender et al., 2015), which in turn could have 
stimulated resin mass production (Delclòs et al., 2023).

Palaeoenvironmental interpretation

According to Davey and Rogers (1975) and McCarthy 
and Mudie (1998), high abundance and diversity of 
dinoflagellate cysts, as in the studied assemblage 
(Tab. S1), indicate open marine depositional settings. 
Therefore, the miospores are allochthonous in the 
assemblage. Nearshore depositional conditions are 
indicated by the percentages of wind-transported pollen 
belonging to the conifer family Araucariaceae, which 
is represented by Araucariacites, Balmeiopsis, and 
Callialasporites (Tab. S1). A marine origin of interval 11 
is supported by the dominance of the ostracod genera 
Paracypris, Cythereis, and Pterygocythereis, which 
have been related to marine settings in Cretaceous 
deposits (e.g., López-Horgue et al., 1999; Andreu & 
Bilotte, 2006; Trabelsi et al., 2021). In contrast, the 
genus Asciocythere could have also colonised more 
coastal and salinity-changing intertidal areas, as it 
has been found associated with charophytes and 
freshwater ostracods of the genus Cypridea in the late 
Barremian of Lebanon (Sanjuan et al., 2021). Records 
of Asciocythere in Albian deposits are related to marine 
conditions (Cséfán & Tóth, 2018). Benthic miliolids 
are typical inhabitants of shallow marine and brackish 

settings near the coastline or transitional environments 
(Haynes, 1981). However, the scarce number of 
foraminifers cannot provide accurate palaeoecological 
information. The finding of oysters and other molluscs is 
compatible with this interpretation, as they are usually 
present in coastal environments.
The abundance of echinoid spines and a few marine 
vertebrate remains also clearly points out a coastal 
marine sedimentary environment. The relationship 
between morphology and function of the squamation in 
extant sharks (Reif, 1982, 1985) suggests that isolated 
scales can be useful for palaeoenvironmental and 
palaeoecological inference (Ferrón et al., 2014). The 
morphology of the neoselachian dermal denticle found 
in interval 11 allows us to classify it as generalised 
function, bringing protection against predators, 
ectoparasites, and mechanical drag (Reif, 1978, 1982, 
1985; Raschi & Tabit, 1992). This morphotype is usually 
present in extant demersal and bentho-demersal 
sharks that habit on sandy and muddy substrates 
(Ferrón & Botella, 2017; Ferrón et al., 2019).
Pholadid martesiine borings are common in Cretaceous 
ambers (Mao et al., 2018; Smith & Ross, 2017; Mayoral 
et al., 2020). They are usually related to a nearshore 
setting for the resin-producing trees, as martesiine 
bivalves require non-solidified resin for producing a 
boring (Mao et al., 2018; Smith & Ross, 2017). Based 
on the sedimentary interpretation of interval 11 of the 
La Dehesa locality, it is possible that non-solidified 
resin pieces were transported to a shallow marine 
environment where bivalves made borings, coincident 
with the oxygen-available periods that pyrite framboids 
indicate. We disagree with the taphonomic model for 
bivalve borings in amber proposed by Mayoral et al. 
(2020) in which bivalves bored in the wood of living 
trees, and subsequently, wood decay, and is replaced 
by resin flows. An oyster shell found directly associated 
with the surface of an amber piece might indicate that 
the corresponding resin piece was already externally 
solidified, as the oyster shell is adapted to the shape of 
the amber surface and not partly included. Therefore, 
both solidified and non-solidified resin pieces were 
exposed in coastal settings for a certain period of time.
Based on the above information and evidence, we 
infer a coastal to inner mixed platform environment for 
interval 11 of the La Dehesa locality.

Comparison with other amber-bearing outcrops

Several Cretaceous amber outcrops developed in 
relation to shallow marine conditions have been 
reported, for example, the upper Albian–lower 
Cenomanian amber from Archingeay-Les Nouillers in 
France and the early Cenomanian Hukawng Valley 
amber from Myanmar (Girard et al., 2008; Mao et al., 
2018). Both ambers contain bioinclusions of marine 
fauna, such as diatoms, radiolarians, sponge spicules, 
a foraminifer, and an echinoid spine in French amber 
(Girard et al., 2008), and ostracods and an ammonite 
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in Burmese amber (Xing et al., 2018; Yu et al., 2019). 
Thus, the palaeoenvironmental reconstructions are 
inferred as resiniferous forests under marine influence, 
located close to or in a beach, and the amber pieces 
are considered parautochthonous (Girard et al., 2008; 
Mao et al., 2018; Smith & Ross, 2017; Yu et al., 
2019). Although in the case of the Burmese amber, an 
estuarine-type environment with both freshwater and 
marine influence has also been proposed (Bolotov 
et al., 2021). Regarding Spanish amber, El Soplao 
amber outcrop in Cantabria (northern Spain), middle 
Albian in age, has been discussed to have at least a 
slight marine influence based on the occurrence of 
dinoflagellate cysts, foraminiferan linings, and bivalve 
and gastropod remains in the amber-bearing bed, 
and bryozoans and serpulids on the surface of a few 
amber pieces (Najarro et al., 2010). Furthermore, 
amber pieces from El Soplao show evidence of only 
little abrasion, pointing to a parautochthonous origin 
(Najarro et al., 2009). Considering this information, the 
taphonomic and palaeoenvironmental interpretation 
of La Dehesa amber differs from these cases. An 
interesting comparison framework might be the Upper 
Jurassic amber of Cape Mondego in Portugal, whose 
investigation is in progress, and the preliminary results 
may also indicate an allochthonous deposition of the 
resin under shallow marine conditions (Sánchez-
García et al., 2023), similarly to La Dehesa amber.

