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The Aptian–Albian transition in the Maestrat Basin (E Iberian Chain) encompasses two lithostratigraphic units: 
the Benassal and Escucha formations. In some sectors of the basin, such as the western Galve and Las Parras 
sub-basins, this stratigraphic interval recorded a progressive shift from widespread carbonate platform settings 
to coastal siliciclastic-influenced and coal-bearing environments. Due to the transitional nature of this interval, 
establishing a clear stratigraphic boundary between the upper part of the Benassal Formation and the lower part 
of the Escucha Formation is challenging. Additionally, there is no unanimous agreement on the age range of 
these formations. To shed light on the stratigraphic location of the boundary between the Aptian and the Albian, 
strontium-isotope analyses were carried out on thirteen low-Mg calcite oyster shells to derive numerical ages. 
In the Las Parras Sub-basin, the 87Sr/86Sr values obtained from the siliciclastic-influenced transitional deposits 
between the Benassal and Escucha formations, as well as from the lowermost part of the Escucha Formation, 
range from 0.707282±0.000002 to 0.707410±0.000002. These Sr-isotope ratios translate into numerical ages that 
constrain this stratigraphic interval to the early Albian. The oyster shells collected in the Galve Sub-basin exhibit 
a higher degree of diagenetic alteration. Nevertheless, the least altered specimens analysed from the lower part 
of the transitional facies between the Benassal and Escucha formations in this latter sub-basin yielded Sr-isotope 
ratios between 0.707197±0.000003 and 0.707256±0.000002. These values correspond to ages spanning from 
the latest Aptian to the earliest Albian. Accordingly, in most sectors of the western Maestrat Basin, the Aptian–
Albian boundary is likely to be stratigraphically located at the lowermost part of the transitional facies between the 
Benassal and Escucha formations.
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INTRODUCTION

The Aptian–Albian transition in the Maestrat Basin 
(Eastern Iberian Chain; Fig. 1) recorded a shift from 
open marine carbonate platform conditions (e.g. Canérot 
et al., 1982; Salas, 1987), to more coastal environments 
influenced by siliciclastic deposition and coal formation 
(e.g. Pardo Tirapu, 1979; Querol Carceller, 1990). This 
stratigraphic interval encompasses two lithostratigraphic 
units: the Benassal Formation (Canérot et al., 1982) below, 

and the Escucha Formation (Aguilar et al., 1971) above 
(Fig. 2). The Benassal Formation is characterized by an 
alternation of marls and well-bedded to nodular grey 
limestones, rich in orbitolinids, corals, rudist bivalves, and 
nerineid gastropods (e.g. Bover-Arnal et al., 2014; Martín-
Martín et al., 2013). Its upper part recorded a progressive 
shallowing of the depositional environment and includes 
skeletal and oolitic limestones with a grainstone texture, 
sandy limestones, and sandstones that are often ferruginous 
and frequently display cross-bedding structures, along with 

FIGURE 1. Geological setting. A) Map of the Iberian Peninsula highlighting the Maestrat Basin, located in the eastern sector of the Iberian Chain. 
B) Simplified structural and isopach map of the Maestrat Basin during the Late Jurassic–Early Cretaceous. The outcrops sampled for Sr-isotope 
stratigraphy within the Galve and Las Parras sub-basins are marked with blue stars. The different sub-basins are labeled as follows: Mo (Morella), 
Pe (El Perelló), Sa (La Salzedella), Ga (Galve), Ol (Oliete), Pa (Las Parras), Ce (Cedramán), Or (Orpesa), and Pg (Penyagolosa). Dashed red line 
outlines the area covered by the geological map in Figure 1C. This map is adapted from Salas et al. in Martín-Chivelet et al. (2019). C) Geological map 
showing the location of the outcrops sampled for Sr-isotope stratigraphy within the Galve and Las Parras sub-basins, modified from Martín Fernández 
and Canérot (1977) and Canérot et al. (1979). The outcrops sampled are indicated with white stars and correspond to: 1) Los Peregrines, 2) Mina 
Salomé, 3) Cabezo del Moral, 4) Barranco de la Virgen and 5) Las Cubetas.

A B

C

Las Parras de Martín Escucha

Aliaga
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marls, and clays that may be partially coaly (Bover-Arnal 
et al., 2010; Canérot et al., 1982). The lower part of the 
Escucha Formation consists of alternating beds of marl, 
clay, coal, sandstone, and bioclastic limestone and sandy 
limestone (Pardo Tirapu, 1979; Querol Carceller, 1990; 
Querol et al., 1992; Rodríguez-López et al., 2009).

Accordingly, the facies of the upper part of the 
Benassal Formation closely resemble those of the lower 
part of the Escucha Formation. Consequently, where the 
Escucha Formation overlies the siliciclastic-influenced 
upper part of the Benassal Formation, its lower boundary 
is difficult to define due to the absence of a significant 
sedimentary break (Canérot et al., 1982; Querol Carceller, 
1990). This ambiguity in transitional facies can result in 
the same stratigraphic interval being attributed to either 
the uppermost Benassal Formation or the lowermost 
Escucha Formation, depending on the interpretation 
of individual authors. Lithostratigraphic units such as 
formations are inherently interpretative. In some cases, 
such interpretative discrepancies may account for the 
differing age assignments of the basal part of the Escucha 
Formation reported in the literature (see e.g. Villanueva-
Amadoz et al., 2010, for a review of the different age 
assignments).

This issue was already recognized by the cartographers 
of the Geological and Mining Institute of Spain (IGME) 
in the late 1970s, who produced the 1:50,000 geological 
maps of the area. In these maps (Canérot et al., 1979; 
Martín Fernández and Canérot, 1977), the Aptian–
Albian transition was included within a broad mapping 
unit encompassing the uppermost part of the Benassal 
Formation and the Escucha Formation (Fig. 1C), referred 
to as the ‘Transitional Facies’ (Canérot et al., 1979).

In contrast, in many sectors of the north-northwestern 
areas of the basin (Fig. 1B), the base of the Escucha 
Formation is clearly marked by an unconformity, resting 
on deposits from the lower Aptian, Barremian, Jurassic, 
or Triassic (Pardo Tirapu, 1979; Querol Carceller, 1990; 
Salas et al., 1995). An additional challenge in determining 
the age of the base of the Escucha Formation is its likely 
diachronous nature across the basin (e.g. Boulouard and 
Canérot, 1970; Canérot et al., 1982).

In this regard and based on the authors’ interpretation 
of the stratigraphic intervals studied as the Escucha 
Formation, Boulouard and Canérot (1970) assigned an 
upper Aptian–Albian age to the Escucha Formation in the 
Las Parras Sub-basin, while attributing a late Aptian age in 
the southeastern Morella Sub-basin and a late Albian age in 
the northeastern La Salzadella Sub-basin (Fig. 1B). Aguilar 
et al. (1971) interpreted the Escucha Formation as late 
Aptian–Albian in age, based on their analysis of charophyte 
and ostracod records from the Las Parras and Galve sub-
basins (Fig. 1B). In the Oliete Sub-basin (Fig. 1B), Peyrot 
et al. (2007a) studied the miospore and dinoflagellate cyst 
record from the lower part of the Escucha Formation, dating 
it to the upper Aptian-lower Albian. Additionally, within the 
Oliete Sub-basin, de Gea et al. (2008) dated the base of the 
Escucha Formation as upper Aptian based on nannofossils 
and planktonic foraminifera. On the other hand, Querol and 
Solé de Porta (1989) and Solé de Porta et al. (1994) analysed 
the palynofacies of the Escucha Formation in the Morella 
Sub-basin and in the Las Parras and Oliete sub-basins (Fig. 
1B), respectively. Their studies assigned a lower to middle 
Albian age to this lithostratigraphic unit. In line with these 
latter findings, Martínez et al. (1994) and Moreno-Bedmar 
et al. (2008) determined, based on ammonoid findings, that 
in La Salzedella Sub-basin (Fig. 1B), the lowermost part of 
the Escucha Formation dates to the lower Albian. In this 
sub-basin, the lowermost part of the Escucha Formation 
includes the Leymeriella tardefurcata Zone and probably, 
the lower part of the Douvilleiceras mammillatum Zone.

