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Much of the eastern sector of theMesozoic Iberian basin belongs to the ‘Mediterranean type’ Triassic. This type is
characterized by aMiddle Triassic stratigraphic record comprised of two carbonateMuschelkalk units (lower and
upper) separated by a detrital-evaporitemiddleMuschelkalk unit. In the present study areas, the twofirstmarine
flooding episodes of the Middle Triassic led to the deposition of extensive shallow-water carbonates on a block-
controlled epicontinental platform in the lower and upper Muschelkalk units. These carbonates were part of
third-order transgressive–regressive sequences. The two carbonate sequences display similar vertical facies
and stratigraphic sub-unit arrangements. The base of the two sequences is marked by a (lower) carbonate-
marl alternation, which was deposited in mixed tidal flat-to-lagoon settings. In the middle of the sequences,
the carbonate character is predominant and facies associations mainly suggest shallowwaters and high environ-
mental variability. The change from a transgressive to regressive trend occurs in the middle of the sequences, al-
though theposition of themaximumflooding zone can vary fromone to another stratigraphic section. The tops of
the sequences show two different lithological assemblages, which are coeval and grade laterally to each other.
One assemblage is a ‘carbonate terminal complex’ formed by tidalflat and sabkha deposits,which is predominant
in the lower Muschelkalk unit. The other assemblage is a lagoon-peritidal (upper) carbonate-marl alternation,
predominant in the upper unit. Together, the two sequences suggest a complex platformmorphologywith amo-
saic facies distribution, which evolved from a not very high energy ramp-like profile (transgressive phases, TST)
to a lower energy rimmed shelf, ending with tidal/lagoon environments (regressive phases, HST). Facies associ-
ations, however, suggest somewhat deeper depositional settings for the upper than lowerMuschelkalk unit. Here
we compare the two carbonate units in the study areas with those described in the literature from other Triassic
basins of Eastern Iberia and the SWGermanic Basin, all forming part of the Peri-Tethys area of the TethyanRealm.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

The break-up of Pangea and expansion of the Tethys Ocean to the
west began during the Late Permian–Early Triassic (Ziegler, 1982,
1988). As a result of this extensional regime, several sedimentary basins
formed in the Iberian Plate (Iberia). During an initial rifting stage, these
basins recorded thick detrital successions of non-marine environments
(Sakmarian-Anisian p.p.). Subsequently, the Tethys waters episodically
flooded the eastern part of Iberia during the Middle and Late Triassic
(Sopeña et al., 1988; Arche and López-Gómez, 1996; López-Gómez
et al., 2002). This occurred in transgressive–regressive cycles, as
fía y Paleontología, Facultad de
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recorded by a succession of carbonate, detrital-evaporite, and
carbonate-evaporite units. The carbonate units correspond to the
lower Muschelkalk (Anisian), the upper Muschelkalk (Ladinian), and
the Imón Fm and its equivalents (Norian–Rhaetian) (López-Gómez
et al., 1998). The detrital-evaporite units correspond to the Röt
(Anisian), middle Muschelkalk (Anisian), and Keuper (Carnian–
Norian). And finally, the carbonate-evaporite unit corresponds to the
Lécera Fm (Anhydrite Zone; Rhaetian–Hettangian) (Ortí et al., 2017).

In the southeastern sector of the Triassic Iberian basin, which is cur-
rently part of the eastern Iberian Range (Fig. 1), the stratigraphic record
of the transgressive–regressive cycles of the Middle–Upper Triassic has
been interpreted in different ways, mainly due to the structural com-
plexity of the sector. During the 60s of the last century, some authors
identified in the central (Hinkelbein, 1969) and southeastern
(Rambaud, 1962) sectors of the Iberian Range (Albarracín and València
areas, respectively), the three stratigraphic Muschelkalk units earlier
recognized by Virgili (1958) in the Catalan Coastal Ranges, i.e., lower
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Fig. 1. Triassic outcrops in Eastern Iberia. (A) Distribution of the Alpine ranges in the Iberian Peninsula and themain Triassic basins. (B) Locationmap of Triassic outcrops in the central and
eastern part of the Iberian Range and eastern Prebetic domain and surrounding basins. Green linesmark the boundary between the different paleogeographic types of Triassic according to
López-Gómez et al. (1998): (1) Hesperian Triassic; (2) Iberian Triassic; (3) Mediterranean Triassic, (4) Levantine–Balearic Triassic. The study area is indicated with a red rectangle (a). In
the small rectangle (b), one of the studied sections is included (Fig. 2). Symbols: AP: Alt Palància area; MZ: Manzanera area; CR: Calderona Ridge; ER: Espina–Espadà Ridge. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Muschelkalk carbonate unit (M1; Anisian), middle Muschelkalk
detrital-evaporite unit (M2; Anisian), and upperMuschelkalk carbonate
unit (M3; Ladinian). This succession was named ‘Mediterranean Trias-
sic’ by Virgili et al. (1977) and Sopeña et al. (1983). Subsequently,
López-Gómez et al. (1998) defined in the easternmost sector (coastal
area) of the València and Castelló provinces and on Menorca Island,
the ‘Levantine–Balearic Triassic’, which was characterized by the pres-
ence of a single carbonate Muschelkalk unit of Anisian–Ladinian age
(Fig. 1). Recently, Escudero-Mozo et al. (2015) expanded the Levantine
sector of this Levantine–Balearic Triassic significantly to the north and
west, and also re-assigned all the carbonateMuschelkalk units cropping
out in this enlarged sector to the upper Muschelkalk unit of late
Anisian–Ladinian age. However, Ortí et al. (2020) recently documented
the presence of the Mediterranean Triassic in the Alt Palància area
(Castelló province) and adjacent Triassic outcrops to the north and
east. These new observations suggest keeping the original boundary
line of López-Gómez et al. (1998) to separate theMediterranean and Le-
vantine–Balearic Triassics in the easternmost sector of the Iberian basin.

The carbonate rocks of the lower and upperMuschelkalk units of the
Mediterranean Triassic show clear characteristics of an epicontinental
platform (López-Gómez et al., 1998). The complexity of this type of plat-
form has been highlighted in the Betic basin (S and SE of Iberia) by
Pérez-López et al. (2011). In these fault-controlled platforms, detail var-
iations in the successions alongwith their facies similarities make it dif-
ficult to distinguish formal members within the stratigraphic
formations. This is because the predominant coastal and shallow-
marine sediments of these platforms are found irregularly scattered
2

across a complex paleogeography comprised of tidal flats, lagoons and
restricted inland seas.

The main aim of this study is to further our understanding of the
stratigraphy, sedimentology and paleogeography of carbonate sedi-
mentation during the Middle Triassic in the SE sector of the Iberian
basin, as interpretations of the carbonate Muschelkalk units in this re-
gion remain controversial. Our study focuses on two areas of the SE Ibe-
rian Range, i.e. the Alt Palància area (Castelló province) and the large
Manzanera outcrop (Teruel province),with local observations in the ad-
jacent Espina–Espadà Ridge (Fig. 2). In the Alt Palància area, Ortí et al.
(2020) have recently conducted a general study (cartography, stratigra-
phy, palynological dating, sulfate isotopy) of the Middle–Upper Triassic
successions. In the present paper, all the observations described for the
Manzanera area are new. Our results are compared with data obtained
from Muschelkalk carbonate successions in other sectors of the Iberian
basin and in the Catalan and Betic basins, all forming part of the west-
ernmost region of the Tethyan Realm. Finally, these data are also com-
pared with the Muschelkalk of the SW Triassic Germanic Basin.

2. Geological setting

The stratigraphic units present in the Triassic outcrops of the two
study areas were initially described in the 1:50,000 scale geological
maps of Camarena de la Sierra, 613 (IGME, 1978), Manzanera, 614
(IGME, 1974a), Alpuente, 638 (IGME, 1975), Jérica, 639 (IGME, 1977),
and Segorbe, 640 (IGME, 1974b) carried out by the Spanish National
Program of geological cartography (MAGNA) during the 1970s



Fig. 2. (A) Location map of the main stratigraphic sections in the study areas (Alt Palància and Manzanera). Representative sections: yellow stars (lowerMuschelkalk unit) and dark gray
stars (upper Muschelkalk unit). Other sections cited in the text: smaller stars. Geology based on the Spanish Geological Maps (1:50,000 scale) ofManzanera, Segorbe, Alpuente, Jérica and
Camarena de la Sierra (respectively, in IGME, 1974a, 1974b, 1975, 1977 and 1978). (B) Location scheme at the same scale of the Torralba del Pinar section to the E of Caudiel village in the
Segorbe Map (640) (small rectangle b in Fig. 1). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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(Fig. 2). In the Triassic outcrops of these areas, carbonate Muschelkalk
units are often found tectonically disrupted and mixed with plastic
masses of themiddleMuschelkalk and Keuper evaporites. This complex
structure precludes any easy identification of the two carbonate
Muschelkalk units or finding sections where their stratigraphic record
is complete.

In the Alt Palància study area, a major fault is the NW–SE trending
Espina–Espadà fault, which acted as an extensional element during
the Mesozoic and was lately inverted during Alpine compression
allowing for the final outcrop of Paleozoic materials (Fig. 2) (Ortí et al.,
2020). In the Manzanera area, several features such as the linear geom-
etry of the Triassic outcrop, its antiform structure, and several thrust
sheets of Muschelkalk carbonates in the nucleus of this diapiric struc-
ture, suggest the existence of a major basement WNW–ESE fault, al-
though there are only scarce Buntsandstein outcrops and no exposed
Paleozoic materials (IGME, 1974a) (Fig. 2).

In these two study areas, different names of formations and members
(Fig. 3) have beenused for theMiddle–Upper Triassic units (Castillo, 1980;
López-Gómez and Arche, 1992a; Garay Martín, 2001, 2005; Escudero-
Mozo et al., 2015; Ortí et al., 2020; among others). For the Muschelkalk
units, the classic terms of lower (M1), middle (M2) and upper
Muschelkalk (M3) employed by Ortí et al. (2020) for the Alt Palància are
used here. These lower and upper Muschelkalk units correspond to the
Landete Fm and Cañete Fm, respectively, of López-Gómez and Arche
(1992a), which are the most commonly used terms for the carbonate
Muschelkalk units of the central-eastern sectors of the Triassic Iberian
basin.
3

3. Materials and methods

Thiswork ismainly based on stratigraphic, petrographic and sedimen-
tologic studies of selected sections of the Alt Palància andManzanera Tri-
assic areas (Fig. 2). The sections were logged in detail using a Jacob's staff
when necessary, and analyzed by standard sedimentary and paleonto-
logic field methods. To fully characterize the lithofacies of sections, sam-
ples were collected for macroscopic observation on polished slabs and
microfacies were examined by thin-section observation using a petro-
graphic microscope. The study of carbonate rocks follows the classifica-
tion of Dunham (1962) with modifications by Embry and Klovan
(1971). Alizarin Red S was used to distinguish dolomite from calcite.

For the Alt Palància area, we used the stratigraphic, isotope, and pale-
ontologic data provided by Ortí et al. (2020). To distinguish between the
two carbonate Muschelkalk units in this structurally complex area, a pal-
ynologic study of all theMiddle–Upper Triassic units and an isotope study
of gypsum samples in the clayey–gypsiferous units bounding the carbon-
ate ones were needed. According to the palynologic study, Ortí et al.
(2020) distinguished between Anisian units (Röt, lower Muschelkalk)
and Ladinian units (upper Muschelkalk). The isotope study results were
used by Ortí et al. (2020) to differentiate between the middle
Muschelkalk and Keuper units, despite the marked similarity of the two
evaporite facies. For the present study, all the carbonateMuschelkalk sec-
tions in Ortí et al. (2020) were revised, and six of them were selected for
detailed lithologic sampling and a petrographic–sedimentologic study.

In the present study of theManzanera area, a complete stratigraphic
analysiswas only possible in the upperMuschelkalk unit.Moreover, this



Fig. 3. Stratigraphic framework of the Middle–Upper Triassic successions of theMediterranean Triassic (areas of Calderona Ridge, Espina–Espadà Ridge, and Alt Palància) and Levantine–
Balearic Triassic (compiled after several authors). The formations are: (a) ImónDolostone Fm; (b) Cañete Dolostone and Limestone Fm; (c) Pina deMontalgrao Dolomitic Limestones Fm;
(d) Cirat Dolostone Fm; (e) Mas Clay, Marl and Gypsum Fm; (f) Azuébar sandy Marls Fm; (g) Landete Dolostone Fm; (h) Oronet Dolostones Fm; (i) Marines Clay, Silt, and Marl Fm;
(j) Olocau variegated Mb of the Serra Lutites and Sandstones Formation.
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unit has been dated by ammonoids in the Paraíso section (López-Gómez
et al., 1998; Goy, 1995). For the present purposes, we revised this sec-
tion in detail and also used it as reference for stratigraphic correlation
withfivenew sections of the upperMuschelkalk unit. However, because
of the structural complexity of the outcrop, correlation was difficult for
some sections and it was also necessary to identify through isotope
analysis the clayey–gypsiferous units (M2 and Keuper) bounding the
carbonate Muschelkalk units, especially along the diapiric axis of the
outcrop.