CONCLUSIONS AND FUTURE DIRECTIONS
Interval 11 of the La Dehesa locality represents a late 
Albian–early Cenomanian allochthonous amber site 
related to resin deposited in a coastal to inner mixed 
platform environment with variable conditions of oxygen 
availability. It is the only case with these characteristics 
among the other amber-bearing outcrops in the Iberian 
Peninsula to date. This study provides new information 
about the taphonomic and sedimentary conditions 
of Cretaceous resin and highlights the relevance 
of the study of amber outcrops, even if there are no 
bioinclusions in the amber pieces. However, it is 
required to delve into the geochemical characteristics 
of La Dehesa amber to infer the taxonomic assignment 
of the resin-producing trees. Exploration of fluid 
inclusions in the amber pieces may provide data 
about the biology of the resiniferous trees and the 
environmental conditions of the forest. The finding of 
aerial amber with bioinclusions would enhance the 
knowledge of the forest fauna and allow a comparison 
with those of other Cretaceous ambers. Furthermore, 
it is planned to expand the study of palynomorphs, 
ostracods, and foraminifers.

Supplementary information. Table S1 and Data S1–S4 are 
available at the Spanish Journal of Palaeontology website 
(https://sepaleontologia.es/spanish-journal-palaeontology/) 
linked to the corresponding contribution.

Table S1. Full list of palynomorphs from interval 11 of the 
La Dehesa locality (late Albian–early Cenomanian; Estercuel, 
Aragón, Spain), present in the palynological sample EMD-
11.1.

Data S1–S4. Morphologies of pyrite crystals and framboids 
on microfossils and their EDX profiles, with the abundance 
of each element.
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Table S1 
 

Taxa Nº % Taxonomic affinity 

Acritarcha 
Micrhystridium sp. 1 0.26 Acanthomorphitae 

Dinoflagellata 

Canningia cf. reticulata 30 7.77 Areoligeraceae 

Florentinia sp. 3 0.77 Gonyaulacaceae 

Oligosphaeridium complex 97 25.13 Leptodinioideae 

Palaeohystrichophora infusorioides 2 0.52 Peridiniaceae 

Palaeohystrichophora sp. 1 0.26 Peridiniaceae 

Palaeoperidinium spp. 16 4.14 Peridiniaceae 

Spiniferites ramosus 7 1.81 Gonyaulacaceae 

Spiniferites twistringiensis 3 0.77 Gonyaulacaceae 

Tenua histrix 2 0.52 Gonyaulacaceae 

Trichodinium castanea 1 0.26 Gonyaulacaceae 

Undetermined dinocysts 60 15.54 - 

Chlorophyta 

Cymathiosphaera sp. 1 0.26 Prasinophytina 

Tasmanites sp. 1 0.26 Prasinophytina 

Ovoidites sp. 1 0.26 Zygnemataceae 

Lycophyta 

Camarozonosporites insignis 5 1.3 Lycopodiaceae 

Camarozonosporites sp. 2 0.52 Lycopodiaceae 

Monilophyta 

Appendicisporites cf. crenimurus 1 0.26 Anemiaceae 

Appendicisporites sp. 1 0.26 Anemiaceae 

Biretisporites potoniaei 1 0.26 Uncertain affinities 

Cicatricosisporites venustus 1 0.26 Anemiaceae 

Cicatricosisporites sp. 1 0.26 Anemiaceae 

Crybelosporites pannuceus 2 0.52 Marsileaceae 

Cyathidites australis 7 1.81 Uncertain affinities 

Cyathidites minor 1 0.26 Uncertain affinities 

Gleicheniidites senonicus 1 0.26 Gleicheniaceae 

Granulatisporites sp. 1 0.26 Botryopteridales 

Laevigatosporites spp. 2 0.52 Uncertain affinities 

Microreticulatisporites sacalii 3 0.77 Botryopteridales 

Osmundacidites wellmanii 2 0.52 Osmundaceae 

Patellasporites tavaredensis 2 0.52 Uncertain affinities 
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Polypodiaceoisporites sp. 1 0.26 Polypodiaceae? 