On the other hand, the Benassal Formation was 
originally dated as upper Aptian–early Albian by Canérot et 
al. (1982). More recently, Martín-Martín et al. (2013) also 
proposed, based on orbitolinid analysis in the Orpesa Sub-
basin (Fig. 1B), that the uppermost part of the Benassal 

FIGURE 2. Synthetic stratigraphic log of the latest Barremian–Albian 
sedimentary succession in the western Maestrat Basin, showing the 
stratigraphic interval sampled for Sr-isotope stratigraphy, and the 
stratigraphic position of the Aptian–Albian boundary as inferred from 
the results of this study. The numerical ages of the Barremian–Aptian 
and Aptian–Albian boundaries are taken from the LOWESS/LOESS 
look-up tables 5, 6 and 7 of McArthur et al. (2012), McArthur et al. 
(2020) and McArthur and Howarth (2024), respectively.
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Formation could extend into the early Albian. Bover-Arnal 
et al. (2016) assigned an age range from the latest early 
Aptian to the late Aptian for the Benassal Formation and 
placed the Aptian–Albian boundary at the contact between 
the Benassal and Escucha formations. Figure 3 presents 
a summary chart compiling the different ages that have 
been assigned to the Benassal and Escucha formations by 
various studies conducted across the different sub-basins of 
the Maestrat Basin.

Using strontium-isotope stratigraphy performed 
on oyster shells, this study investigates the age of the 
transitional interval between the Benassal and Escucha 

formations in the western Maestrat Basin, specifically in 
the Galve and Las Parras sub-basins (Fig. 1B). In these sub-
basins, the transition between the two lithostratigraphic 
units is gradual and encompasses the boundary between 
the Aptian and Albian stages. The results are of relevance, 
as the lower and middle members of the Escucha 
Formation, known as Barriada and Regachuelo (Cervera 
et al., 1976), are rich in coal deposits (e.g. Querol et 
al., 1992), which have been historically exploited in the 
region. Additionally, these coal beds host amber deposits 
(e.g. Delclòs et al., 2007; Peñalver et al., 2007) that 
preserve a remarkable diversity of insects (e.g. Pérez-de la 
Fuente et al., 2020) and resinicolous fungal remains (e.g. 

FIGURE 3. Summary chart showing the age ranges attributed to the Benassal and Escucha formations in different sub-basins of the Maestrat Basin, 
as reported in previous studies and refined in the present work.



A
R

T
I
C

L
E

 
I
N

 
P

R
E

S
S

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

A
R

T
I
C

L
E

 
I
N

 
P

R
E

S
S

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

G e o l o g i c a  A c t a ,  2 3 . 2 7 ,  1 - 2 1  ( 2 0 2 5 )
D O I :  1 0 . 1 3 4 4 / G e o l o g i c a A c t a 2 0 2 5 . 2 3 . 2 7

T.  B o v e r - A r n a l  e t  a l . Numerical ages of the Benassal and Escucha formations

5

Speranza et al., 2015). The lower and middle members 
of the Escucha Formation also contain a rich and diverse 
palaeofloral assemblage (e.g. Peyrot et al., 2007b; 
Sender et al., 2020; Villanueva-Amadoz et al., 2010). 
The numerical ages derived from the Sr-isotope analyses 
provide new insights into the stratigraphic positioning 
of the Aptian–Albian boundary in the western Maestrat 
Basin, as well as refining the chronological framework 
for the formation of these coal and amber deposits, along 
with their associated palaeobotanical assemblage.

GEOLOGICAL SETTING

The Maestrat Basin was a Mesozoic extensional basin 
located in the eastern Iberian Plate (Fig. 1A). It developed 
as a result of two rifting cycles. The first, occurring from 
the Kimmeridgian to early Berriasian, was linked to the 
opening of the North Atlantic, while the second, from 
the Barremian to early Albian, was associated with the 
formation of the Bay of Biscay (García-Senz and Salas, 
2011; Salas et al., 2010). These tectonic events subdivided 
the basin into nine distinct sub-basins: Las Parras, Galve, 
Oliete, Morella, El Perelló, La Salzedella, Penyagolosa, 
Cedramán, and Orpesa (Salas et al. in Martín-Chivelet et 
al., 2019). Throughout this time, thick accumulations of 
Upper Jurassic–Lower Cretaceous marine and continental 
carbonates and siliciclastic sediments were deposited and 
buried, exceeding 1.5km in depocentral areas (Fig. 1B).

In the western Maestrat Basin (Fig. 1B), the Galve and 
Las Parras sub-basins contain a marine-to-continental 
transitional stratigraphic interval, which comprises the 
upper part of the Benassal Formation and the lower part 
of the Escucha Formation, both of which are described 
in the previous section. This interval, which is the focus 
of the present study, also encompasses the Aptian–Albian 
boundary (Figs. 1C; 2). During the Alpine orogeny (late 
Eocene–early Miocene), compressional forces resulting 
from the collision between the Iberian and Eurasian plates 
led to the basin’s inversion, ultimately shaping the eastern 
sector of the Iberian Chain (Guimerà, 1994, 2018). This 
tectonic contraction deformed and exposed the Triassic 
to Cretaceous sedimentary record in the region (Fig. 
1C). Today, these Mesozoic rocks are partially covered by 
Palaeogene to Neogene conglomerates, sandstones, clays, 
and locally, lacustrine limestones and marls.

The late Barremian–early Aptian sedimentary 
succession underlying the Benassal Formation, consists 
of, from oldest to youngest, the Xert, Forcall and 
Villarroya de los Pinares formations (Fig. 2). The Xert 
Formation is composed of marine sandstones and sandy 
limestones in its lower part, while its middle to upper 
parts are dominated by marls and limestones containing 

orbitolinids (Canérot et al., 1982; Salas, 1987), mainly 
Palorbitolina lenticularis (e.g. Bover-Arnal et al., 2016). 
The overlying Forcall Formation (Canérot et al., 1982; 
Salas, 1987) represents deeper marine facies compared 
to the Xert Formation (Fig. 2). It consists of alternating 
marls and limestones rich in large discoidal Palorbitolina 
lenticularis, and ammonoids. This formation has been 
precisely dated to the terminal Barremian–early Aptian 
based on ammonite biostratigraphy and includes the four 
lower Aptian ammonite zones: Deshayesites oglanlensis, 
Deshayesites forbesi, Deshayesites deshayesi, and 
Dufrenoyia furcata (Bover-Arnal et al., 2010; Garcia et 
al., 2014). The Villarroya de los Pinares Formation (Fig. 
2) consists of platform carbonates characterized by the 
presence of rudist bivalves and corals (Canérot et al., 1982; 
Salas, 1987; Vennin and Aurell, 2001). Bover-Arnal et al. 
(2016) mainly constrained this formation to the late early 
Aptian (within the Dufrenoyia furcata Zone), though it 
locally also includes the upper part of the Deshayesites 
deshayesi Zone. On the other hand, above the Escucha 
Formation lies the Utrillas Formation (Fig. 2), which is 
Albian in age (see Garcia et al., 2014; Villanueva-Amadoz 
et al., 2011) and made up of an alternation of continental 
variegated sandstones and clays (Canérot et al., 1982; 
Rodríguez-López et al., 2009).