Accordingly, this isotope study of Middle–Upper Triassic gypsum
samples was carried out in the Manzanera outcrop. All the samples
were identified as secondary gypsum, i.e. gypsum derived from hydra-
tion near the surface of anhydrite rocks in the subsurface. Results (12
samples) were compared with literature data available for the middle
Muschelkalk and Keuper facies in several Triassic basins of Iberia
(Utrilla et al., 1992; Alonso-Azcárate et al., 2006; Iríbar and Ábalos,
2011; Ortí et al., 2014), and in particular in the Catalan basin (Ortí
et al., 2018) and Alt Palància sector of the Iberian basin (Ortí et al.,
2020).

For this analysis (δ34SV-CDT and δ18OV-SMOW, in ‰), each gypsum
sample was dissolved in distilled water, acidified to pH 3 by adding
Fig. 4. Representative stratigraphic sections (Arteas,Molinar, Caudiel) of the lowerMuschelkalk
facies. U.T.M. coordinates (ED50; zone 30 in all sections) of the base of the sections: Arteas: X
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HCl and then reprecipitated as barium sulfate by means of a solution
of BaCl2. Sulfur and oxygen isotope compositions were analyzed by
the on-linemethod. δ34SV-CDTwas determinedwith a Carlo Erba 1108 El-
emental Analyzer and δ18OV-SMOWwith a TC-EA unit, both coupled to an
IRMS ThermoFisher Delta Plus XP at the Stable Isotope Laboratory of the
CCiTUB (Universitat de Barcelona). The δ34S and δ18O values obtained
are reported in ‰ relative to the Vienna Canyon Diablo Troilite (V-
CDT) standard for sulfur and to the Vienna SMOW (V-SMOW) standard
for oxygen.

4. Lithostratigraphy

For the Alt Palància area, the six stratigraphic sections described in
Ortí et al. (2020) and revised and completed here were: Arteas, Molinar
(El Molinar), Masadas Blancas, Caudiel, Cueva Cirat and Montán. In ad-
dition, a new section (Torralba del Pinar, in the Espadà Ridge) was ex-
amined in detail (Fig. 2B). Apart from the Paraíso section, the five new
sections studied in the Manzanera area were: San Juanico, Barranco de
la Cueva, Torrijas, Manzanera, and Albentosa (Figs. 4 to 8).

The lowerMuschelkalk sections ofMolinar and Cueva Cirat in the Alt
Palància areawere assigned to the upperMuschelkalk unit (Cañete Fm)
unit (M1) in theAlt Palància area. Section location in Fig. 2A. Capital letters representmain
: 694889, Y: 4420113; Molinar: X: 693585, Y: 4423892; Caudiel: X: 705115, Y: 4428185.
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Fig. 5.Representative stratigraphic sections (CuevaCirat, Fuente la Reina) of the lowerMuschelkalk unit (M1) in theAlt Palància area. Section location in Fig. 2A and legend in Fig. 4. Capital
letters represent main facies. U.T.M. coordinates (ED50; zone 30 in all sections) of the base of the sections: Cueva Cirat: X: 707676, Y: 4433841; Fuente la Reina: X: 704657, Y: 4435505.
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in Escudero-Mozo et al. (2015) and Escudero-Mozo et al. (2015). In the
present study, these sections are attributed to the lower Muschelkalk
unit following Ortí et al. (2020). Also, the Torralba del Pinar section in
the same area, which was initially studied and assigned to the lower
Muschelkalk unit by Garay Martín (2001, 2005), is here attributed to
the lower Muschelkalk unit (Fig. 3).

In terms of lithology, the two carbonate Muschelkalk units can be
divided into the three sub-units previously identified by Ortí et al.
6

(2020) in the Alt Palància area, i.e. lower carbonate-marl alternation,
middle carbonate sub-unit, and upper carbonate-marl alternation. In
some sections, however, the upper carbonate-marl alternation is re-
placed with a ‘terminal carbonate complex’ (new term used in the
present paper). The possible equivalences of these sub-units with
the stratigraphic members used by other authors are shown in Sup-
plementary data A and B for the lower and the upper Muschelkalk
units, respectively.



Fig. 6. Representative stratigraphic sections (Barranco de la Cueva, Torrijas, Paraíso) of the upper Muschelkalk unit (M3) in the Manzanera area. Section location in Fig. 2A and legend in
Fig. 4. Capital letters representmain facies. U.T.M. coordinates (ED50; zone 30 in all sections) of the base of the sections: Bco. de la Cueva: X: 0670623, Y: 4434189; Torrijas: X: 0673844, Y:
4431836; Paraíso: X: 0681973, Y: 4433377.
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5. Biostratigraphy

Given the scarcity of macrofossils, especially ammonoids, dating and
correlating the two carbonate Muschelkalk units of the study areas is
not an easy task. As stated above, a first attempt to distinguish and
date these units through palynology was made in the Alt Palància area
7

by Ortí et al. (2020). Some observations by these authors can be
highlighted: (a) the Anisian age of all samples from the lower and mid-
dleMuschelkalk unit; (b) the absence of Anisian assemblages in all sam-
ples belonging to the lower carbonate-marl alternation of the upper
Muschelkalk unit; and (c) the Ladinian age of assemblages detected
throughout the whole upper Muschelkalk unit.
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Fig. 7. Representative stratigraphic sections (Masadas Blancas, Montán) of the upperMuschelkalk unit (M3) in the Alt Palància area. In the compositeMontán section, portions A, B, and D
are the same as in Ortí et al. (2020) (portion C of the Keuper facies was excluded from the present study). Portion (A) of this section shows a thickness of almost 90 m in the upper
carbonate-marl alternation (54 m were measured by Garay Martín, 2001, p. 114, based on the identification of a local fault). Section location in Fig. 2A and legend in Fig. 4. Capital
letters represent main facies. U.T.M. coordinates (ED50; zone 30 in all sections) of the base of the sections: Masadas Blancas: X: 703466, Y: 4426961; Montán (A): X: 708404, Y:
4433745; Montán (B): X: 709378, Y: 4435957; Montán (D): X: 708245, Y: 4434773.

Fig. 8. Representative stratigraphic sections (Ermita de San Juanico, Manzanera, Albentosa) of the upper Muschelkalk unit (M3) in the Manzanera area. Section location in Fig. 2A and
legend in Fig. 4. Capital letters represent main facies. U.T.M. coordinates (ED50; zone 30 in all sections) of the base of the sections: Ermita S. Juanico: X: 0668929, Y: 4431200;
Manzanera: X: 0684399, Y: 4435302; Albentosa: X: 06899870, Y: 4441358.
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Table 1
Age assignments of the different sections.

Section Age
assignment

Stratigraphic unit (subunit) Unit Data (references)

Alt Palancia area
Montán A-D Ladinian Upper Muschelkalk (upper alternation) M3 Palynological analysis (Ortí et al., 2020).
Masadas Blancas Ladinian Upper Muschelkalk (upper alternation) M3 Palynological analysis (Ortí et al., 2020) and stratigraphic

correlation.
Arteas Anisian Lower Muschelkalk (lower alternation) M3 Palynological analysis (Ortí et al., 2020).
Molinar Anisian Lower Muschelkalk (lower alternation) M1 Palynological analysis (Ortí et al., 2020) and Anisian Crinoide.
Almarja Anisian Lower Muschelkalk (lower alternation) M1 Palynological analysis (Ortí et al., 2020).
Caudiel Anisian Lower Muschelkalk (upper alternation) M1 Palynological analysis (Ortí et al., 2020).
Montán (M1, Fig. 7A) Anisian Lower Muschelkalk (lower alternation) M1 Palynological analysis (Ortí et al., 2020).
Cueva Cirat Anisian Lower Muschelkalk M1 Palynological analysis (Ortí et al., 2020), foraminifera

(Escudero-Mozo et al., 2012) and stratigraphic correlation.
Fuente la Reina Anisian Lower Muschelkalk (lower alternation) M1 Palynological analysis (Ortí et al., 2020) and stratigraphic

correlation.

Manzanera area
Barranco de la Cueva Ladinian Upper Muschelkalk (upper alternation) M3 Stratigraphic correlation.
Torrijas Ladinian Upper Muschelkalk (gypsum in the overlying Keuper unit) M3 Stratigraphic correlation and S isotope analysis.
Paraíso Ladinian Upper Muschelkalk M3 Ammonoids (Goy, 1995; Escudero-Mozo et al., 2015)
Ermita San Juanico Ladinian Upper Muschelkalk (lower alternation)

(gypsum in the underlying middle Muschelkalk unit)
M3 Stratigraphic correlation and S isotope analysis.

Manzanera Ladinian Upper Muschelkalk (gypsum in the overlying Keuper unit) M3 Stratigraphic correlation and S isotope analysis.
Albentosa Ladinian Upper Muschelkalk (gypsum in the overlying Keuper unit) M3 Stratigraphic correlation and S isotope analysis.
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No Anisian ammonoids have been identified in the lower
Muschelkalk unit (Landete Fm) in the Iberian Ranges, except in the
Molinar section of the study area (Goy, 1995). This sectionwas assigned
to the Landete Fm (lower Muschelkalk unit) by López-Gómez et al.
(1998), and the same designation was assumed in Ortí et al. (2020;
see Appendix I, section S8). These observations are in agreement with
the presentwork (Table 1), inwhich theMolinar section is also assigned
to the lower Muschelkalk unit based on the presence of the Anisian cri-
noid,Holocrinus dubius (Goldfuss), in themiddle part of the section (A.E.
Götz personal communication) (Fig.4). For the upper Muschelkalk unit,
Ladinian ammonoids have not been described in the stratigraphic sec-
tions of the Alt Palància area.

Asmentioned earlier, no Ladinian ammonoids were identified in the
Manzanera outcrop except in the Paraíso section (Goy, 1995; Escudero-
Mozo, 2015; Escudero-Mozo et al., 2015) allowing its assignment to the
Cañete Fm (upper Muschelkalk unit).

6. Sulfate isotopy

The stratigraphic position of the studied samples in the Manzanera
outcrop is shown in Figs. 4 to 8, and the corresponding isotope results
are shown in Table 2. The gypsum samples assigned according to strat-
igraphic criteria to the middle Muschelkalk unit (5 samples) yielded
δ34S values of 15.8‰ to 17.0‰ with a mean of 16.4‰, and δ18O values
of 13.0‰ to 17.8‰with a mean of 15.6‰. The gypsum samples that ac-
cording to stratigraphic criteria should belong to the Keuper unit (7
Table 2
Isotope results for the Manzanera area. Projection UTM, datum ED50, Zone 30.

Section Sample Gypsum lithofacies δ34S (‰)

Albentosa 156 (YsMz-14) Nodular 15.0
Manzanera 129 (YsMz-16) Massive 14.0
Manzanera 130 (YsMz-17) White nodular 14.5
Manzanera 157 (YsMz-18) White laminated 15.1
Manzanera 131 (YsMz-19) White massive 14.9
Paraíso 132 (YsMz-2) Dark laminated 17.0
Paraíso 107 (YsMz-3) Pink nodular 16.2
Torrijas 108 (YsMz-6) Nodular 13.8
Torrijas 145 (YsMz-7) Pink laminated 15.7
San Juanico 110 (YsMz-29) Porphyroblastic massive 15.8
San Juanico 146 (YsMz-21) Dark laminated 16.5
San Juanico 160 (YsMz-22) Dark laminated 16.4

10
samples) yielded δ34S values of 13.8‰ to 15.7‰ with a mean of
14.7‰, and δ18O values of 12.3‰ to 17.9‰ with a mean of 14.8‰.

Of most interest was the assemblage of δ34S values, which according
to the data of Ortí et al. (2018, 2020) assign the gypsum samples either
to the middle Muschelkalk or Keuper unit. In the Alt Palància outcrops,
δ34S values for the middle Muschelkalk unit were 15.6 to 17.8‰with a
mean of 16.4‰ (14 samples), and of the Keuper unit were 14.0 and
15.5 ‰ with a mean of 14.4‰ (15 samples). In the Triassic Catalan
basin, δ34S values for the middle Muschelkalk unit were 16.5 to 18.7‰
with a mean of 17.8‰ (38 samples), and of the Keuper units were
14.2 to 15.4‰ with a mean of 15.0 ‰ (10 samples).