Undetermined trilete spores 10 2.59 - 

Varirugosisporites sp. 1 0.26 Uncertain affinities 

Gymnospermophyta 

Afropollis jardinus 2 0.52 Uncertain affinities 

Araucariacites australis 37 9.58 Araucariaceae 

Araucariacites spp. 6 1.56 Araucariaceae 

Balmeiopsis limbata 9 2.33 Araucariaceae 

Callialasporites dampieri 1 0.26 Araucariaceae 

Classopollis major 18 4.66 Cheirolepidiaceae 

Classopollis spp. 8 2.07 Cheirolepidiaceae 

Inaperturopollenites dubius 5 1.3 Cupressaceae 

Undetermined bisaccate pollen grains 23 5.96 - 

Antophyta 
Dichastopollenites? sp. 2 0.52 Uncertain affinities 

Tricolpites sp. 1 0.26 Eudicots 

Undetermined pollen grains of angiosperms 1 0.26 - 

Foraminifera 

Undetermined test lining 2 0.52 - 

Total 386 100  

 

Table S1. Full list of palynomorphs from interval 11 of the La Dehesa locality (late 

Albian–early Cenomanian; Estercuel, Aragón, Spain), present in the palynological 

sample EMD-11.1. 

 

 

Data S1–S4 
 

Morphologies of pyrite crystals and framboids on microfossils and their EDX profiles, 

with the abundance of each element. 
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Data S1: Ostracod carapace Cythereis sp. Specimen MPZ 2024/31. 

 

 
 

 
 
Weight % 

   C   O  Mg  Al  Si   S   K  Ca  Fe  Cu 

Base(7)_pt1   24.38   20.57    0.23    2.00    2.72   21.59    0.38    2.01   25.66    0.45 

 

Atom % 

   C   O  Mg  Al  Si   S   K  Ca  Fe  Cu 

Base(7)_pt1   43.22   27.38    0.20    1.58    2.06   14.34    0.21    1.07    9.78    0.15 

 

Compound % 

 C O Mg Al Si S K Ca Fe Cu 

Base(7)_pt1   24.38   20.57    0.23    2.00    2.72   21.59    0.38    2.01   25.66    0.45 

 

 

 

 

 

Image Name: Base(7) 
Image Resolution: 512 by 340 
Image Pixel Size: 0.06 µm 
Acc. Voltage: 20.0 kV 
Magnification: 12713 
Detector: EDS1 
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Data S2: Ostracod carapace of Cythereis (Rehacythereis) cf. pseudobartensteini. 

Specimen MPZ 2024/32. 

 

 
 

 
 
Weight % 

   C   O  Al  Si   S  Ca  Fe 

Base(14)_pt1   27.96   12.01    0.37    0.55   29.05    1.34   28.72 

 

Atom % 

   C   O  Al  Si   S  Ca  Fe 

Base(14)_pt1   50.98   16.45    0.30    0.43   19.85    0.73   11.26 

 

Compound % 

 C O Al Si S Ca Fe 

Base(14)_pt1   27.96   12.01    0.37    0.55   29.05    1.34   28.72 

 

 

 

 

 

Image Name: EST_OST_018(14) 
Image Resolution: 512 by 340 
Image Pixel Size: 0.08 µm 
Acc. Voltage: 20.0 kV 
Magnification: 10342 
Detector: EDS1 
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Data S3: Ostracod carapace of Schuleridea sp. Specimen MPZ 2024/45. 

 

 
 

 
 
Weight % 

   C   O  Al  Si   S   K  Ca  Fe 

Base(25)_pt1   25.42    9.98    0.77    0.82   32.01    0.16    1.32   29.52 

 

Atom % 

   C   O  Al  Si   S   K  Ca  Fe 

Base(25)_pt1   48.52   14.29    0.65    0.67   22.89    0.09    0.76   12.12 

 

Compound % 

 C O Al Si S K Ca Fe 

Base(25)_pt1   25.42    9.98    0.77    0.82   32.01    0.16    1.32   29.52 

 

 

 

 

 

 

Image Name: Base(25) 
Image Resolution: 512 by 340 
Image Pixel Size: 0.09 µm 
Acc. Voltage: 20.0 kV 
Magnification: 8630 
Detector: EDS1 
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Data S4: Echinoid remain. Specimen MPZ 2024/25. 

 

 
 

 
 
Weight % 

   C  Al  Si   S  Ca  Fe  Cu 

Base(2)_pt1   32.43    0.63    0.52   32.45    0.70   32.65    0.63 

 

Atom % 

   C  Al  Si   S  Ca  Fe  Cu 

Base(2)_pt1   61.84    0.53    0.43   23.18    0.40   13.39    0.23 

 

Compound % 

 C Al Si S Ca Fe Cu 

Base(2)_pt1   32.43    0.63    0.52   32.45    0.70   32.65    0.63 

 

Image Name: Base(2) 
Image Resolution: 512 by 340 
Image Pixel Size: 0.22 µm 
Acc. Voltage: 20.0 kV 
Magnification: 3724 
Detector: EDS1 
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