Finally, regarding the Escucha Formation, it is worth 
noting that the interpretation of the substrate and isopach 
maps provided in Salas et al. (1995) and Querol et al. (1992), 
respectively, reveals a distinct structural configuration 
of the Maestrat Basin during this time interval. North 
of the localities of Aliaga, Herbers, and La Tinença de 
Benifassà (Fig. 1B), the basin was compartmentalised 
into four highly subsident depocentres; Estercuel-Ariño, 
Aliaga-Utrillas, Castellote, and Calanda (Querol, 1990; 
Querol et al., 1992), each approximately 20-30km wide, 
accommodating thicknesses of the Escucha Formation 
exceeding 500m. South of these localities, two larger-
scale depocentres, Traiguera and Santa Bàrbara, each 
40-50km wide, accumulated thicknesses up to 200m. 
All depocentres were bounded by structural thresholds 
and exhibit semigraben geometries characteristic of 
extensional tectonics, as illustrated in the cross-sections 
of Querol et al. (1992) and Salas et al. (1995). The 
substrate maps from Salas et al. (1995) also reveal uplifted 
semigraben shoulders and varying degrees of erosion of 
the underlying lithostratigraphic units. In the northern 
part of the Maestrat Basin, this compartmentalisation into 
four deeply subsiding sub-basins is a distinctive feature 
of the early Albian and the Escucha Formation, marking 
the final phase of the Barremian–early Albian rifting 
cycle in the Maestrat Basin. The mechanism that triggered 
the migration of this extensional deformation toward the 
northwestern margin of the basin during the early Albian 
is currently unknown.
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MATERIALS AND METHODS

The oyster shells analysed for Sr isotopes were collected 
from five mixed carbonate-siliciclastic successions 
spanning the Aptian–Albian transition (Fig. 2), logged 
in the northern Las Parras and northeastern Galve sub-
basins (Fig. 1B). In the Las Parras Sub-basin, the sampled 
sedimentary successions include Los Peregrines, Mina 
Salomé, and Cabezo del Moral, while in the Galve Sub-
basin, samples were obtained from Barranco de la Virgen 
and Las Cubetas (Figs. 1C; 4). At Los Peregrines, oysters 
were sampled from a single stratigraphic interval (Oy1: Lat. 
40º 48’ 12.93”N, Long. 0º 49’ 49”W). In Mina Salomé, 

two oyster banks were analysed (Oy2: Lat. 40º 48’ 19.18”N, 
Long. 0º 57’ 32.54”W; Oy3: Lat. 40º 48’ 19.10”N, Long. 0º 
57’ 32.44”W). At Cabezo del Moral, oysters were collected 
from two distinct beds (Oy4: Lat. 40º 48’ 05.02”N, Long. 
0º 50’ 32.04”W; Oy5: Lat. 40º 48’ 04.83”N, Long. 0º 50’ 
31.57”W). A single oyster-bearing level was sampled in 
Barranco de la Virgen (Oy6: Lat. 40º 40’ 15.54”N, Long. 
0º 41’ 48.79”W). At Las Cubetas, oysters were collected 
from three separate banks (Oy7: Lat. 40º 40’ 13.00”N, 
Long. 0º 42’ 07.90”W; Oy8: Lat. 40º 40’ 13.78”N, Long. 
0º 42’ 07.67”W; Oy9: Lat. 40º 40’ 13.11”N, Long. 0º 42’ 
08.14”W). All geographic coordinates are reported in the 
WGS84 datum, as provided by the FieldMove application 

FIGURE 4. Stratigraphic logs sampled for Sr-isotope analysis in the western Maestrat Basin. Oy1-9 indicate the stratigraphic situation of the oyster 
shells collected for this study. The stratigraphic intervals illustrated in Figures 6–7 are also indicated. See Figure 1 for log locations and Figure 2 
for the legend. A) Los Peregrines (Las Parras Sub-basin). B) Mina Salomé (Las Parras Sub-basin). C) Cabezo del Moral (Las Parras Sub-basin).  
D) Barranco de la Virgen (Galve Sub-basin). E) Las Cubetas (Galve Sub-basin).
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(Petroleum Experts Limited) on an Apple device. In 
addition, 17 rock samples were collected throughout the 
five sedimentary successions to produce thin sections for 
microfacies analysis, providing insights into sedimentary 
and biotic evolution.

The oyster collection was subjected to diagenetic 
screening to identify the best-preserved specimens 
from each sampled stratigraphic interval (Fig. 4). This 
process followed established methodologies as outlined 
by several previous studies (e.g. Bodin et al., 2009; Boix 
et al., 2011; Coimbra et al., 2023; Frijia and Parente, 
2008; Frijia et al., 2015; Huck et al., 2011; McArthur, 
1994; Steuber et al., 2005). In this regard, superficial 
contamination was removed in an ultrasonic bath filled 

with deionised water and 5% H2O2 at 50°C for 5 minutes. 
Additionally, shells were treated with a 10% HCl solution 
for 45 seconds, followed by rinsing with deionised water. 
Subsequently, the shells were examined visually, under 
a hand lens, and through 27 thin sections prepared for 
observation under a petrographic microscope, in order 
to discard those exhibiting cements (Fig. 5A), and/or 
recrystallized (Fig. 5B), fragmented, or bioeroded areas. 
The best-preserved valves, showing no significant signs 
of alteration (Fig. 5C–D), were selected from each of the 
nine investigated stratigraphic intervals for geochemical 
analysis. For stratigraphic intervals Oy1 and Oy6–Oy9, 
one oyster shell was selected per interval, while for 
intervals Oy2–Oy5, two oyster shells (labelled A and B) 
were analysed (Table 1).

FIGURE 5. Diagenetic screening of oyster shells. A) Polarized light photomicrograph of an oyster sample discarded from Sr isotope analysis, showing 
blocky, equant calcite cements filling structural cavities within the shell. This specimen was sampled from the stratigraphic interval Oy4 at the 
Cabezo del Moral section (Figs. 1C, 4C). B) Transmitted light photomicrograph of an oyster discarded from Sr isotope analysis, exhibiting extensive 
recrystallization (left part of the image). The specimen was collected from the stratigraphic interval Oy2 at the Mina Salomé section (Figs. 1C, 4B). 
C) Transmitted light photomicrograph showing a visually well-preserved oyster shell collected from the stratigraphic horizon Oy7 at the Las Cubetas 
section (Figs. 1C, 4E). D). Photomicrograph under transmitted light of a visually well-preserved oyster shell retrieved from stratigraphic horizon Oy5 
at the Cabezo del Moral section (see Figs. 1C, 4C).

A B

DC

1 mm 1 mm

1 mm 1 mm
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Sampling was conducted using a microdrill equipped 
with 0.3 to 0.5mm diameter tungsten drill bits. From 
each sample, two splits of approximately 100mg of 
calcite powder were prepared for elemental composition 
and strontium isotope analyses, respectively. Elemental 
concentrations (Mg, Mn, Fe, Sr) were analysed using 
inductively coupled plasma–optical emission spectroscopy 
(ICP-OES) as an additional diagenetic screening step. This 
analysis was performed with a PerkinElmer Optima 8300 
at the Centres Científics i Tecnològics of the Universitat de 
Barcelona (CCiTUB). The thirteen oyster shells selected 
were subsequently classified as exhibiting low, moderate, 
or high alteration, based on Sr, Mn, and Fe concentrations 
in their calcitic skeletons. Cut-off summary: Sr >500ppm= 
low alteration, <500ppm= moderate; Mn <100ppm= low, 
>100ppm= moderate; Fe <400ppm= low, >400ppm= 
moderate, >2000ppm= high (see Discussion).

The second split was used to measure Sr isotope ratios 
(87Sr/86Sr) using a TIMS-Phoenix mass spectrometer 
housed at the Unidad de Geocronología, CAI de 
Ciencias de la Tierra y Arqueometría at the Universidad 
Complutense de Madrid. To account for potential 
interferences from 87Rb, appropriate corrections were 
applied during data processing. The 87Sr/86Sr ratios were 
subsequently normalized to a reference value of 0.1194. 
Raw measurements were corrected using repeated analyses 
of the NBS 987 international standard, which yielded mean 
values of 0.710250±0.000011 (2 standard error, n= 9) for 
samples Oy1–5 and 0.710251±0.000016 (2 standard error, 
n= 8) for samples Oy6–9. Absolute ages were calculated 
from 87Sr/86Sr ratios using the Locally Weighted Scatterplot 
Smoothing (LOWESS)/Local Regression (LOESS) look-
up tables 5, 6 and 7, developed by McArthur et al. (2012, 
2020) and McArthur and Howarth (2024). Table 5 is 
calibrated to the Geological Time Scale 2012 (GTS2012; 
Gradstein et al., 2012), while tables 6 and 7 are tied to 
the Geological Time Scale 2020 (GTS2020; Gradstein 
et al., 2020). Given that all samples lie near the Aptian–
Albian boundary, an interval for which both absolute ages 
and corresponding 87Sr/86Sr ratios have been progressively 
revised in recent years, using three different LOWESS/
LOESS tables helped assess the reliability and consistency 
of the derived numerical ages.