The δ34S values obtained here for the middle Muschelkalk and
Keuper units of the Manzanera outcrop are consistent with those
provided above for the corresponding units of the Catalan basin
and the Alt Palància sector of the Iberian basin (Table 2). In the
Manzanera outcrop, as stated above, the lowest value found in the
middle Muschelkalk unit was 15.8‰ and the highest δ34S value
found in the Keuper unit was 15.7‰, this pair of values defining the
δ34S boundary for the two units of this outcrop. Thus, good corre-
spondence was found between the δ34S value of each sample and
its expected stratigraphic unit (Figs. 4 to 8). However, an anomalous
case was recorded in the Paraíso section, where a clayey–gypsiferous
unit characterizing the middle Muschelkalk unit (two gypsum sam-
ples with δ34S values of 16.2 and 17.0‰) overlies the upper marl-
carbonate alternation of the upper Muschelkalk unit. A faulted con-
tact (thrust) between the two units is here assumed.
δ18O (‰) Assigned stratigraphic unit Coordinates (UTM)

17.9 Keuper 30T 0690283 4441390
12.7 Keuper 30T 0684032 4435251
14.8 Keuper 30T 0684452 4435086
12.3 Keuper 30T 0684525 4434907
13.0 Keuper 30T 0684530 4434892
14.4 Middle Muschelkalk 30T 0682186 4432915
16.5 Middle Muschelkalk 30T 06822184 4432915
15.0 Keuper 30T 0673644 4432220
17.7 Keuper 30T 0673530 4432135
13.0 Middle Muschelkalk 30T 0668929 4431200
16.4 Middle Muschelkalk 30T 668934 4431203
17.8 Middle Muschelkalk 30T 668902 4431218
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7. Facies analysis

Numerous types of carbonate facies exist in the lower and upper
Muschelkalk units of the study areas. Most facies are similar for the
two units although there are also marked differences depending on
the sections, especially at their tops. Most of the Triassic deposits corre-
spond to fine-grained carbonates and are quite homogeneous. From the
study of thin sections, it is observed that most of themicrofacies consist
ofmudstones ormicrosparstones. Despite this, it is possible to define up
to fifteen main facies (Figs. 9, 10, 11 and Table 3), which are grouped
into seven genetically linked lithofacies associations (FA). These facies
associations are assigned to different sedimentary environments of
the carbonate platform. According to the depth at which different pro-
cesses interact with the sea floor (tides, fair weather wave base and
storm wave base) these associations are assigned also to foreshore,
upper shoreface, lower shoreface and offshore.
Fig. 9. Lithofacies in outcrop. (A) Undulating bedded carbonate (Facies UBC) with undulated s
showing low angle cross-stratification (Torrijas section, Fig. 6). (C) Thin-bedded carbonate with
trough cross-bedding interpreted as a bioclastic shoal (Arteas section, Fig. 4). (E) Bioturbated n
limestonewith bioturbation (Facies LB) known as ‘fucoides’ limestones (Andilla section; locatio
referred to the web version of this article.)
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7.1. Undulating bedded carbonate (Facies UBC)

This facies is common in the Triassic carbonates of Eastern Iberia.
Mainly, it consists of thin bedded (1 to 5 cm thick) dark gray dolostone
with undulated surfaces, i.e. this facies features undulated bottoms or
tops. Undulations can vary in their dimensions from one bed or one sec-
tion to another (Fig. 9A). Variable amounts of clay can be found
interlayered in the carbonate beds. Although clay is normally scarce,
in some sections it is altogether absent between the carbonate thin
beds and may show some bioturbation structure.

Microfacies. This is dolomicrosparstone (mudstones). In thin-
sections, bioclasts or peloids are very rare. Only microsparite is
observed.
Interpretation. The present facies is interpreted based on its
microfacies and lithologic features as lower shoreface deposits
urfaces (Masadas Blancas section, Fig. 7). (B) Thin-bedded carbonate and marl (Facies TB)
gutter casts (red arrow) (Torrijas section, Fig. 6). (D) Brown dolosparite (Facies BD) with
odular carbonate (Facies BC) with bioturbated texture (Torrijas section, Fig. 6). (F) Marly
n in Fig. 2). (For interpretation of the references to color in this figure legend, the reader is



Fig. 10. Lithofacies in outcrops. (A) Paper-thin bedded marly limestone (Facies PT) (Albentosa section, Fig. 8). (B) Bioclastic limestone bearing Balanoglossites (Facies BL) characterized by the
ochre ferroan dolomite of burrows (Caudiel section, Fig. 4). (C) Polymictic breccia (Facies PB)with carbonate and lutite clasts and crinoid grains (Fuente la Reina section, Fig. 5). (D) Shell-debris
limestone (Facies SD)with amalgamated intervals ofmollusk fragments (Torralba section; location in Fig. 2B). (E)Dolostonewith evaporite dissolution vugs (FaciesDDV) and laminations in the
upper part (Arteas section, Fig. 4). (F) Stromatolites and laminites of the microbial carbonate facies (Facies MC) with brecciated levels (Fuente la Reina section, Fig. 5).
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(Knaust, 1998; Noack and Schroeder, 2003) formed under shallow
water and low energy conditions, and locally with some tempestite
bed (Facies SD). The lack of mollusk fossils, scarce bioturbation, as
well as the dark sediment color suggest oxygen-depleted conditions.

Undulated forms could be interpreted as seabedmolding due towaves.
However, similar facies are common in the lowerMuschelkalk of Germany
(Wellenkalke facies)which are interpreted asmarly limestonewith awavy
appearance (flaser-bedded limestone) due to bioturbation and subsequent
overprint by pressure-solution (e.g., Ricken and Eder, 1991; Zwenger,
1993). Their origin has beendebated and although the facies studied bydif-
ferent authors have many similarities, because of the wavy forms of
diagenetic origin, their sedimentary origin may vary from one section to
another. Diedrich (2009) describes in the Germanic Triassic thin-bedded
marly limestones with irregular carbonate waves surfaces which are
interpreted as subtidalflat deposits. Pöppelreiter (2002) interpreted similar
12
facies as outer ramp deposits. Noack and Schroeder (2003) consider that
this facies corresponds to both inner ramp deposits and middle and outer
ramp deposits, depending on the type of microfacies.

7.2. Thin-bedded carbonate and marl (Facies TB)

This carbonate facies consists of bedded limestones or dolostones (3
to 15 cm thick), often bearing thin intercalations of marls (0.5–5 cm
thick). Bed surfaces are often slightly undulated, and locally show
low-angle cross-stratification (Fig. 9B) or wide erosive channels,
which are not very incisive, and intraformational truncation surfaces.
Some deformation as small slumps or gutter casts may occur (Fig. 9C).
In some sections, this facies grades into the UBC facies.

Microfacies. Common microfacies is dolomicrosparstone, probably
mudstone at its origin, in which some bioclasts are recognized (bi-
valve, peloid).



Fig. 11. Lithofacies in outcrop. (A) Stromatolite domes of microbial carbonate (Facies MC) situated at the top of the ‘terminal carbonate complex’ (Fuente la Reina section, Fig. 5).
(B) Intraformational breccia (Facies IB) interpreted as subtidal deposits (Cueva Cirat section, Fig. 5), only appearing in the lower Muschelkalk north of the Espina–Espadà fault.
(C) Marl and thin limestone beds with shells (Facies ML) of the upper carbonate-marl alternation (Masadas Blancas section, Fig. 7). (D) Detail of shells (Bakevellia and Pseudocorbula),
top surface in facies ML. (E) Ochre dolomite and marl (Facies OD) with algal mats on the top of the upper Muschelkalk succession (Albentosa section, Fig. 8). (F) Fine-laminated
carbonate (Facies FL) with depositional thin laminations and algal mats of varying clay contents (Masadas Blancas section, Fig. 7).
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Interpretation. Some of the undulated surfaces of this thin-bedded
carbonate facies are the result of compaction processes, especially
when surfaces are smooth. However, some surfaces are more pro-
nounced and display other sedimentary structures such as cross-
stratification, gutter casts or erosive surfaces, which are related to
waves or to tidal and storm currents. Similar cross-bedding was de-
scribed by Duringer and Vecsei (1998), who interpreted it as
channel-fill, lateral accretion bedding typical of subtidal deposits.
Thus, this facies represents the variation and combination of differ-
ent currents or hydrodynamic conditions under the influence of
waves, tidal currents and storms. All these features are interpreted
as shallow ramp deposits (Pérez-Valera and Pérez-López, 2008),
mainly of the upper shoreface zone (subtidal zone). Slumps are a
common structure in similar facies of the lowerMuschelkalk succes-
sions of Germany, appearing in fine-grained marly limestones on a
slightly inclined carbonate ramp (Knaust, 2000).
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7.3. Brown dolostone (Facies BD)

Carbonate beds comprised of brownmesocrystalline dolostone,with
a bed thickness between 1 and 15 m, appear in all sections. Commonly
this dolostone is massive, although some intervals with parallel lamina-
tion, cross- or trough-stratification occur. In some sections, an erosive
surface can be identified at the base of these dolostones (Fig. 9D).

Microfacies. It is mainly dolosparstone and generally mesocrystalline,
although the size of the crystals may vary. In thin-section, it is possi-
ble to distinguish ghosts of ooids or of bioclasts (crinoids, bivalves),
mainly crinoids in the lower Muschelkalk unit and ooids in the
upper Muschelkalk unit, which could correspond to original
grainstones (Fig. 12A, B).
Interpretation. This facies is interpreted as a high-energy deposit
based on its sedimentary structures and crystallinity linked to



Table 3
Facies and environmental characteristics of the lower and upper Muschelkalk carbonate units.

Facies Main features Microtexture and main components Depositional
environment

M1
unit

M3
unit

1. Facies UBC
Undulating bedded carbonate
Fig. 9A

Thin bedded dolostone with undulating
surfaces.

Dolomicrosparstone.
No grains

Lower shoreface + ++

2. Facies TB
Thin-bedded carbonate and marl
Fig. 9B

Bedded limestone or dolostone with thin
marl bed and undulated surface, with
gutter casts, cross-stratification and erosive
surface.

Dolomicrosparstone mudstone (?) with
rare bivalve or peloid

Upper shoreface – ++

3. Facies BD
Brown dolostone
Figs. 9D, 12A, B

Brown dolostone, massive or with cross
stratification, erosive surface at the base.

Dolosparstone with ghost of ooids or
crinoids

Shoal, barrier
Tidal channel

++ ++

4. Facies BC
Bioturbated nodular carbonate
Figs. 9E, 12C

Carbonate with bioturbation texture
(pseudobreccia)

Dolosparstone.
No grains

Offshore
Lower shoreface

– +

5. Facies LB
Marly limestone with bioturbation
Fig. 9F

Gray marly limestone beds with scarce to
moderate bioturbation

Mudstones to wackestones with mollusks
or echinoderms

Subtidal flat
Lagoon

++ ++

6. Facies PT
Paper-thin bedded marly
limestone
Figs. 10A, 12D

Dark gray marly carbonate or lutite with
fine laminated

Mudstones.
No grains

Restricted lagoon + ++

7. Facies BL
Bioclastic limestone with
Balanoglossites
Figs. 10B, 13A

Bioclastic limestone with ochre burrows
and bioclast fragments

Wackestone to packstone/rudstone with
mollusks and echinoderms

Shallow lagoon Subtidal flat + ++

8. Facies PB
Polymictic breccia
Figs. 10C, 13B

Carbonate breccia with carbonate and
laminated lutite clasts

Grainstone/rudstone with crinoids Lag deposits on tidal flat -
sabkha

+ –

9. Facies SD
Shell-debris limestone
Figs. 10D, 13C, D, 14C

Limestones with bioclastic fragments, with
sedimentary structures (graded beds,
parallel or cross lamination)

Packstone/floatstone
Grainstone/rudstone
with mollusks, echinoderm, peloids, ooids,
quartz grains

Storm deposits (tempestite,
gutter cast)

+ +

13. Facies DDV
Dolostone with evaporite
dissolution vugs
Fig. 10E

Dolostone with vugs from the dissolution
of evaporites

Dolomicrosparstones Restricted lagoon
Tidal flats
Carbonate sabkha

+++ +

10. Facies MC
Microbial carbonate
Figs. 10F, 14A, B

Gray or white dolomite, frequently with
evaporite molds, lamination or
stromalolitic domes and variable textures

Dolomicrosparstone.
Wackestone to grainstone with intraclasts,
peloids and echinoderm

Carbonate sabkha.
Tidal flat

+++ ++

12. Facies IB
Intraformational breccia
Fig. 11B

Laminated gray limestone with flat
mudstone clasts

Mudstones calcisilstone Subtidal flat + –

11. Facies ML
Marl and thin limestone beds
with shells
Fig. 11C, D

Marl and carbonate alternation, sometimes
with mollusk molds or fragments

Mudstone to rudstone with mollusk,
echinoderm peloids, foraminifers

Shallow lagoon
Pond
Tidal flat

+ ++

14. Facies OD
Ochre dolostone and marl
Fig. 11E

Ochre dolomite and marl thin beds with
lamination, evaporite molds and carniolar
aspect

Mudstone, wackestone to floatstone with
mollusks, intraclasts

Evaporitic tidal flat (supratidal) + ++

15. Facies FL
Fine-laminated marly‑carbonate
Figs. 11F, 14D

Gray carbonate, frequently, with parallel
lamination with more or less clay content

Microsparstone Mudstone with peloid
intraclast, quartz grain. Silstone

Tidal flat
Shallow lagoon
Pond

++ ++

M1 unit: Lower Muschelkalk; M3 unit: Upper Muschelkalk.
Presence of the facies:−, +, ++, +++, correspond to absent, rare, common, frequent, respectively.
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the presence of ghosts of ooids or bioclasts (crinoids) (Fig. 12A, B).
Similar facies are common in the Triassic sections of the Betic
Cordillera and the Iberian Range, where they are interpreted as
calcarenites deposited under high-energy conditions either in shal-
low waters (shoals) or in tidal channels (Pérez-Valera and Pérez-
López, 2008; Escudero-Mozo et al., 2015; Sánchez-Moya et al.,
2016). This is also the case in other outcrops of the Iberian Range
(Sánchez-Moya et al., 2016), where the presence of a major barrier
is not always documented. Oolitic (dolo)wackestone–grainstone
with cross-bedding and horizontal laminations, as in the present fa-
cies, was described by Adams and Diamond (2019) in the Upper
Muschelkalk of Northern Switzerland, interpreted as ooid shoal
complexes. These ooid facies are also characteristic of the Upper
Muschelkalk of Germany, deposited in shore-parallel belts
(Koehrer et al., 2010).
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7.4. Bioturbated nodular carbonate (Facies BC)

This facies consists of dark graymuddy nodular dolostoneofmassive
appearance. The original texture of the sediment has been completely
destroyed by bioturbation showing a variable nodular texture like a
pseudobreccia (bioturbation texture) (Fig. 9E). The observed
ichnofossils are small and of low diversity, mostly Planolites traces.
Also, undulated surfaces and some carbonate beds made up of fine
shell-debris occur.

Microfacies. Consisting of dolosparstone, it is probably mudstones in
origin (Fig. 12C). The nodular structure related to bioturbation is also
visible in thin section.
Interpretation. This facies reflects deposition under low-energy con-
ditions. It is similar to a facies of the BeticMuschelkalk (Pérez-Valera



Fig. 12. Photomicrographs of thin-sections. (A)Dolosparitewith ooids, visible under cross-polarized light, in the browndolosparite facies (Facies BD) (red color is calcite) (18–208,Montán
A section). (B) The same thin-section with a diffuser (Delgado, 1977) placed under the thin-section for a better view of the ooids. (C) Burrow section of bioturbated carbonate facies in
dolomicrosparite (Facies BC) (18–156, Andilla section). (D) Wackestone with bioclasts and small cubic pyrite crystals of paper-thin bedded marly limestone (Facies PT) related to an
anoxic environment (15–65, Montán B section). Number of lithologic samples indicated in brackets. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

A. Pérez-López, C. Benedicto and F. Ortí Sedimentary Geology 420 (2021) 105904
and Pérez-López, 2008), which is interpreted either as offshore de-
posits, or as lower shoreface sediments affected by storm waves
(tempestite bed). Also, this facies can be compared with that de-
scribed by Knaust (1998) in Germany such as nodular-beddedmarl-
stone of the outer ramp. In NE Netherlands, Pöppelreiter (2002)
interpreted bioturbated mudstones to wackestones of nodular tex-
ture due to bioturbation as outer ramp deposits.

7.5. Marly limestone with bioturbation (Facies LB)

This facies consists of gray marly limestone beds with bioturbation.
The nodular structure is reinforced with increasing bioturbation and
clay content (Fig. 9F). Observed ichnofossils are of low to moderate di-
versity, such as Planolites and Rhizocorallium ichnogenera (e.g. Knaust,
1998). Locally, bioturbation appears in the upper part of the beds, and
wave ripples appear at the bed tops.

Microfacies. This consists mainly of mudstone, although wackestone
with mollusk fragments (bivalves, gastropods) and some echino-
derm debris occur.
Interpretation. The facies can be interpreted as moderately biotur-
bated, subtidal deposits of tidal flats (Shinn, 1983). These deposits
correspond to very shallow sediments that were probably deposited
just below the fair-weather wave base. Theymay also reflect deposi-
tional conditions (softgrounds) in varied settings such as quiescent
bays or lagoons (Gingras et al., 2009). In this facies, it is possible to
define shallowing upward sequences. Similar facies with none to
moderate bioturbation have been described by Adams and
Diamond (2019) and interpreted as low-energy subtidal lagoon
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deposits in the Upper Muschelkalk of Northern Switzerland. The in-
fluence of waves or storms in these sediments varies from one area
to another and produces wave-generated bed forms and, locally,
tempestite beds. The facies can be correlated with some lithofacies
of the ‘fucoides’ bioturbation member (Vilella Baixa unit) of the
lower Muschelkalk in the Triassic Catalan Basin, which were
interpreted as shallow-subtidal deposits (Ramón and Calvet, 1987;
Calvet et al., 1990).

7.6. Paper-thin bedded marly limestone (Facies PT)

This facies occursmainly in the upperMuschelkalk unit. It consists of
argillaceous dark gray marly limestone with characteristic paper-thin
bedding (Fig. 10A) forming bed packages 0.5 to 5 m thick. Texture is
very monotonous without any type of bioturbation and, only locally,
some isolated bivalves (Modiolus) appear. Evaporitic marly dolostone
and fine-laminated dolostone (facies OD) overlie the facies in some sec-
tions. In others, however, the overlying beds are bioclastic limestones.

Microfacies. It ismudstonewith somegastropods and/or silt grains of
quartz. Pyrite crystals appear in some thin section (Fig. 12D).
Interpretation. The very fine-grained homogenous texture of this fa-
cies is interpreted as very low-energy deposits. The dark gray color
and lack of bioturbation may suggest suboxic conditions. A similar
facies has been described in the Cretaceous, as a Modiolus biofacies,
in which this species appears alone in the muddy, low-energy,
oxygen-poor bottom (Lazo, 2007). In the Betic Cordillera, this facies
is characteristic of areas closer to the continent, as it is not present in
the paleogeographic units farther away from the basin edge (Pérez-



Fig. 13. Photomicrographs of thin-sections. (A)Wackestone featuring Balanoglossites (Facies BL)with a reworked packstone interval (upper left) and small ochre ferroan dolomite crystals
(16–117, Paraíso section). (B) Crinoid grainstonewith lutite clasts of the polymictic breccia (Facies PB), which corresponds to a transgressive lag deposit. Calcite cement appears red (18–
113, Fuente La Reina section). (C) Tempestite mollusk rudstone of the lower carbonate-marl alternation (18–143, Andilla section). (D) Tempestite grainstone with intraclasts, ooids and
grapestones deposited in the lower shoreface zone indicating the presence of ooids in the Anisian shallower platform (Facies SD) (15–83, Arteas section). Number of lithologic samples
indicated in brackets. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Valera and Pérez-López, 2008). Accordingly, it is interpreted as shal-
low, restricted lagoon deposits, with some siliciclastic input. In the
present study, the gradual transition into carniolar carbonates or
shallower intertidal deposits (facies OD, DDV or MC) observed in
some sections enables us to interpret these sediments as deposited
in a very shallow, restricted water mass (anoxic conditions) near
the coastal flat.

7.7. Bioclastic limestone with Balanoglossites (Facies BL)

In some sections, gray bioclastic limestone beds occur, 20 to 50 cm
thick, containing ochre ferroan dolomite within burrows (Fig. 10B).
Generally, they are uncommon in the successions and can be used as
discrete marker beds. The ochre dolomite corresponds to fillings of
Balanoglossites burrows (Knaust, 2007). This facies often displays
coarsening-upwards, graded bedding with bioclastic rudstones at the
top. Commonly, the bed top is an erosive, irregular-to-undulated surface
that cross-cuts the burrows. These top surfaces display iron mineraliza-
tions and Trypanites burrows locally.

Microfacies. The bioclastic deposits of this facies are formed by
wackestone to packstone/rudstone with bivalves, gastropods, echino-
derms and peloids (Fig. 13A). The bioclasts can be very fragmented
and some gastropods may be filled with a micritic sediment different
from that of the matrix, indicating the grain transport.
Interpretation. This facies is interpreted as shallow water deposits in
subtidal zones or very shallow lagoons with upward-increasing en-
ergy, which usually form shallowing-upward sequences, locally,
with an erosional surface at top. These surfaces, with iron minerali-
zations and Trypanites burrows, are interpreted as a (hard-) firm
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ground (Knaust, 2007). These hard surfaces, with Balanoglossites
burrows, are common in the European Muschelkalk facies (Knaust
and Costamagna, 2012) in relatively proximal settings. In the present
study, some beds of this facies contain reworked fossils and might be
the result of storm reworking (Costamagna and Barca, 2002; Pérez-
Valera and Pérez-López, 2008). Burrows are often filled with coarse-
grained sediment, which could be associated with storms or down-
ward shifts of the sea level (Handford and Loucks, 1993).

7.8. Polymictic breccia (Facies PB)

This facies consists of polymictic breccia with sediment fragments of
different lithologic nature,mainly angular carbonate fragments and clay
rip-up clasts. The fragments or clasts vary in size from a fewmillimeters
to about 10 cm. The facies has a bioclastic grainstone matrix of crinoid
ossicles. This breccia appears in the lower part of few sections of the
lower Muschelkalk unit, forming thin beds (15–30 cm thick) with ero-
sive bases (Figs. 10C, 13B). The thin beds overlay stromatolite beds (fa-
cies MC) via a sharp erosive contact. Generally, wave surfaces are
present at the top of these breccias.

Microfacies. It consists of grainstone/rudstone with crinoids. Lutite
and carbonate clasts can be observed in thin section.
Interpretation. This type of breccia is very peculiar because of its fea-
tures and because it only appears at the base of some sections of the
lowerMuschelkalk (Fuente la Reina and Torralba del Pinar sections).
It is interpreted as transgressive lag deposits in tidalflats based on its
position in the successions and on the presence of clay angular clasts
(Van Wagoner et al., 1990; Cattaneo and Steel, 2003). The crinoid
fragments come from a high energy littoral zone of a ramp in the
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initial stages of flooding (Zamora et al., 2018), indicating a transgres-
sive trend. These breccias deposited during thefirst ingressionswere
probably produced or favored by storms. Kolar-Jurkovsek et al.
(2021) describe, in the Lower Triassic deposits, bioclastic lags related
to sediments on a shallow epicontinental ramp with pronounced
long-term transgression for the Lower Triassic deposits, with storm
events.

7.9. Shell-debris limestone (Facies SD)

This facies appears as an intercalation between several of the fa-
cies described in this study. It consists of bioclastic thin beds (2 to
about 15 cm thick) with current sedimentary structures. Some of
these beds show graded and/or parallel lamination and erosive
bases. Locally, they show hummocky cross-stratification (Arteas sec-
tion) and appear mainly as intercalations within fine-grained mud
sediments (Fig. 10D).

Microfacies. The textures vary from packstone and floatstone to
grainstone and rudstone with fragments of bivalves, gastropods
and echinoderms, and also locally with peloids, intraclasts, ooids
and quartz grains (Fig. 13C, D).
Interpretation. This facies shows characteristic features of
tempestites (e.g., Kreisa, 1981; Aigner, 1985; Pérez-López and
Pérez-Valera, 2012), mainly of high energy texture, current struc-
tures and in beds with erosive bases which occur between muddy
deposits. It is interpreted as storm beds formed in the lower
shoreface (“offshore transition zone”). It also is interpreted as
formed in restricted lagoons where reworking during storm events,
formation of bioclastic beds, andwinnowed stormdeposits occurred
(Pérez-López and Pérez-Valera, 2012). Tempestite beds deposited in
lower shorefaces (mid ramp) are frequent in the upper Muschelkalk
of the Germanic Basin (e.g., Aigner, 1985; Adams and Diamond,
2019), as well as in the Anisian ramp of the Western Balkanides
(Chatalov, 2013) or Middle Triassic of the Polish Tatra Mountains
(Jaglarz and Szulc, 2003).

7.10. Dolostone with evaporite dissolution vugs (DDV)

In several sections, dolostonewith vugs caused by the dissolution of
evaporite (anhydrite) occur. The facies consists of thin cream-white
beds (5 to 15 cm thick) with calcite-filled vugs (Fig. 10E). Locally, it dis-
plays horizontal lamination. In some sections this facies presents wave
bedding of diagenetic origin, as undulating bedded carbonate (Facies
UBC).