RESULTS

The transitional facies in the Las Parras and Galve 
sub-basins

Five stratigraphic logs were analysed and sampled 
with a focus on the transitional beds, which are described 
and illustrated below. These correspond to sedimentary 
successions spanning the Aptian–Albian transition in the 

northwestern Las Parras and Galve sub-basins, including 
Los Peregrines, Mina Salomé, and Cabezo del Moral in the 
Las Parras Sub-basin, and Barranco de la Virgen and Las 
Cubetas in the Galve Sub-basin (Figs. 1B–C; 4).

Los Peregrines

The Los Peregrines section is 21m thick (Figs. 1C; 4A; 
6A). It begins with approximately 7m of marls, followed 
by a 1.5m thick lacustrine limestone bed with a packstone 
texture containing charophyte remains. Above this, a 1.5m 
thick sandstone bed is overlain by a centimetre-thick 
sandstone bed (Fig. 6A), and a centimetre-thick sandy 
limestone with a packstone texture rich in Permocalculus, 
gastropods, Pseudocyclammina, and peloids. Between 
metre 10.5 and metre 12, there is a marl interval containing 
abundant oysters. Oyster sample Oy1 was collected from 
this interval (Figs. 4A; 5A–B). From metre 12 to metre 
17, a cm-thick sandy limestone and a limestone bed 
alternate with m-thick marl layers. These sandy limestone 
and limestone beds are rich in peloids, fragments of 
Permocalculus, gastropods, oysters, and echinoids, as well 
as foraminifera such as miliolids, Pseudocyclammina, and 
other textulariids. The uppermost part of the section is 
characterized by a 4m thick interval of limestone beds with 
wackestone to packstone textures, rich in rudist bivalves 
(including Toucasia; Fig. 6A, C), gastropods, fragments 
of oysters, Marinella lugeoni, serpulids, orbitolinids, 
miliolids, peloids and silt- to fine sand-sized quartz grains.

Mina Salomé

The Mina Salomé section is 20m thick (Figs. 1C; 
4B; 6D). It begins with floatstone to rudstone limestones 
containing rudist bivalves. This is followed by a 3m-thick 
marl interval, overlain by a 1m-thick limestone exhibiting 
a mudstone texture. Between meters 8.5 and 11, another 
marl interval is present, which contains the oldest oysters 
sampled at Mina Salomé (Oy2; Figs. 4B; 6D–E). This oyster-
bearing marl is overlain by cm-thick coarse sandstone beds 
rich in oysters. Above, a 4m-thick marl interval rich in coal 
hosts an accumulation of oysters (Figs. 4B; 6D, F), from 
which sample Oy3 was collected. The top of the succession 
is characterized by m-thick white sandstone beds (Fig. 4B).

Cabezo del Moral

The Cabezo del Moral section is also 20m thick (Figs. 
1C; 4C; 7A). It commences with a 5.6m-thick interval of 
marl deposits interbedded with 5 to 10cm-thick nodular 
limestones exhibiting a mudstone to wackestone texture, 
locally containing internal moulds of bivalves. The upper 
part of this marl interval is bioturbated. This marly 
succession is followed by a 40cm-thick limestone bed 
with a packstone texture, containing peloids, silt-sized 
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A B

DC

FE

sandstone

top

Oy1 (Fig. 6B)

Platform carbonates
with rudists (Fig. 6C)

Oy3 (Fig. 6F)

Oy2 (Fig. 6E)

top

5 m

top

Oy2

Oy3

mudstone marl

7 m

FIGURE 6. Los Peregrines and Mina Salomé sections. A) Outcrop view of the Los Peregrines section, showing the marl interval containing oysters 
sampled for Sr isotope analysis (Oy1), overlain by platform carbonates with rudists. A 32cm-long hammer encircled in red is included for scale. 
B) Detail of the oyster shells (Oy1) sampled in the Los Peregrines section. Visible part of the pencil= 3.5cm. See Figure 6A for the location of the 
marl stratigraphic interval containing the oysters collected (Oy1). C) Outcrop photograph of the platform carbonates with rudist bivalves located 
stratigraphically above the marl interval sampled for oysters (Oy1) in Los Peregrines. Pencil length= 13.8cm. See Figure 6A for the location of these 
platform carbonates. D) Panoramic view of the upper part of the succession logged at Mina Salomé. E) Detail of the oyster level (Oy2) sampled 4m 
above the platform carbonates with rudist bivalves of the lower part of the succession logged at Mina Salomé. See Figure 6D for the location of this 
oyster-bearing level. F) Outcrop photograph of metric-scale coal level containing the oyster accumulation (Oy3) sampled for Sr isotope analysis. 
Use the visible part of the Jacob’s staff for scale; each marked segment of the staff is 10cm. See Figure 6D for the location of the coal-bearing level 
containing oysters sampled.
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top

Oy4 (Fig. 7B)

Oy9

A B

DC

FE

top

topOy8 (Fig. 7F)

Oy6

Oy5

FIGURE 7. Cabezo del Moral, Barranco de la Virgen and Las Cubetas sections. A) Outcrop view of the middle and upper parts of the Cabezo del Moral 
section. Marl beds containing oysters sampled (Oy4 and Oy5) for Sr isotope analysis are indicated. A 32cm-long hammer encircled in red is included 
for scale. B) Close-up view of Figure 7A showing the oyster level Oy4. Visible part of the hammer= 15cm. C) Outcrop photograph of the lowermost 
part of the Barranco de la Virgen section indicating the situation of the oysters sampled (Oy6). Jacobs’s staff= 1.5m. D) Detail view of the rock-forming 
orbitolinids occurring in the lower part of the Barranco de la Virgen section. Visible part of the pencil= 3cm. See Figure 4D for the location of these 
orbitolinid-rich beds. E). Outcrop photograph of the upper part of the Las Cubetas section displaying the stratigraphic location of the oyster beds Oy8 
and Oy9 sampled. Jacobs’s staff= 1.5m. F) Close-up view of Figure 7E showing the oyster bank (Oy8) sampled at Las Cubetas.
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quartz grains, miliolids, textulariids, other foraminifera, 
and fragments of oysters, other bivalves, gastropods, 
Permocalculus, and echinoids. Above this, there is a 
3m-thick marl bed that contains oysters in its lower and 
middle parts. This oyster-bearing level was sampled as 
Oy4 (Figs. 4C; 7A–B). The succession continues with a 
20cm-thick sandstone, followed by a 50cm-thick marl bed, 
a 20cm-thick sandy-limestone with fragments of oysters 
and other bivalves, and an 80cm-thick sandstone. Between 
metres 10.5 and 13.5, there is a second marl bed rich in 
oyster shells that was also sampled (Oy5; Figs. 4C; 7A). 
Above, the succession exhibits a 40cm-thick limestone 
with a packstone texture containing peloids, silt-sized 
quartz, miliolids, textulariids, other foraminifera, bivalves, 
gastropods, Permocalculus, echinoids, and sponges. The 
top of the succession is characterized by a m-thick marl bed 
with abundant oysters.

Barranco de la Virgen

The Barranco de la Virgen section is 80m thick (Figs. 
1C; 4D; 7C). The succession begins with two metres of 
four cm-thick sandstone beds, showing bioturbation and 

containing oysters, Trigonia, gastropods, and fragments 
of other skeletal components. Oysters found at the top of 
the third sandstone bed were sampled as Oy6 (Figs. 4D; 
7C). Above this, between metres 2 and 66, the succession 
is mainly composed of dark marls with a few interbedded 
cm-thick sandstone layers, which display bioturbation and 
contain gastropods and Trigonia. Between meters 21 and 
22, two siliciclastic-influenced beds are present, containing 
fragments of echinoids, bivalves and gastropods, and 
orbitolinids in rock-forming abundance (Figs. 4D; 7D). 
The top of the logged succession consists of a 10m-thick 
clay layer, overlain by metric coal beds.

Las Cubetas

The Las Cubetas section is 50m thick (Figs. 1C; 
4E; 7E). The first 9m of the succession consist of marls 
interbedded with cm-thick nodular limestones containing 
orbitolinids in rock-forming abundance. At metre 9, 
the succession becomes siliciclastic-influenced and is 
dominated by sandstones up to metre 21. These sandstones 
exhibit plane-parallel and cross laminations, as well as 
cross-bedding. Rare mm-thick coal seams also occur 

FIGURE 8. The graphs show the 87Sr/86Sr variations in seawater around the Aptian–Albian boundary for the LOWESS/LOESS look-up tables 5, 6, and 
7 of McArthur et al. (2012), McArthur et al. (2020) and McArthur and Howarth (2024), respectively. The corrected 87Sr/86Sr ratios obtained from 
the samples are plotted, and the intersection between the sample ratios and the curves indicates the corresponding numerical ages, shown on the 
horizontal axis. The numerical age of the Aptian–Albian boundary is 113Ma and 113.2Ma according to the Geological Time Scale 2012 (Gradstein 
et al., 2012) and the Geological Time Scale 2020 (Gradstein et al., 2020), respectively.
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within the sandstone interval. From metre 21 to metre 33, 
the succession consists of marls interbedded with cm-thick 
sandstone beds. At metre 30.3, a 40cm-thick coal layer is 
present, while at metre 32.6, a 40cm-thick nodular marly 
limestone with abundant fragmented oysters and other 
bioclasts occurs. From metre 33 to the top of the logged 
section, the succession is made up of alternating marls, 
clays, sandstones, sandy-limestones, and oyster banks 
(Figs. 4E; 7E–F). The sandstones and sandy limestones 
are locally bioturbated, and also exhibit plane-parallel 
and cross lamination, including ripple structures, as well 
as cross-bedding. The fossil content in the upper part of 
the succession is dominated by fragmented oyster shells. 
At metres 40, 44 and 47, three siliciclastic-influenced cm-
thick levels with rock-forming oysters accumulations occur 
and were sampled as Oy7, Oy8, and Oy9, respectively 
(Figs. 4E; 7E–F). These oyster banks exhibit a rudstone 
texture and, in addition to oysters, also contain benthic 
foraminifera and peloids.

Elemental concentrations (Mg, Mn, Fe, Sr)

The elemental concentrations obtained from the 
thirteen analysed oysters are detailed in Table 1. The oysters 
collected from the Las Parras Sub-basin (Oy1–5) show 
Mg concentrations ranging from 542.42 to 2355.35ppm, 
while those from the Galve Sub-basin (Oy6–9) exhibit 
Mg concentrations between 695.83 and 1674.79ppm. 
The Sr contents in the Las Parras Sub-basin oysters range 
from 269.95 to 810.67ppm, while in the Galve Sub-basin 
samples range from 604.22 to 696.33ppm. In the Las Parras 
Sub-basin, sample Oy4(B) yielded the lowest Mn value 
of 41.5ppm, whereas the highest value, 142.14ppm, was 
recorded for Oy3(B). In the Galve Sub-basin, Mn values 
range from 55.58 (Oy6) to 320.44ppm (Oy7). The Fe 
record shows a higher disparity of values. While samples 
Oy1, Oy2, Oy3(A), Oy4, and Oy5(B) from the Las Parras 
Sub-basin show concentrations ranging from 66.49 to 
398.12ppm, samples Oy3(B) and Oy5(A) exhibit notably 
higher values of 3781.51 and 2397.42ppm, respectively. 
For the shells collected from the Galve Sub-basin, all 
samples except Oy9, which yielded an Fe concentration 
of 614.90ppm, showed values ranging from 2004.77 to 
2711.68ppm (samples Oy6–8).

Sr-isotope ratios and derived numerical ages

The corrected Sr-isotope ratios obtained from the low-
Mg calcite oyster shells collected for this study in the 
Galve Sub-basin (Barranco de la Virgen and Las Cubetas 
sections) show lower 87Sr/86Sr values than those collected 
from the Las Parras Sub-basin (Los Peregrines, Mina 
Salomé, and Cabezo del Moral sections) (Table 1). Sample 
Oy6, collected in the Galve Sub-basin, yielded the lowest 
87Sr/86Sr value of 0,707197±0.000003, which, according to 

the LOWESS look-up table 5, translates into a minimum 
numerical age of 115.4Ma, corresponding to the latest 
Aptian according to Gradstein et al. (2012). Considering 
the LOESS look-up tables 6 and 7, this Sr-isotope value 
intersects the seawater 87Sr/86Sr variation curves around the 
Aptian–Albian boundary at two points (Fig. 8). According 
to LOESS look-up table 6, this value translates into a 
numerical age of 114.Ma (+0.2) and 113.4Ma (+1/–0.2). 
Based on Gradstein et al. (2020), the older age falls within 
the latest Aptian, while the younger age spans the latest 
Aptian to the Aptian–Albian boundary, which is placed 
at 113.2Ma (Fig. 9). Using the LOESS look-up table 7, 
the ages obtained are slightly older: 115Ma (+0.3/–0.9) 
and 113.8Ma (–0.3), both correspond to the latest Aptian 
(Gradstein et al., 2020).

The Galve Sub-basin samples Oy7 and Oy9, with 
corrected Sr-isotope values of 0.707198±0.000002 and 
0.707215±0.000002, respectively, also intersect the seawater 
87Sr/86Sr variation curves at two points (Fig. 8). Using the 
LOWESS look-up table 5, the 87Sr/86Sr value for Oy7 
translates into a minimum numerical age of 115.5Ma. 
Considering the LOESS look-up tables 6 and 7, which are 
tied to Gradstein et al. (2020), the Sr-isotope value obtained 
from sample Oy7 translates into numerical ages of 114.7Ma 
(+0.2) and 113.4Ma (+1/–0.2), and 115Ma (+0.8/–0.2) and 
113.5Ma (+0.3/–0.2), respectively. Following Gradstein et al. 
(2020), all derived ages fall within the latest Aptian, except for 
113.2Ma, which marks the Aptian–Albian boundary (Fig. 9). 
For sample Oy9, the 87Sr/86Sr value translates into numerical 
ages of 115.8Ma (±0.2) and 114.5Ma (+0.5/–0.3), based on 
the LOWESS look-up table 5 and Gradstein et al. (2012). 
Using the LOESS look-up tables 6 and 7, tied to Gradstein et 
al. (2020), the corrected 87Sr/86Sr ratio of sample Oy9 yields 
ages of 115.1Ma (+0.1/–0.2) and 113.1Ma (+0.3/–0.1), and 
115.5Ma (+0.3/–0.2) and 113.3Ma (+0.2/–0.3), respectively. 
According to the LOWESS look-up table 5, sample Oy9 is 
dated to the late Aptian. However, when the LOESS look-up 
tables 6 and 7 are considered, the age ranges derived from 
the Sr-isotope value of sample Oy9 may extend into the 
earliest Albian (Fig. 9).

The last low-Mg calcite sample collected in the 
Galve Sub-basin, Oy8, shows a corrected 87Sr/86Sr ratio 
of 0.707215±0.000002, translating into a preferred latest 
Aptian numerical age of 113.6Ma (±0.3) according to the 
LOWESS look-up table 5, which is tied to Gradstein et al. 
(2012). When using the LOESS look-up tables 6 and 7, 
this Sr-isotope ratio indicates preferred ages of 112.7Ma 
(±0.1) and 112.7Ma (+0.2/–0.1), respectively. These latter 
ages would correspond to the earliest Albian according to 
Gradstein et al. (2020).

The corrected 87Sr/86Sr ratios measured on oyster 
shells collected in the Las Parras Sub-basin range between 
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FIGURE 9. Numerical ages derived from 87Sr/86Sr ratios measured in oyster shells collected from the Escucha Formation and from transitional deposits 
between the Benassal and Escucha formations, in the Las Parras and Galve sub-basins (western Maestrat Basin). Ages were calculated using the 
LOWESS 5 and LOESS 6 and 7 look-up tables (McArthur et al., 2012; McArthur, 2020; McArthur and Howarth, 2024), calibrated to the Geological 
Time Scale 2012 (GTS2012; Gradstein et al., 2012) and the Geological Time Scale 2020 (GTS2020; Gradstein et al., 2020), respectively. Green, 
orange, and red circles indicate samples with low, moderate, and high degrees of diagenetic alteration, respectively. The distribution of samples along 
the X-axis is for visualization purposes and does not represent any measured parameter.
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0.707282±0.000002 (Oy5A) and 0.707410±0.000002 
(Oy1). Using the LOWESS look-up table 5, the Sr-
isotope ratio obtained from sample Oy5A translates into 
a numerical age of 113.1Ma (+0.2/–0.3), which would 
mainly indicate a latest Aptian age, considering that the 
Aptian–Albian boundary is located at 113Ma (Gradstein 
et al., 2012). On the other hand, using the LOESS look-
up tables 6 and 7, the preferred ages are 112.5Ma (±0.1) 
and 112.4Ma (+0.1/–0.1), respectively, placing them in 
the earliest Albian (Gradstein et al., 2020). Sample Oy5B 
yielded a corrected 87Sr/86Sr ratio of 0.707307±0.000003, 
which corresponds to numerical ages of 112.5Ma (+0.3/–
0.2), 112.2Ma (+0.2/–0.1), and 112.2Ma (+0.1/–0.2), 
according to LOWESS look-up table 5 and LOESS look-
up tables 6 and 7, respectively (Fig. 9). All these absolute 
age intervals fall within the lower part of the early Albian 
(Gradstein et al., 2012, 2020).