Microfacies. It is dolomicrosparstone. No grain type is observed in
thin section, only some small pores filled with calcite crystals.
Interpretation. This facies is interpreted as tidal or intertidal pond de-
posits in arid conditions, related to carbonate sabkha, mainly, in the
case of the lower Muschelkalk. A similar facies related to sabkha en-
vironments has been described in some Keuper deposits (Ortí et al.,
2018). The thin lamination of this facies is interpreted as tidal de-
posits andmicrobial mats. In the upper part of theMuschelkalk suc-
cessions of northern Switzerland, Adams and Diamond (2019)
described laminated dolomudstone with wave-ripples, sulfate nod-
ules and flat-pebble conglomerates as intertidal microbial laminites
in the progradation of the shore deposits.

7.11. Microbial carbonate (Facies MC)

This facies is characteristic of the top of the lowerMuschelkalk unit, al-
though it is also present in the upper Muschelkalk unit (Manzanera sec-
tion). It consists of gray, cream-white dolostones or marly-dolostones
bearing microbial lamination. Several types of microbial carbonates such
as microbial mats, stromatolites, and wide domes can be distinguished
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(Figs. 10F, 11A). Locally, these laminated or domal dolostones bear breccia
intercalations and beds with evaporite molds (facies DDV).

Microfacies. This microfacies often consists of dolomicrosparstone. It
may also containmudstones, thin laminatedwackestones or pelletal
grainstones with intraclasts (Fig. 14A). Also, ooids, echinoderm frag-
ments, and intraclasts are identified in thin-section (Fig. 14B).
Interpretation. Lamination and irregular undulated morphology
are typical of films and layers of cyanobacteria and fungi growing
on the sediment surface as microbiolaminites and stromatolites
(Walter, 1976). This type of facies is interpreted as shallow,
low-energy, inter-to-uppermost subtidal stromatolites (Jahnert
and Collins, 2012) and even as supratidal stromatolites (Zhang
et al., 2019). In the samples examined, the presence of echino-
derms supports this subtidal interpretation, while the presence
of breccias suggests carbonate supratidal flats and the dolostones
with evaporite molds indicate arid conditions. Accordingly, this
facies is interpreted as deposits of a peritidal zone under the in-
fluence of storms, sometimes associated with carbonate sabkha
environments. Stromatolites are well developed in the Germanic
Basin and occur in other Triassic units as the Röt and the Middle
Muschelkalk (Szulc, 1997) in highstress environments. In the
Buntsanstein of the Harz Mountains (Germany), stromatolites
are associated with storm ooid deposits in playa-lake environ-
ments (Paul and Peryt, 2000).

7.12. Intraformational breccias (Facies IB)

This facies consist of gray limestone with lamination and abundant
levels of intraclasts (Fig. 11B). The levels are breccias formed mostly
by cm-sized flat-pebbles of micrite. Commonly the boundaries of the
flat-pebbles are not sharp andhave a shape that can bemistaken for bio-
turbation (pseudobreccia). The smooth boundaries of these intraclasts
indicate they were semiconsolidated (soft) during deposition. This fa-
cies appears in the lower Muschelkalk units (Fuente la Reina and
Torralba sections).

Microfacies. The microfacies texture of pebbles consists of mudstone
and laminated calcisiltstone. No grain type is observed.
Interpretation. This muddy facies displaying thin lamination is
interpreted as subtidal deposits with intraclasts due to reworking of
muddy sediment during storms. In general, the carbonate conglomer-
ates with intraclasts are interpreted as supratidal, intertidal and
subtidal deposits although they are more common in the intertidal
zone (e.g., Flügel, 2004: Shinn, 1983;Matysik, 2019). However, this fa-
cies has peculiar featureswhich are characteristic of anachronistic car-
bonate facies documented in the Lower Triassic, greatly resembling
Precambrian and Lower Paleozoic analogs (Wignall and Twitchett,
1999; Chatalov, 2017). This facies is very similar to those described
by Chatalov (2017) in the Lower Triassic rocks of western Balkanides,
interpreted as subtidal sediments. The breccia is the result of erosion
and reworking by storm-induced currents or by seismic shock
(Chatalov, 2017). Similar facies were described also within the lami-
nated limestone of the upper Muschelkalk of the Betic Cordillera by
Pérez-Valera and Pérez-López (2008). The latter authors interpreted
this facies as shallow nearshore deposits, from a subtidal to intertidal
zone due to the presence of small channels. In conclusion, this facies
of Eastern Iberia, in which laminated micrites alternate with breccia
levels of flat and semi-consolidated clasts in total absence of emersion
features, desiccation cracks or fenestral structures, can be considered
as low-energy subtidal deposits, sometimes affected by storms or seis-
mic shock, during the Anisian age.

7.13. Marl and thin limestone beds with shells (Facies ML)

This facies is one of the most common in the Muschelkalk
units examined. It consists of thin muddy bioclastic limestone beds



Fig. 14. Photomicrographs of thin-sections. (A and B) Microfacies of the ‘terminal carbonate complex’ which locally consist of (A) mudstone or wackestone-packstone with abundant
peloids and intraclasts (15–99, Arteas section) or (B) brecciated packstone with intraclasts, ooids and peloids (17–88, Arteas section). (C) Packstone with mollusks, crinoids, intraclasts
and peloids which corresponds to shell-debris limestone (Facies SD) (18–141, Paraíso section). Note the broken mollusks shells that could indicate several storm episodes.
(D) Laminated calcisiltite with quartz fine grains of small lagoon or pond deposits. This microfacies appears in fine laminate carbonate between marl (Facies FL) (17–43, Arteas
section). Number of lithologic samples indicated in brackets.
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(2 to 15 cm thick) in alternation with gray or creamy marls
(Fig. 11C). The limestone beds contain bioclasts, mainly of bivalves
and gastropods. Bivalve molds filled with micrite or sparite cement
are also observed in some beds (Fig. 11D) and some mollusk
bioclasts also occur in the marls. Bioclast or shell contents are quite
variable from one bed to another or from one section to another,
and are locally absent. The most characteristic bivalve shells corre-
spond to Pseudocorbula gregaria (Münsteri) and also to Bakevellia
costata (Schlotheim). Locally, this facies has shell-debris limestone
(Facies SD) and/or bioclastic limestone containing Balanoglossites
(Facies BL).

Microfacies. Microtexture is very variable spanning from mudstone
to rudstone with mollusk and echinoderm fragments, and peloids
(Fig. 14C). In some sections of the upper Muschelkalk unit, the
microfacies of the bioclastic beds shows the foraminifer Nodosaria
ordinata (Trifonova) associated with mollusk fragments, intraclasts
and peloids (wackestone/floatstone).
Interpretation. This alternation of marl and limestone beds, locally
bearing shells or bioclasts, is interpreted as very shallow-marine
sediments deposited under lagoon conditions or in pond environ-
ment. In general, the facies suggests a low-energy setting related
to the nearshore and to high-energy storm deposits, frequently
winnowed tempestites in which shell fragments form graded beds
or erosive bases (Pérez-López and Pérez-Valera, 2012). Similar li-
thologies and fossil contents have been observed at the top of
the upper Muschelkalk unit in different sections of the Iberian
Peninsula (Pérez-Arlucea, 1991; Pérez-López et al., 1991;
Márquez-Aliaga and Ros, 2003; Escudero-Mozo et al., 2016).
Siliciclastic sediment input results in marly beds intercalated be-
tween bioclastic limestones.
18
7.14. Ochre dolostone and marl (Facies OD)

This facies consists of ochre dolostone beds alternating with marls
(Fig. 11E). Locally, the beds are laminated and display molds of gypsum
crystals, tepee structures or desiccation cracks. Locally, the bioclastic
carbonates display some current structures (graded bedding or lamina-
tion) which can be associated with the facies SD (shell-debris lime-
stone). Porosity in these carbonates can be abundant giving way to a
carniolar appearance.

Microfacies. It is mainly dolomicrosparstone (mudstone), although
wackestone/floatstone with mollusk fragments and intraclasts can
be also observed.
Interpretation. Facies exhibiting these sedimentary structures are
typical of intertidal–supratidal deposits, although the bioclastic bed
intercalations are related to lagoon or pond deposits. Some of these
beds are interpreted as storm deposits when current structures are
present. The irregular lamination can be associated with algal mats,
and the gypsummolds indicate arid conditions in a tidal flat setting
(Pratt and James, 1986; Pérez-Valera and Pérez-López, 2008). This
facies is frequent in the upper part of the successions,where it passes
to the coastal mud deposits of the Keuper facies or of the middle
Muschelkalk. In the Middle Triassic of Netherlands, Germany or Sar-
dinia, similar or correlated facies have been described in the upper
parts of the successions (e.g., Rameil et al., 2000; Pöppelreiter,
2002; Knaust and Costamagna, 2012).

7.15. Fine-laminated carbonate (Facies FL)

Marly limestone or dolostone with fine lamination occurs in some
centimeter- to decimeter-thick beds containing variable amounts of



A. Pérez-López, C. Benedicto and F. Ortí Sedimentary Geology 420 (2021) 105904
clay (Fig. 11F). This facies mainly occurs in the lower part of the studied
sections, although it can occur also in any part of the succession. This fa-
cies is similar to the microbial carbonate facies (CC), although here, fine
clastic components are more abundant.

Microfacies. The microfacies is microsparstone, but also mudstone
with some intraclasts, peloids, and small quartz grains is observed.
In addition, some thin beds of laminated calcisiltstone bearing
quartz grains alternate with themudstones (Fig. 14D). Fenestral po-
rosity and small evaporite molds are observed locally.
Interpretation. These deposits exhibiting fine lamination are
interpreted as sediments of mixed tidal flats. Lamination could
point to microbial mats such as those found today on the Persian
Gulf coast (Kendall and Skipwith, 1968). Similar planar-laminated
stromatolites present at the base of the upper Muschelkalk unit in
the Triassic Catalan Basin (Rojals unit, NE Spain), were interpreted
as intertidal deposits by Calvet et al. (1990). The alternation of
calcisiltstone and micritic mudstone in this facies indicates fluctuat-
ing hydrodynamic conditions related to a tidal flat setting, or also to
fine sediments deposited in small, shallow lagoon or pond environ-
ments. The sporadic presence of fenestral pores is also related to
tidal flat deposits (Flügel, 2004). Based on the thinness of these
beds, the tidal flats were much less developed than those in the
upper part of the studied sections (MC facies).

8. Facies associations and sedimentary environments

The previously described facies of the Iberian Muschelkalk units
are grouped into seven genetically linked lithofacies associations
(FA). The results of the present study do not lead to the interpreta-
tion of a standard platform model. It is necessary to make the inter-
pretation under different aspects according to the precision that
can be achieved from the sedimentary environment interpretation.
These facies associations can be arranged according to the following
considerations:

− Sedimentary environments with specific depositional conditions
(e.g., Reading, 1996): coastal plain, sabkha, pond, tidal flat
(supratidal, intertidal or subtidal), shoal, lagoon.

− Sedimentary zones contextualized in themarine domains in relation
to the fair weather wave base and storm wave base (Mac-Lane,
1995; Nichols, 2009): Upper shoreface, lower shoreface (or
offshore-transition) and offshore, where the lower shoreface or
offshore-transition zone is the shelf area between the fair weather
and storm wave bases.

− Sedimentary environments with a wide range according to the type
of carbonate platform (Read, 1985; Nichols, 2009): ramp and
rimmed shelf

8.1. FA1 - carbonate sabkha

The thick packages of light-colored (creamy white) carbonates with
evaporite molds, dissolution vugs (Facies DDV) of anhydrite nodules,
stromatolites, domes and breccias (Facies MC)are interpreted as
carbonate sabkha deposits (Ortí et al., 2017). These facies suggest arid
conditions of deposition where breccias or stromatolites can develop
in different ways. In some sections, this lithofacies association
bears polymictic breccia (facies PB). There is little or no supply of
siliciclastic materials in these environments. In many cases, this
facies association will significantly mark the end of the lower
Muschelkalk deposits.

A similar facies association can be observed, for example, in the
upper Muschelkalk of Germany (e.g., Szulc, 1999). However, it usually
has a more detrital or siliciclastic character than in the present study.
In an interesting study of the Middle Triassic, Diedrich (2009) related
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the different facies of tidal flat and sabkha deposits, some similar to
those occurring in Eastern Iberia.