The two samples collected from the stratigraphic 
interval Oy4, yielded corrected 87Sr/86Sr ratios of 
0.707297±0.000003 (Oy4A) and 0.707310±0.000002 
(Oy4B). The Sr-isotope ratio of sample Oy4A translates 
into preferred numerical ages of 112.8Ma (+0.2/–0.3), 
112.3Ma (+0.2/–0.1), and 112.3Ma (+0.1/–0.2), according 
to LOWESS look-up table 5 and LOESS look-up tables 6 
and 7, respectively. The 87Sr/86Sr value obtained for Oy4B 
corresponds to ages of 112.5Ma (+0.2/–0.3), 112.2Ma 
(+0.1/–0.2), and 112.1Ma (±0.1), based on LOWESS 
look-up table 5 and the LOESS look-up tables 6 and 7, 
respectively. According to Gradstein et al. (2012, 2020), 
these age intervals fall within the early Albian (Fig. 9).

In the Mina Salomé section, two stratigraphic intervals 
were sampled (Fig. 4B). The two samples, Oy2A and 
Oy2B, retrieved from the lower stratigraphic interval, 
yielded corrected 87Sr/86Sr ratios of 0.707314±0.000002 
and 0.707309±0.000002, respectively. The 87Sr/86Sr value 
obtained for Oy2A translates into ages of 112.4Ma (+0.2/–
0.3), 112.1Ma (±0.2), and 112.1Ma (±0.1), based on 
LOWESS look-up table 5 and the LOESS look-up tables 6 
and 7, respectively. Sample Oy2B derived ages of 112.5Ma 
(+0.2/–0.3), 112.2Ma (+0.1/–0.2), and 112.1Ma (±0.1), also 
based on LOWESS look-up table 5 and the LOESS look-
up tables 6 and 7, respectively (Fig. 9). Samples Oy3A and 
Oy3B were collected from the upper part of a metric coal 
level in Mina Salomé (Figs. 4B; 6F). The corrected 87Sr/86Sr 
ratios obtained for these samples are 0.707300±0.000002 
and 0.707344±0.000002, respectively. In accordance with 
LOWESS look-up table 5 and the LOESS look-up tables 
6 and 7, the Sr-isotope ratio of sample Oy3A translates 
into numerical ages of 112.7Ma (±0.3), 112.3Ma (±0.1), 
and 112.1Ma (±0.1), respectively, whereas sample Oy3B 
derived ages of 111.6Ma (+0.3/–0.4), 111.6Ma (±0.2), and 
111.8Ma (+0.1/–0.2) (Fig. 9). The numerical ages obtained 
from the two stratigraphic intervals at the Mina Salomé 

section indicate an early Albian (Gradstein et al., 2012, 
2020).

Finally, sample Oy1 yielded the highest 87Sr/86Sr value 
measured among the collected samples, translating into 
numerical ages of 107.7Ma (+1.7/–0.2) using the LOWESS 
look-up table 5, 109.3Ma (+0.7/–1.8) following the LOESS 
look-up table 6, and 110.1Ma (+0.7/–3.1) according to 
the LOESS look-up table 7 (Fig. 9). Similar to samples 
collected at Mina Salomé and Cabezo del Moral, within 
the same sub-basin, these age intervals also correspond to 
the early Albian (Gradstein et al., 2012, 2020).

DISCUSSION

Lithostratigraphic interpretation

The Benassal Formation is regarded as platform 
carbonates rich in rudist bivalves, orbitolinids, and 
Permocalculus (e.g. Bover-Arnal et al., 2024; Salas, 1987), 
which gradually transitions towards the Escucha Formation 
in the western Maestrat Basin, accompanied by a progressive 
increase in terrigenous material and carbonaceous products 
(Canérot et al., 1982). The lower member of the Escucha 
Formation, on the other hand, was described by Canérot 
et al. (1982) as overlying rudist-bearing limestones and 
consisting of an alternation of clayey or marly layers 
containing lignite seams, along with sandy limestones and 
sandstones.

Based on these definitions, the upper part of the Los 
Peregrines section, which is dominated by platform 
carbonates rich in rudist bivalves (Fig. 6A, C) and 
orbitolinids, could be attributed to the Benassal Formation. 
However, the lower portion of the section, up to metre 17 
(Fig. 4A), is made up of alternating marls with oysters, 
sandy limestones, sandstones, and lacustrine limestones, 
reflecting continental to transitional conditions. Thus, this 
succession is more appropriately assigned to the transitional 
facies. The occurrence of rudist- and orbitolinid-bearing 
limestones within the transitional facies indicates intervals 
of reduced terrigenous input, which allowed for the 
development of carbonate platforms.

On the other hand, the floatstone to rudstone limestones 
containing rudist bivalves in the lower part of the Mina 
Salomé section are underlain by more marine, carbonate-
rich facies and are thus attributed to the Benassal 
Formation (Fig. 4B). Above these deposits, a transitional 
interval is observed in Mina Salomé, consisting of metre-
thick marl beds with oysters interbedded with limestones 
and coarse sandstones, marking a gradual shift from the 
Benassal to the Escucha Formation. The first metre-thick 
coal-bearing bed logged at Mina Salomé can be confidently 



A
R

T
I
C

L
E

 
I
N

 
P

R
E

S
S

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

A
R

T
I
C

L
E

 
I
N

 
P

R
E

S
S

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

T.  B o v e r - A r n a l  e t  a l .

G e o l o g i c a  A c t a ,  2 3 . 2 7 ,  1 - 2 1  ( 2 0 2 5 )
D O I :  1 0 . 1 3 4 4 / G e o l o g i c a A c t a 2 0 2 5 . 2 3 . 2 7

Numerical ages of the Benassal and Escucha formations

16

assigned to the Escucha Formation, representing the onset 
of characteristic coal-rich facies (Fig. 4B). The Cabezo 
del Moral succession, in contrast, is entirely interpreted as 
representing transitional facies with oyster-bearing levels 
between the Benassal and Escucha formations (Figs. 4C; 
7A-B).

In the Barranco de la Virgen and Las Cubetas sections, 
located in the Galve Sub-basin, the succession displays 
occasional intercalations of limestones rich in orbitolinids 
(Figs. 4D; 7D). However, no intercalations of rudist-bearing 
platform carbonates have been observed. As a result, 
these successions are interpreted as belonging entirely to 
the transitional facies between the Benassal and Escucha 
formations.

These interpretations imply that the lithostratigraphic 
unit referred to as the ‘transitional facies’ would be more 
thickly developed in the Galve Sub-basin than in the Las 
Parras Sub-basin (Fig. 4), suggesting that the Galve Sub-
basin functioned as a more significant depocenter during 
the Aptian–Albian transition. In contrast, the Las Parras 
Sub-basin appears to have been a more marginal setting, 
with a thinner development of transitional deposits (Fig. 4).

Additionally, it is noteworthy that in the central and 
eastern Maestrat Basin, particularly in the Morella and La 
Salzedella sub-basins (Fig. 1B), the Escucha Formation 
exhibits clear transgressive characteristics, evidenced by the 
presence of ammonites (Bover-Arnal et al., 2016; Martínez 
et al., 1994; Moreno-Bedmar et al., 2008). In contrast, 
in the western marginal part of the basin studied, such 
transgressive indicators are less evident, suggesting that 
this early Albian transgressive pulse was more localized 
and restricted to the deeper, more depocentral parts of the 
basin.