8.2. FA2 – tidal flat

This lithofacies association consists of the thin laminated carbon-
ates of facies FL, occasionally, with some thin beds of brown
dolosparite facies (BD)interpreted as tidal channels. This facies may
have some input of siliciclastic material with the development of
more marly deposits in small lagoons or ponds associated with
tidal flats. The facies association was observed to vary between the
different sections. Marl beds or microbial carbonate facies (MC)
were more or less developed. Laminated carbonate with vugs from
evaporites can be present (DDV) indicating arid conditions . Also,
ochre dolomite and marl (OD) can be present. All these are deposits
of intertidal–supratidal environment similar to the “cavernous lime-
stones” (Szulc, 2000) of the upper part of the Germanic lower
Muschelkalk, interpreted as restricted inner ramp (lagoon) deposits
characterized by frequent emersion events (Bodzioch and
Kwiatkowski, 1992).

8.3. FA3 – lagoon

The lithofacies association that characterizes lagoons ismainlymud-
stones and wackestones with scarce or moderate bioturbation (Facies
LB), although other facies can be present depending on the variable la-
goon conditions. The lagoons could have been restricted and more or
less deep. Also, they could have been partially connected to the open
sea. Thismeans the lagoons could be affected by storms or have a higher
oxygen content in their waters and consequentlymore organisms could
live there.

It was observed that the sediments deposited between tidal flat en-
vironments and high energy shoals (facies BD) correspond to different
sediment types depending on the section or outcrop studied. For exam-
ple, the bioclastic beds containing Balanoglossites (BL) are lagoon de-
posits or also marl and thin limestone beds with shells (ML). In these
cases, shell-debris limestones (SD) can occur, which are interpreted as
storm deposits. In more restricted conditions, paper-thin bedded
marly limestone (PT) occurs, or intraformational breccias (IB) in
shallower water. The variety of facies is explained by changing deposi-
tional conditions in the lagoon both in space and time. In the Triassic lit-
erature it is possible to find several types of facies association assigned
to lagoon environments (e.g., Adams and Diamond, 2019;
Pöppelreiter, 2002).

8.4. FA4 – shoal complex

This facies association consists mainly of brown dolostone (BD)
with different crystal sizes in which ooids or crinoids were identified
in the microfacies formed by larger dolomite crystals. The presence
of intertidal facies with evaporite molds should be noted also (MC fa-
cies). This association shows massive beds from 8 to 30 m thick, with
current sedimentary structures and/or evaporite molds. The
dolosparite thickest beds have erosive bases and the thinnest beds
show horizontal or small ripple lamination. These deposits are
interpreted as a shoal complex of varying development, being
thicker in the upper Muschelkalk. The associated fine-grained, lami-
nated deposits, and the evaporite molds indicate significant changes
in energy conditions, probably due to the formation of tidal flats, lo-
cally with ponds, related to a shoaling process or bar emersion that
was able to protect some zones of the platform. These features sug-
gest the sedimentary environment was very shallow and remained
exposed for long periods of time. This facies association is more fre-
quent in the Triassic basins of central Europe. Depending on the sit-
uation, barrier deposits can show different extents or thickness
(e.g., Vecsei and Duringer, 2003).
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8.5. FA5 – upper shoreface zone

The facies taking up part of the upper shoreface zone is basically
thin-bedded carbonate (TB) with gutter casts, some cross-
stratification and erosive channels. These sediments were deposited in
amuddy rampwhichwasmore influenced by tides thanwaves, and be-
haved as a bypass zone in deposition during storms, forming gutter
casts (Myrow, 1991; Pérez-López, 2001; Pérez-López and Pérez-
Valera, 2012). Duringer and Vecsei (1998) described similar facies as
subtidal deposits of very shallow water in the Upper Muschelkalk of
the W Germanic Basin. In some zones of this ramp, the mud sediment
consisted of silt-sized grains as suggested by Vecsei and Duringer
(1998).

8.6. FA6 – lower shoreface zone

This facies association characterizes the main deep deposits which
are formed by undulating bedded carbonate (UBC). Locally, also biotur-
bated carbonate (BC)with a nodular structure and storm deposits occur
(facies SD), although they are not abundant or common.

8.7. FA7 – offshore zone

This facies association can be reduced to the presence of nodular bio-
turbated facies (facies BC). It forms a massive homogeneous package of
either a breccia-like appearance (pseudobreccia) or comprises nodules
bounded by pressure-dissolution surfaces. Relatively deeper deposits,
which are not affected by storm surges, can be considered. It should
be highlighted that this facies only appears in some of the upper
Muschelkalk sections. As indicated above, similar facies of the Central
Europe Triassic have been interpreted as offshore deposits (e.g.
Knaust, 1998; Pöppelreiter, 2002).

9. Facies and sea-level changes

The vertical arrangement of the facies associations in the studied
sections (Figs. 4 to 8) allows for the identification of a distinct transgres-
sive–regressive sequence in the twoMuschelkalk units (Figs. 15, 16, 17).
Moreover, two transgressive and two regressive phases can be differen-
tiated in each of the trangressive–regressive sequences.

9.1. First transgressive phase

This phase corresponds to the lower carbonate-marl alternation in
the two Muschelkalk units. In each section, the facies association is dif-
ferent, although the tidal flat facies (FA2) predominates. It is character-
ized mainly, but not exclusively, by the diagnostic FL facies at the base.
In some sections (Arteas, Molinar), however, the facies association
FA3 (lagoons, ponds) appears in this phase. Deepening-upward cycles
at the meter-scale are distinguished in this lower alternation (A cycle,
Figs. 16, 17), and are made up of marly intervals below and by fine-
laminated marly-carbonate beds (FL facies) above, the latter facies lo-
cally showing undulated laminations. In this case, the marls are
interpreted as shallower deposits because they are equivalent to the
coastal deposits of Röt facies or of the middle Muschelkalk lutites
which outcrop at the base of the lower and upper Muschelkalk, respec-
tively. Therefore, the FL facies are the first carbonate beds that appear at
the base of the Muschelkalk successions, mainly in the upper
Muschelkalk unit.
Fig. 15.Correlation of sections representative of the lower and upperMuschelkalk units. The low
and the ‘terminal carbonate complex’ are highlighted. TST: trangressive system tract; MFZ: ma
sub-units is based on the palynological data provided inOrtí et al. (2020). In theMolinar section
(see Table 1).
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In the lower Muschelkalk unit, facies association FA1 of sabkha set-
ting is also present. Stromatolitic dolostones (MC facies) are common
and, occasionally, polymictic breccias (PB facies) also appear. These
breccias of lag deposits (Fig. 10C) occur in the Fuente la Reina section
(Alt Palància area) and Torralba section (Espadà Ridge) defining the
deepening-upward B cycle (Fig. 16). This cycle begins with marls of
the Röt facies overlain by the first tidal carbonates. On top of these car-
bonates, the facies of breccia lag can appear (facies PB). In these two sec-
tions, the lower carbonate-marl alternation (up to 11–13 cycles) of the
transgressive phase is followed by the deposition of mudstones of the
tidal flat (FA2) setting.

The lower carbonate-marl alternation corresponds to a mixed tidal
flat of low energy conditions in a ramp context for the twoMuschelkalk
units. This alternation is overlain by subtidal deposits characterized by
variable facies (FA3 and FA3) and deeper sediments of the lower
shoreface (AF6) including tempestites (Arteas section, Fig. 5), and, lo-
cally, offshore facies (AF7). In the sediments of the upper shoreface
(FA5) intraformational truncation surfaces, slumps and gutter casts
occur (Fig. 17A) mainly in the Torrijas section (Fig. 8), indicating a gen-
tle ramp slope (Read, 1985; Knaust, 2000; Pérez-López and Pérez-
Valera, 2012).
9.2. Second transgressive phase

Variable facies occur during the second transgressive phase, the
most significant being brown dolosparite (BD facies), which corre-
sponds to the most energetic deposits (mainly calcarenites) of the
transgressive sequence. These coarser sediments indicate some connec-
tion of the ramp with the open sea resulting in a change of the energy
regime (Figs. 16B, 17B). However, these sediments were not coeval in
all the sections examined and were formed in different settings, in a
foreshore and/or shoreface zone. In fact, some of them grade laterally
(FA4) into bioturbated sediments of nearby lagoons (BC facies), and
others into laminated and fine sediments (FL facies) of tidal flats (C cy-
cles; Fig. 16B). Moreover, the brown dolosparites bear laminated lime-
stone in some sections indicating restricted tidal flats and lagoons due
to shoaling processes. These settings were slightly more restricted in
the lower Muschelkalk than upper Muschelkalk unit. Overlying the
calcarenites (BD facies), the bioturbated carbonates (BC facies), which
also indicate shallow-marine environment deposits of low energy, are
predominant in the lowerMuschelkalk unit, while the thin-bedded car-
bonate and marls (TB facies) are most frequent in the upper
Muschelkalk unit (C′ cycles; Fig. 17B). Therefore, it can be assumed
that the platform morphology became a rimmed shelf during the sec-
ond transgressive phase in the lower Muschelkalk unit, while it
remained as a ramp with shoals in the upper Muschelkalk unit.

Themaximumflooding zone (mfz) is recognized by the change from
long-term transgression to long-term regression within the different
lithostratigraphic units. The presence of shallowing upward cycles over-
lying the calcarenites (BD facies) and associated marly deposits of the
first regressive phase suggests that these calcarenite facies represent
this zone. It should be noted that this is a relatively low-energy
muddy ramp, and there are no high-energy deposits close to the shore
in the first stages. The only sandy carbonate deposits are those corre-
sponding to the brown dolostone (BD) facies. Therefore, it is interpreted
that these are the sediments that represent those of the maximum
transgression, when the sea level could have overflowed the possible
barriers (islands) that stopped the higher energy of the fair weather
waves.
er carbonate-marl alternation and the assemblage of theupper carbonate-marl alternation
ximum flooding zone; HST: highstand system tract. In the Alt Palància area, the age of the
(*), theAnisian age is also based on thepresenceof the crinoidHolocrinus dubius (Goldfuss)



Fig. 16. Environments and platformmodel for the lower Muschelkalk unit (Anisian). (A) First transgressive pulse in a ramp context. (B) Second transgressive pulse during the development of
calcarenite shoals locally containing tidal flats. (C) Regressive phase when carbonate sabkhas became established in very restricted environments (‘terminal carbonate complex’).
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9.3. Initial regressive phase (early highstand)

The initial regressive phase in the two Muschelkalk units coincides
with the highstand stage in which sedimentary deposits prograde
22
towards the sea (e.g. Bertram, 2012). In the study areas, this phase is
not documented by a distinct interval in the lower Muschelkalk unit,
while it is clearly marked by a stromatolite bed (MC facies) in the
upper Muschelkalk unit. The most significant facies association of this



Fig. 17. Environments and platformmodel for the upperMuschelkalk unit (Ladinian). (A) Transgressive pulse in a ramp context. (B) Second transgressive pulse during the development of
calcarenite shoals. (C) Regressive phase when shallow environments became established in a rimmed shelf context (upper carbonate-marl alternation).
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phase is FA3 (lagoon), mainly consisting of marly limestones with bio-
turbation in the lower Muschelkalk unit and marly intercalations in
the upperMuschelkalk unit. These two facies and their associated facies
form a stacked progradational parasequence in the two Muschelkalk
units. In general, the sedimentary environments of this first regressive
phase were shallow, low energetic lagoons formed under restricted
conditions. Shallowing-upward cycles are present in many lower
23
Muschelkalk sections in the Alt Palància area. These cycles are formed
at the base by 0.2 to 3 m thick marly limestone with bioturbations (LB
facies) and at the top by massive carbonates containing bioclastic beds
showinghigher energy conditions (D cycle, Fig. 16C). A variable number
of cycles are observed depending on the outcrops: 5 to 10 cycles within
a 14–18 m thick interval in the Andilla–Bejís outcrop, and 4 to 8 cycles
within a 12–34 m thick interval in the Montán–Espadà Ridge outcrops.
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The stratigraphic interval in which these bioturbated-to-massive cycles
occur shows a thickness between 4 m and some tens of meters.

9.4. Final regressive phase (late highstand)

Two different lithological assemblages, i.e. ‘terminal carbonate com-
plex’ (FA1 and FA2) and ‘upper carbonate-marl alternation’ (FA2 and
FA3), are recorded in the twoMuschelkalk units during the final regres-
sive phase. This phase ismarked by a change in the characteristics of the
deposits, especially in the areas of lower subsidence. In the lower
Muschelkalk unit, the uppermost part is mainly (but not exclusively)
made up of light gray towhite, massive or laminated dolostones, and lo-
cally of stromatolite beds (MC facies). These carbonates, 20–35 m in
thickness, are interpreted as sabkha deposits of the final regression.
Evaporite molds, small calcite geodes (DDV facies), and thin-bedded
breccias are frequent in these dolostones, as well as wave-undulated
surfaces in some sections due to the effects of strong winds on the
pond water. Also, a sedimentary cycle consisting of massive carbonates
with calcite geodes and carbonates with laminations (E cycle, Fig. 16C)
canbedistinguished in this ‘terminal carbonate complex’ in theMolinar,
Arteas, and Fuente la Reina sections (Figs. 4, 5). The top of this complex
is marked by a white dolostone bed, 0.5 to 1.5 m thick, which is mainly
comprised of stromatolite domes (MC facies). This characteristic top
bed of the lower Muschelkalk unit records a sea-level fall linked to a
lowstand stage (sequence boundary) at the end of this regressive
phase and passes abruptly to the gray lutites of the middle
Muschelkalk unit.

Despite the predominance of this complex at the top of the lower
Muschelkalk unit, it is replaced by a thick carbonate-marl alternation
in the Caudiel section. The carniolar and laminated facies (OD facies) be-
comedominant at the top of the alternation forming shallowingupward
sequences (Type F). This carbonate-marl alternation was deposited in
restricted lagoons to peritidal settings (foreshore zone). It mainly repre-
sents the lateral facies variations of the different subenvironments that
moved laterally. This indicates the instability of such shallowmarine en-
vironments and that, over time, more supratidal deposits occur, first in-
creasingly dominated by microbial carbonates and then by carniolar
and/or evaporitic deposits. This is recorded in the different bed alterna-
tions that can be observed in the upper part of the Muschelkalk
successions.

In the upperMuschelkalk unit, however, the final regressive phase is
recorded mainly by an upper carbonate-marl alternation (ML and OD
facies), which can locally reach 80 m in thickness (Montán section,
Fig. 7). Only at the top of the Manzanera section is this carbonate-marl
alternation replaced by a ‘terminal carbonate complex’ (Fig. 8) similar
to the one present at the top of the lower Muschelkalk unit.

These features suggest lateral gradations between the two lithologi-
cal assemblages in the twoMuschelkalk units. The thick carbonate-marl
alternation reflects lagoon (peritidal) areas, more subsident and influ-
enced more by distal siliciclastic contributions from the continent. The
alternations make gradual upwards transitions to evaporite environ-
ments, i.e. to the middle Muschelkalk facies in the case of the lower
Muschelkalk unit, and Keuper facies in the case of the upper
Muschelkalk unit. In contrast, the ‘terminal carbonate complex’ reflects
less subsidence, with the greater development of supratidal and inter-
tidal zones without siliciclastic material input, and shows a sharp
change to overlying evaporite deposits.

10. Discussion

10.1. Platform model

The platform model proposed here for the lower and the upper
Muschelkalk units of the study areas is shown in Figs. 18 and 19, respec-
tively. We infer shallow environments for the two units during trans-
gressive and regressive phases. The most widespread sediment types
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at the start and end of the units were limemud andmicrobial tidal car-
bonates, whereas the most common deposits in the central parts were
bioclastic calcarenites, bioturbated muds, and some oolitic deposits.
No significantly deeper marine carbonates such as offshore or deep
ramp deposits were identified, except occasionally, when some nodular
offshore limestones are recognized. Accordingly, the proposed platform
model is based on the idea that all these sediments correspond to the
inner margin of a large, shallow epicontinental sea. In detail, however,
a complex morphology characterized this shallow platform in which
wave energy, currents and storm effects easily changed or were modi-
fied under the control of local and regional tectonics. The two strati-
graphic units display shallowing-upward sequences in which storm
deposits are sparse and seem to decrease upwards. The common pres-
ence of protected environments, mainly for the upper Muschelkalk
unit, conditioned the sedimentation of the winnowed storm deposits
that define the winnowed tempestite model (Pérez-López and Pérez-
Valera, 2012).

For the two Muschelkalk units, the morphology of this epicontinen-
tal platform evolved from a shallow ramp (transgressive phases) to the
final lagoon-peritidal-sabkha setting (regressive phases) initiating the
change to evaporite facies. Under arid conditions and a low subsidence
rate, this change was particularly rapid at the top of the lower
Muschelkalk unit. Altogether, platform evolution was clearly controlled
by local tectonics, and the study areas can be considered as one of the
best-defined block-faulting sectors of the epicontinental platform in
Eastern Iberia during Middle Triassic times. In the Alt Palància–Espadà
Ridge area, the NW-SE oriented Espina–Espadà fault along with minor
parallel faults exerted most structural control of Triassic sedimentation.
For the Manzanera area, we infer the existence of a major basement
fault oriented WSW–ENE driving Triassic sedimentation. This block-
faulting sector of the epicontinental platform, however, was more af-
fected by structural compartmentalization during the regressive phases
than transgressive phases. In the case of the most common deposits at
the top of the upper Muschelkalk unit (upper carbonate-marl alterna-
tion), this compartmentalization resulted in high environmental vari-
ability giving way to a complex mosaic of lagoons or inland seas.
Subsidence then allowed for the stabilization of such environments in
time but not space.

10.2. Comparisons with other areas and basins of Iberia

This section provides a brief comparison between the carbonate
Muschelkalk units of the present study areas and those of other areas
of the Iberian basin (Albarracín, Cuenca–València, Maestrat, and west-
ern sectors) as well as the Catalan basin and Prebetic–Subbetic domains
of the Betic basin.

10.2.1. Lower Muschelkalk unit
The lower Muschelkalk unit (Fig. 20) is present in the central

(Albarracín area) and eastern (Cuenca–València–Castelló) sectors of
the Triassic Iberian basin, and in the Triassic Catalan and Ebro basins.
The unit is absent in the Triassic Pyrenean, Basque–Cantabrian and As-
turian basins, and in the Prebetic domain of the Betic basin (Fig. 1).
The unit is known in the Iberian basin as Albarracín Fm, Landete Fm,
and Oronet Fm (Fig. 3). Several reports have defined formal strati-
graphic members of this unit (López-Gómez and Arche, 1992a; Calvet
and Marzo, 1994; Garay Martín, 2001, 2005). The age of the unit is
Anisian, mainly middle–late Anisian (Pelsonian–Illyrian). Its most
outstanding characteristics and specific ages of the unit in the different
sectors and basins are summarized in Supplementary data A.

For the lower Muschelkalk unit, a third-order depositional sequence
is commonly assumed from the Catalan basin in the east to the
Albarracín area of the Iberian basin in the west, where it thins out and
disappears (Fig. 20). The complete evolution of this sequence was ini-
tially documented in the Iberian basin by López-Gómez and Arche
(1992a, 1994) and Pérez-Arlucea and Rey (1994), and in the Catalan



Fig. 18. Block diagrams of sedimentary environments in the lower Muschelkalk unit during the Anisian. (A) First transgressive pulse where new intertidal zones were established in a
shallow ramp setting. The most abundant components of the sediments are crinoid fragments. The presence of ooids on the nearer shallower platform is inferred from oolitic
tempestite microfacies. (B) During the final regressive phase, the most significant environment was a carbonate sabkha in which the sediments of the ‘terminal carbonate complex’
were deposited.
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basin by Calvet et al. (1990) and Calvet andMarzo (1994), among other
authors. Most of these studies make the assumption that the sub-units
(members/units) of the transgressive phase (TST) begin with tidal flat
settings and end with energetic shoals, whereas in the sub-units of the
regressive phase (HST), the settings evolved from lagoons and restricted
lagoons into final inter-supratidal environments with evidence of evap-
orite precipitates. Thewhole sequencemainly occurs in the shallow set-
tings of the inner or inner-middle parts of a homoclinal ramp. The
stratigraphic position of the maximum flooding surface is debatable in
some sections, but usually it overlies the shoal tops of the transgressive
phase. Most papers have described the higher order cyclicity character-
izing the sub-units of this third-order sequence. Subsequent variations
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to this former literature interpretation are as follows: in the Albarracín
sector, the sequence has been considered as strictly regressive (HST)
by Pérez-Arlucea and Rey (1994) (Fig. 20, 4); in the Catalan basin,
Calvet and Marzo (1994) distinguished two different pulses in the re-
gressive trend (HST), i.e. early HST (Vilella Baixa unit) and late HST
(Colldejou unit) (Fig. 20, 7); and in the northern part of the Iberian
basin and also in the Catalan basin, Escudero-Mozo et al. (2015) divided
the succession of the lower Muschelkalk unit into two trangressive–re-
gressive sequences (Fig. 20, 5).

Further, in the depositional sequence of the lowerMuschelkalk unit,
some studies have identified the presence of significant features at re-
gional or local scales such as unconformities, karstic horizons indicating



Fig. 19. Block diagrams of sedimentary environments in the upperMuschelkalk unit during the Ladinian. (A) Second transgressive pulsewith oolitic shoals favored by increasing energy on
the platform. (B) During the final regressive phase, lagoons developed under shallower conditions.
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exposure events, and levels of faunal condensation linked to submarine
hardgrounds or to prominent sea-level rises (drowning). In the Catalan
basin, a regional unconformity was detected at the base of the youngest
unit (Colldejou unit) by Calvet and Marzo (1994) (Fig. 20, 7). In the
same basin, karst surfaces interrupting this sequence and associated
Pb–Zn–Cu mineralizations (not indicated in Fig. 20) were described
from the Prades sector in the SW to the Montseny-Llobregat sector in
the NE (Andreu et al., 1987; Ramón and Calvet, 1987). Also in the
Catalan basin, a fauna condensation horizon (Paraceratites level:
ammonoids and conodonts), present at the top of the Olesa unit in the
Montseny-Llobregat sector, was interpreted as the maximum flooding
surface by Calvet and Marzo (1994) (Fig. 20, 7).

The boundary between the siliciclasic deposits of the Buntsandstein
and the overlying tidalflat deposits of the lowerMuschelkalk unit in the
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Iberian basin is marked by an unconformity involving high energy
shoals and bars that separates the two units in the central (Albarracín)
sector (Pérez-Arlucea and Rey, 1994). In contrast, in the eastern sectors
of the basin, this transition is gradual (López-Gómez and Arche, 1992b;
Ortí et al., 2020).

Our interpretation of the lower Muschelkalk unit in the Alt
Palància of the Iberian basin is consistent with most stratigraphic
and sedimentologic models proposed by the aforementioned papers,
in particular, the shallow nature of the carbonate platform and the
vertical evolution of its depositional sequence. In this area, the
Anisian unit forms part of a single, third-order depositional sequence
starting with siliciclastic tidal cycles of the Röt facies. The carbonate
portion of the sequence was deposited on a very shallow epiconti-
nental platform, showing various characteristics in the different



Fig. 20. Compilation of third-order depositional sequences in several Triassic basins and basin sectors of Eastern Iberia. References: (1) Pérez-Valera and Pérez-López (2008); (2) Sánchez-
Moya et al. (2016); (3) García-Gil (1994); (4) Pérez-Arlucea and Rey (1994); (5) Escudero-Mozo et al. (2015); (6) López-Gómez and Arche (1994); (7) Calvet and Marzo (1994);
(8) Mercedes-Martín et al. (2013a); (9) Escudero-Mozo et al. (2015). Sequence stratigraphy: LST: Lowstand System Tracts; TST: Transgressive System Tracts; HST: Highstand System
Tracts. Transgressive/Regressive cycles: TST/RST. Depositional Sequence: DSM. Members/units/sub-units in the stratigraphic formations from base to top: (4) Tramacastilla Fm: Gea,
Rincón, Chequilla, El Cuervo and El Castellar members. Royuela Fm: Libros Marls, Libros Limestones, and Villel members. (6) Landete Fm: Serra, San Martín, Olocau, Peña Rubia and
Beaumud members. Cañete Fm: Gorgocil, Henarejos, Huélamo, Valacloche and Moya members. (This study) lower and upper Muschelkalk units: lower carbonate-marl alternation,
carbonate sub-unit, upper carbonate-marl alternation. (7) Lower Muschelkalk unit: El Brull, Olesa, Vilella Baixa and Colldejou units. Upper Muschelkalk unit: Rojals, Benifallet, Rasquera,
Tivissa and Capafons units.

A. Pérez-López, C. Benedicto and F. Ortí Sedimentary Geology 420 (2021) 105904
sections studied, which were clearly controlled by the Espina–
Espadà fault.

This study also highlights the following features of the lower
Muschelkalk unit: (i) two pulses operating during transgressive (TST)
and two phases during regressive (HST) sequences; (ii) depositional
continuity from the siliciclastic-marl cycles of the Röt facies to the
carbonate-marl cycles characterizing the mixed tidal flat at the base of
the sequence (lower carbonate-marl alternation); (iii) paleogeographic
variability in facies and environments affecting the intermediate car-
bonate sub-unit and preventing clear lateral correlations between the
various carbonate intervals (Fig. 15); the maximum flooding zone is lo-
cated in different stratigraphic intervals on both sides of the Espina–
Espadà fault; and (iv) the possibility of finding at the top of the se-
quence, lateral gradations between predominant carbonate tidal flat
(‘terminal carbonate complex’) and mixed tidal flat deposits (upper
carbonate-marl alternation). In summary, the deposition of the lower
Muschelkalk unit occurred on a fault-controlled, subsident (thicknesses
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up to>100m) platformwhichwas particularly shallow and productive,
and relatively little affected by the most important events (regional un-
conformities, karst surfaces, faunal condensation levels) recorded in
other sectors of the Iberian basin or adjacent basins.