Evaluation of the reliability of 87Sr/86Sr ratios and 
corresponding numerical ages

The original strontium isotopic composition of marine 
carbonates, including that of aragonite and calcite shells, can 
be significantly altered through interaction with diagenetic 
fluids (e.g. Frijia and Parente, 2008; Marcano et al., 2015). 
In addition to visual inspection of the studied samples 
using a petrographic microscope (Fig. 5), the assessment 
of diagenetic alteration in biogenic calcite has traditionally 
relied on geochemical signatures, particularly the co-
occurrence of depleted Sr concentrations with elevated Mn, 
Fe, and 87Sr/86Sr ratios, an association well documented in 
multicomponent studies (Al-Aasm and Veizer, 1986; Brand 
et al., 2012; Brand and Veizer, 1980; McArthur, 1994). 
However, Frijia et al. (2015) and Bover-Arnal et al. (2016), 
for example, showed examples where increasing Mn and 
Fe does not correlate with decreasing Sr concentrations; 

in those publications high Mn and Fe concentrations were 
observed in pristine shells with 87Sr/86Sr that perfectly 
matched the seawater composition of the studied intervals. 
Additionally, other studies have demonstrated that low 
Mn and Fe concentrations can also reflect diagenetic 
overprinting (Frijia et al., 2015; Steuber et al., 2005). In this 
regard, the cut-off values for Mn, Fe, and Sr concentrations 
used to assess the suitability of samples for strontium-
isotope stratigraphy vary among authors (e.g. Wierzbowski, 
2021). Danise et al. (2020) conducted a literature review 
on the cut-off values used to identify oyster shells that were 
considered not diagenetically altered. They concluded that 
such shells typically have Fe and Mn concentrations below 
250ppm, and Sr concentrations above 350ppm. However, 
in deposits directly influenced by freshwater runoff, such 
as the continental to marine transitional facies studied here 
(Figs. 2; 4), Fe concentrations up to 700ppm are commonly 
considered acceptable (e.g. Pérez-Cano et al., 2022; 
Schneider et al., 2009).

Considering these complexities, this study adopts a 
conservative approach: Mn and Fe concentrations are not 
employed as primary diagenetic proxies. Instead, visual 
petrographic assessment combined with Sr concentrations 
forms the basis for evaluating sample preservation. In this 
regard, all the analysed samples passed the visual evaluation. 
Samples with Sr values below 500ppm were considered 
to show evidence of moderate diagenetic alteration in the 
current study. Additionally, only oyster shells exhibiting Mn 
concentrations below 100ppm and Fe concentrations below 
400ppm were considered as samples with low alteration 
and, therefore, their derived numerical ages were deemed 
reliable (Table 1; Fig. 9).

All samples exhibit 87Sr/86Sr ratios consistent with 
values typical of marine waters during the late Aptian 
to early Albian (Table 1; McArthur, 2020; McArthur et 
al., 2012; McArthur and Howarth, 2024). However, only 
samples Oy1, Oy2A, Oy2B, and Oy4B show values of Sr 
>500ppm, Fe <400ppm, and Mn <100ppm, and thus are 
regarded as exhibiting a low degree of alteration (Fig. 9). 
These samples with low alteration, all collected from the 
Las Parras Sub-basin (Figs.1B-C; 4A-C), indicate an early 
Albian age for the stratigraphic intervals sampled within 
the transitional facies and the Escucha Formation (Table 1).

Samples Oy3A, Oy4A, and Oy5B show Sr 
concentrations below 500ppm and are therefore interpreted 
as moderately altered oyster shells, along with Oy5A, 
which exhibits a Mn concentration above 100ppm and an 
Fe concentration above 400ppm (Table 1; Fig. 9). However, 
sample Oy3A, collected within the Escucha Formation 
about 5m above samples Oy2A-B with low alteration (Figs. 
4B; 6D), shows a similar 87Sr/86Sr ratio and a slightly older 
derived numerical age, though still within a comparable age 
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range to Oy2A-B. Accordingly, the 87Sr/86Sr ratio of sample 
Oy3A is interpreted as not deviating significantly from 
the original value. Similarly, samples Oy4A and Oy5A-B 
showing a moderate degree of diagenetic alteration also 
exhibit 87Sr/86Sr ratios and age ranges comparable to 
relatively well-preserved oyster shell Oy4B (Table 1; Fig. 9). 
Samples Oy5A-B are stratigraphically located 5m above the 
oyster shell Oy4B with low alteration (Figs. 4C; 7A). On the 
other hand, sample Oy3B, exhibiting an Fe concentration 
of 3781.51ppm and a 87Sr/86Sr ratio of 0.707344 (Table 1), 
significantly different from the ratios measured in samples 
Oy2A-B and Oy3A, is regarded as having undergone a 
higher degree of diagenetic alteration (Fig. 9). Therefore, its 
derived age, which is slightly younger than that of samples 
Oy2A-B and Oy3A, is considered unreliable.

For the ages derived from the 87Sr/86Sr ratios of the 
samples collected in the Las Parras Sub-basin (Fig. 1B), 
there is little difference depending on which LOWESS/
LOESS look-up table (5, 6, or 7) is used, except for sample 
Oy5A. When the age of sample Oy5A is derived using 
LOWESS look-up table 5, the preferred resulting age is 
latest Aptian, whereas if it is derived using LOESS look-
up tables 6 or 7, the entire age range of the sample falls 
within the early Albian (Table 1; Fig. 9). Given that sample 
Oy4B, which exhibits low alteration (Table 1; Fig. 9), was 
dated to the early Albian and lies only about 4.5m below 
sample Oy5A (Fig. 4C), it can be inferred that Oy5A also 
belongs to the early Albian. Accordingly, in this case, 
LOESS look-up tables 6 and 7 provide more reliable results 
than LOWESS look-up table 5, as expected from the more 
recent versions of these tables for deriving numerical ages.

Samples Oy6-9, collected within the lower part of the 
transitional facies in the Galve Sub-basin (Figs. 1B; 4D-
E; 7C-F), exhibit Sr concentrations above 600ppm (Table 
1) and thus lie above the lower threshold value of 500ppm 
established in this study. However, samples Oy6–Oy8 
show Fe concentrations exceeding 2000ppm, and samples 
Oy7–Oy9 exhibit Mn concentrations above 100ppm (Table 
1), both surpassing the threshold limits of 400ppm and 
100ppm, respectively, as defined above. Therefore, all 
samples from the Galve Sub-basin are interpreted as having 
been affected by moderate diagenetic alteration, and their 
derived ages should consequently be treated with caution 
(Fig. 9).

Chronostratigraphic implications

Regardless of the version of the LOWESS/LOESS 
look-up table used to derive numerical ages from the 
87Sr/86Sr values obtained, samples with a low degree of 
diagenetic alteration collected in the Las Parras Sub-basin 
(Oy1, Oy2A-B, and Oy4B) can be confidently assigned to 
the early Albian (Fig. 9; Table 1). These include oysters 

retrieved from siliciclastic-influenced transitional facies 
(Oy2A-B and Oy4B; Figs. 4B-C; 6D-E; 7A-B), as well 
as oysters collected from a stratigraphic interval made 
up of alternating siliciclastic-influenced deposits and 
platform carbonates with rudists (Oy1; Figs. 4A; 6A-C), 
also assigned to the transitional facies. Oyster samples 
Oy5B, which shows a moderate degree of diagenetic 
alternation and was collected stratigraphically above 
Oy4A-B in the Cabezo del Moral section (Figs. 4C; 6A), 
also yielded similar preferred early Albian ages to those 
of the better-preserved oyster shell Oy4B, reinforcing the 
age determinations obtained for the Las Parras Sub-basin. 
The same applies to the moderately-altered oyster shells 
Oy4A and Oy5A. Although the derived ages are slightly 
older than those obtained for samples Oy4B and Oy5B, the 
ages calculated using LOESS look-up tables 6 and 7 still 
fall within the early Albian (Fig. 9). Finally, sample Oy3A, 
which is also moderately altered, was retrieved from the 
first coal-bearing level of the Escucha Formation at Mina 
Salomé (Figs. 4B; 6D, F), located stratigraphically 5 metres 
above samples Oy2A–B (Figs. 4B; 6D–E). It likewise 
yielded an early Albian age, with an age range comparable 
to that of samples Oy2A–B (Fig. 9).

From a lithostratigraphic perspective, and regarding 
the stratigraphic position of the Aptian–Albian boundary, 
if the early Albian successions studied in the Las Parras 
Sub-basin, which comprise platform carbonates with rudist 
bivalves and orbitolinids alternating with oyster-rich more 
coastal marls, sandstones, and sandy limestones (Oy1–2; 
Fig. 6A-E), are assigned to the Benassal Formation, then the 
Aptian–Albian boundary would lie within the upper part 
of the Benassal Formation in this sub-basin. Conversely, if 
these stratigraphic intervals are ascribed to the transitional 
facies, as done in this study (Oy1–2; Fig. 4A-B), the 
Aptian–Albian boundary would be situated within the 
lower part of the transitional facies, or perhaps within the 
underlying uppermost platform carbonates of the Benassal 
Formation, but stratigraphically below the metric coal 
beds of the Escucha Formation (Figs. 2; 9). Accordingly, 
depending on the depositional environment, characteristic 
facies of the Benassal Formation, such as limestones with 
rudists and orbitolinids, may locally be of Albian age in the 
Las Parras Sub-basin.

The numerical ages derived from the transitional beds 
of the Galve Sub-basin indicate slightly older ages (Table 
1). The four samples collected at the Barranco de la Virgen 
(Figs. 4D; 7C) and Las Cubetas (Figs. 4F; 7E–F) sections 
show a moderate degree of diagenetic alteration. Therefore, 
the numerical ages obtained should be taken with caution. 
These ages, however, mainly indicate a latest Aptian age, 
reaching up to the Aptian–Albian boundary when using 
LOESS look-up tables 6 and 7 tied to Gradstein et al. 
(2020). The exception is sample Oy8 (Figs. 4E; 7E–F), 
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which, when analysed using LOESS look-up tables 6 
and 7 tied to Gradstein et al. (2020), yields numerical 
ages corresponding to the early Albian (Fig. 9). However, 
this sample exhibits the second-highest Fe and Mn 
concentrations among all the samples analysed (Table 1), 
casting doubt on the validity of an early Albian age for the 
entire transitional facies in the Las Cubetas section.

Among all the samples collected in the Galve Sub-
basin (Fig. 1B), sample Oy9 displays the lowest Mn and 
Fe concentrations, suggesting it is the best-preserved of 
the group. When analysed using LOESS look-up table 
6, the Sr-isotope ratio intersects the curve at two points 
(Table 1; Fig. 8), one of which yields a preferred age of 
113.1 Ma, corresponding to the early Albian according to 
Gradstein et al. (2020) (Fig. 9). However, this early Albian 
age, derived from a moderately altered sample, is obtained 
only when using LOESS look-up table 6, making the result 
uncertain, but not invalidating an early Albian age for the 
entire transitional facies in the Galve Sub-basin. Based on 
the available data, the most plausible interpretation is that 
in the Galve Sub-basin, the boundary between the Aptian 
and the Albian is located within the lower to middle parts 
of the siliciclastic-influenced transitional deposits, and 
thus stratigraphically below the metric coal beds that can 
be unambiguously assigned to the Escucha Formation (Fig. 
2).

Thus, the obtained ages vary depending on the 
LOWESS/LOESS look-up tables used to derive numerical 
ages (Figs. 8; 9), the sample location, and the degree of 
diagenetic alteration of the calcite skeletons analysed (Table 
1). Nevertheless, the presented data, which show slight 
age differences between localities, consistently cluster 
around the Aptian–Albian boundary (Fig. 9). These minor 
age variations between localities suggests that the upper 
boundary of the Benassal Formation, along with the influx 
of siliciclastic materials into the basin and the establishment 
of more coastal conditions that characterize the transitional 
facies, could be slightly diachronous across the western 
Maestrat Basin. This also applies to the boundary between 
these transitional facies and the first coal-bearing layers, 
which are characteristic of the Escucha Formation. In this 
regard, the diachrony of the Escucha Formation across the 
Maestrat Basin has already been noted by previous authors 
(e.g. Canérot et al., 1982).

In other sub-basins of the Maestrat Basin where these 
transitional facies are absent, the stratigraphic position of 
the Aptian–Albian boundary appears to differ, according to 
the available literature. In the Orpesa Sub-basin (Fig. 1B), 
this boundary is located within the Benassal Formation. 
Preliminary orbitolinid biostratigraphic data reported by 
Martín-Martín et al. (2013) document the presence of 
Orbitolina (Conicorbitolina) conica, suggesting that the 

uppermost part of the Benassal Formation in this sector is 
of Albian age (Fig. 3), possibly even late Albian. In contrast, 
in the Traiguera area, within La Salzedella Sub-basin (Fig. 
1B), the lower part of the Escucha Formation contains the 
complete record of the Leymeriella tardefurcata Zone, 
the first ammonite zone of the early Albian (Garcia et al., 
2014; Martínez et al., 1994; Moreno-Bedmar et al., 2008). 
Consequently, in this locality, the Aptian–Albian boundary 
would roughly coincide with the base of the Escucha 
Formation (Bover-Arnal et al., 2016; Fig. 3), suggesting 
that the stratigraphic hiatus between the Benassal and 
Escucha formations is minor or even negligible.

CONCLUSIONS

The aim of the study is not to determine the precise 
stratigraphic position of the boundary between the 
Benassal and Escucha formations, but rather to calibrate 
the transitional stratigraphic interval between these two 
lithostratigraphic units in the western Maestrat Basin 
through numerical dating. Based on numerical ages derived 
from 87Sr/86Sr ratios measured in oyster shells from the Las 
Parras Sub-basin, the last carbonate-platform beds with 
rudists and orbitolinids, as well as the siliciclastic-influenced 
transitional facies, located stratigraphically below the coal-
bearing levels of the lower part of the Escucha Formation, 
can already be assigned an early Albian age. In comparison 
with the Las Parras Sub-basin, the oyster shells from the 
Galve Sub-basin exhibit poorer preservation, which limits 
the reliability of the numerical age estimates derived from 
them. Consequently, the results from the Galve Sub-basin 
are less conclusive. However, the numerical ages obtained 
from the best-preserved oyster shells in the Galve Sub-
basin indicate a latest Aptian to earliest Albian age for the 
lower-middle part of the siliciclastic-influenced transitional 
facies. Consequently, it is likely that the transitional 
deposits between the Benassal and Escucha formations are, 
to a large extent, Albian in age in the western part of the 
Maestrat Basin, including intervals of carbonate platform 
development bearing rudists and orbitolinids.

These findings are consistent with those reported from 
more depocentral areas of the Maestrat Basin, where the 
Benassal and Escucha lithostratigraphic units are more 
expanded, such as La Salzedella and Orpesa sub-basins. In 
the La Salzadella Sub-basin, ammonites from the earliest 
Albian zone occur in the lowermost part of the Escucha 
Formation, whereas in the Orpesa Sub-basin, the orbitolinid 
assemblage from the uppermost carbonate platforms of the 
Benassal Formation most likely indicates an Albian age. 
Ultimately, in the western Maestrat Basin, the metric coal 
levels of the Escucha Formation that have been exploited 
in the recent past and host significant fossiliferous amber 
deposits can be confidently dated to the early Albian.
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du sous-basin de Galvé (Province de Teruel, NE de l’Espagne). 
Bulletin de la Société Géologique de France, 172, 397-410.

Villanueva-Amadoz, U., Pons, D., Diez, J.B., Ferrer, J., Sender, L.M., 
2010. Angiosperm pollen grains of Sant Just site (Escucha 
Formation) from the Albian of the Iberian Range (north-
eastern Spain). Review of Palaeobotany and Palynology, 162, 
362-381.

Villanueva-Amadoz, U., Sender, L.M., Diez, J.B., Ferrer, J., Pons, 
D., 2011. Palynological studies of the boundary marls unit 
(Albian-Cenomanian) from northeastern Spain. Review of 
Palaeobotany and Palynology, 162, 362-381.

Wierzbowski, H., 2021. Advances and challenges in 
palaeoenvironmental studies based on oxygen isotope 
composition of skeletal carbonates and phosphates. 
Geosciences, 11, 419.

Manuscript received June 2025;
revision accepted September 2025;
published Online December 2025.


	_Hlk197937662