10.2.2. Upper Muschelkalk unit
The upper Muschelkalk unit was deposited in Iberia during the sec-

ondmarine transgression of theMiddle Triassic linked to the opening of
the Neotethys Sea (Escudero-Mozo et al., 2015). This transgression cov-
ered all of Eastern Iberia and its deposits are present in all Triassic basins
including the Subbetic and Prebetic domains of the Betic basin and
Balearic Islands (Figs. 1, 20). In the Iberian basin, this unit is known as
the assemblage of the Tramacastilla Fm and Royuela Fm in the
western-central sector, as the Cañete Fm in the central and eastern sec-
tors, and as the assemblage of the Cirat Fm and Pina deMontalgao Fm in
the Calderona–Espadà ridges of the Valencian sector. In the Betic basin,
it is known in the Prebetic domain as the assemblage of the
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Tramacastilla Fm and Royuela Fm (Sopeña et al., 1988) and as the Siles
Fm (Pérez-Valera and Pérez-López, 2008), and in the Subbetic domain
as the Cehegín Fm (Pérez-Valera and Pérez-López, 2008). On Menorca
Island, it is known as the assemblage of the Monte Toro Fm, Arenal
d'en Castell Fm and Fontanlles Fm (Fig. 20). Themost outstanding char-
acteristics of this unit including its stratigraphic members distinguished
by several authors are summarized in Supplementary data B.

The age assigned to this unit in the Iberian basin, according to the au-
thors, is Ladinian or late Anisian (Illyrian)–Ladinian. In its most repre-
sentative section of the Iberian basin (Cañete Fm; ~98 m thick), its age
is Illyrian in the lower part (~17 m thick), Fassanian in the central part
(~61 m thick) and Longobardian in the upper part (~20 m thick)
(Escudero-Mozo et al., 2019; Fig. 3.35). In the Alt Palància area of this
study, Ortí et al. (2020) confirmed the general assignment of the unit
to the Ladinian (Fassanian stage more clearly documented). In the
Catalan basin, its age is upper Ladinian (Longobardian)–earliest Carnian
(‘Cordevolian’) (García-Ávila et al., 2020). OnMinorca, the unit has been
assigned to the late Anisian (Illyrian)-to-early Carnian (Escudero-Mozo
et al., 2014, 2015).

Several interpretations of depositional sequences have been pro-
posed for the upper Muschelkalk unit in the different Triassic basins of
Iberia (Fig. 20). A single third-order depositional sequence is commonly
assumed for this unit, from the Catalan basin in the east to the Riba de
Santiuste area of the Iberian basin in the west. In the Catalan basin,
one depositional sequence was recognized by Calvet and Marzo
(1994) (Fig. 20, 7), two depositional sequences were identified by
Calvet and Tucker (1995), and two transgressive–regressive sequences
(T–R) were documented by Mercedes-Martín et al. (2013a).
Escudero-Mozo et al. (2015) described two or three transgressive–re-
gressive sequences (T–R) in the Catalan and Iberian basins, and three
or four in Minorca in the formations equivalent to the upper
Muschelkalk unit (Monte Toro Fm, Arenal d'en Castell Fm and Fonta-
nelles Fm) (Fig. 20).

Carbonate facies deeper than those observed in the lower
Muschelkalk unit have been interpreted for the upper Muschelkalk
unit in the Triassic basins of Iberia, in particular in the middle part of
the sequences (Supplementary data B). In the Albarracín sector of the
Iberian basin, deep outer ramp settings were assigned to the Chequilla
and Rincón members by Pérez-Arlucea and Rey (1994), and environ-
ments of inner, middle and outer ramp were described for the entire
basin by Escudero-Mozo et al. (2015). In the Catalan basin, deep ramp
deposits (Rasquera unit) and deep to shallow ramp deposits (Tivissa
unit) were interpreted by Calvet and Marzo (1994). Also in the Catalan
basin, environments of deep outer ramp (towards the SE of the basin),
mid-ramp (central part) and inner ramp (towards the NE of the
basin) were interpreted by Mercedes-Martín et al. (2013a). In the
Betic basin, the upper Muschelkalk carbonates (Cehegín Fm and Siles
Fm) show characteristics of a shallow epicontinental platform. Most
sediments were deposited in a coastal setting, and other marine sedi-
ments were scattered across a varied mosaic of lagoons and restricted
inland seas (Pérez-Valera and Pérez-López, 2008; Pérez-López et al.,
2011). Very few deep deposits were identified in the two areas of the
present study. The upper Muschelkalk sediments in the lower half of
the carbonate sub-unit indicate ramp settings with partial communica-
tionwith the open sea. All these interpretations of sedimentary environ-
ments confirm the complexity of the Triassic epicontinental platform
highlighted in this study, mainly due to the generally low bathymetry
of these marine environments and the important role of local tectonics.

Two of the most significant events recorded in the upper
Muschelkalk successions of the Triassic basins in Eastern Iberia
(Fig. 20) were not identified in the study area. One event refers to the
erosive karst surface that separates the two transgressive–regressive se-
quences in the Catalan basin. This surface has been interpreted as a
basin scale sea-level fall of over 50 m by Mercedes-Martín et al.
(2013a, 2013b). The other event is a rapid sea-level rise recorded at
the Anisian–Ladinian transition at the top of the Monte Toro Fm in
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Minorca (Escudero-Mozo et al., 2014, 2015). This marine rise resulted
in local drowning, carbonate deposition in middle–outer ramp settings,
and the accumulation of Daonella shells and ammonoids. Escudero-
Mozo et al. (2014, 2015) correlated this event with the condensation
fauna level described by Calvet and Marzo (1994) at the base of the
Rasquera unit in the Catalan basin (Fig. 20), and extended this abrupt
sea-level rise to all sectors of the Iberian basin.

The lack of the two former events indicated by our observations in
the Alt Palància and Manzanera areas possibly reflects the
shallow-water nature and the paleogeographic features of the carbon-
ate platform during deposition of the upper Muschelkalk unit. More-
over, several characteristics such as the high variability of settings
throughout the middle carbonate sub-units, the presence of carbonate
marl alternations at the base and top of the sequences, and lateral gra-
dations between these alternations and the terminal carbonate com-
plexes do not support the use of formal member names. As a result,
this terminology seems to have been abandoned in recent papers ad-
dressing the carbonate Muschelkalk units of Eastern Iberia (Mercedes-
Martín et al., 2013a; Sánchez-Moya et al., 2016; Escudero-Mozo et al.,
2015, 2016).

10.3. Comparison with the Muschelkalk of the Germanic Basin

The similarity of facies and environments in the two carbonate
Muschelkalk successions of Eastern Iberiawas highlighted in the former
sections, although there are some differences between the two succes-
sions. One notable difference is that the upperMuschelkalk deposits be-
come more marine and reflect higher subsidence rates, as indicated by
the section's thickness, and the increased presence of mollusk fossils,
ooids, and storm beds. Something similar occurs in the Triassic of the
Germanic Basin. Besides presenting mainly fine-grained carbonate fa-
cies with bioclastic sandbanks and tempestites, the upper Muschelkalk
deposits of the Germanic Basin are also more marine (e.g., Aigner and
Bachmann, 1992). The evolution of the Germanic Basin was controlled
by tectonics in the Tethys rift belt (Szulc, 1999) as can be observed in
the different basins of Eastern Iberia. According to Szulc (2000), these
variations in stratigraphic units are more frequent in the upper
Muschelkalk. In fact, the sequences defined in the western sector of
the German Basin show marked individual characteristics suggesting
the strong influence of local tectonic controls. Although deposition
was controlled by global sea-level changes, these eustatic changes
were modified by local tectonics.

Asymmetric transgression–regression cycles are observed in the two
basins (Fig. 21), although with different facies evolutions. Facies distri-
bution are markedly diachronous in the Germanic Basin and in the ba-
sins of Eastern Iberia. At the end of these Muschelkalk carbonate
sequences, the uplift of the basins led to an increase in clastic sediments
during the deposition of the Keuper facies, but this change occurred
more rapid and earlier in the Germanic Basin (Szulc, 2000; Feist-
Burkhardt et al., 2008).

The studied carbonates of the lower Muschelkalk in Eastern Iberia
show depositional conditions similar to those of the lower Muschelkalk
of northwestern Germany, which was affected by restricted circulation,
closer to an evaporite basin, where sabkha facies developed locally
(Feist-Burkhardt et al., 2008). However, scarce sulfate is associated
with the sabkha carbonates in Eastern Iberia. The other fully marine fa-
cies (Terebratelbanke) observed towards southeastern Germany in the
lower Muschelkalk are not present in the studied outcrops of Eastern
Iberia. The most similar facies of lower Muschelkalk would be the
marly limestones of the Wellenkalk formation, although carbonate
sabkha and lagoon deposits predominated in Eastern Iberia (Fig. 21).

As in theGermanic basin, the UpperMuschelkalk carbonates studied
by us in Eastern Iberia were deposited during the Ladinian transgres-
sion. In this area, however, a high-energy ramp was not established as
is the case in the Germanic Basin (Trochitenkalk/Trochiten-Schichten).
The sediments of the Germanic Basin comprise mainly bioclastic and



Fig. 21. Comparison of stratigraphic units and third-order depositional sequences in theMiddleMuschelkalk toMiddleKeuper interval in the SWGermanic and the SE sector of the Iberian basins.
The LST, which is not indicated in the figure, is represented by erosive or karst surfaces or by thin evaporite or carbonate beds. Symbols and references in the SE Iberian Basin: (*)Mediterranean
Triassic; (ts) this study; (1) Ortí et al., 2017; (2) López-Gómez et al., 1998; (3) Ortí et al., 2020; (4) Sánchez-Moya et al., 2016; (5) Garay Martín, 2005; (6) Escudero-Mozo et al., 2015.
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oolitic sediments (TST) , on top of which, deep carbonate ramp
sediments were deposited (Middle Hauptmuschelkalk/Ceratiten
Schichten). In the studied sectors of Eastern Iberia, however, the ramp
was sheltered by some barrier or emergent zone located much farther
to the east. The first upper Muschelkalk sediments are of low energy
conditions. Bioclastic or oolitic sediments, which in the studied sectors
are recorded by browndolostones, do not appear until the second trans-
gressive phase of the Ladinian. Finally, during the highstand stage, the
shallowmarine deposits prograded over the normal marine carbonates
in the Germanic Basin (Aigner, 1985), although only lower energy
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conditions reflect the sediments in Eastern Iberia (Upper carbonate-
marl alternation). Lithofacies distributions and fauna assemblages in
the Germanic Basin were conditioned in their communication with
the Tethys Ocean through the SW sector or the western Gate (Szulc,
2000).

In the Lorrain region of the SWGermanic Basin, Vecsei and Duringer
(2003) described a classic model of carbonate platform in a transect
from the margin (western Luxembourg) to the depocenter (northern
France). The model is characterized by an environment belt grading
from shore to deep shelf. This model is clearly different from themosaic
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model of shallow settings here deduced in the studied area of Eastern
Iberia. It should be noticed that the Lower Keuper in the SW Germanic
Basin occupies the same stratigraphic position as the upper carbonate-
marl alternation (Royuela Fm) of Ladinian age in the Iberian basin
(Fig. 21).

The maximum flood surface in the Germanic Basin can be located
between different lithofacies. These lithofacies are more marine to-
wards the center of the basin, while towards the margin, this surface
separates calcarenite sediments or bar deposits below from lagoon de-
posits above (Vecsei and Duringer, 2003). In most of the studied sec-
tions in Eastern Iberia, the maximum flood surface represented by the
maximum flooding zone is situated in the brown dolosparites. This
lithofacies records the higher energy deposits that developed when
the sea level rose and overtopped the inferred barriers located further
east of the study area (Figs. 16, 17).

The stratigraphic sequences defined in the Germanic Basin are based
on the presence of major discontinuities and significant fossil variation
allowing for the establishment of maximum flood surfaces. In contrast,
in the present study area, fossils are rather scarce and noprecisemarked
beds were identified as possible sequence boundaries.

Two transgression–regression sequences can be identified for the
lower and the upper Muschelkalk units in the studied area of Eastern
Iberia. In the SW Germanic Basin, however, two transgression–regres-
sion sequences have been defined for the lower Muschelkalk, and only
one for the upper Muschelkalk.

11. Conclusions

In the study areas of Eastern Iberia, two marine flooding episodes of
theMiddle Triassic caused the extensive deposition of carbonates in the
lower and upper Muschelkalk units on a block-controlled, shallow, epi-
continental platform. Based on paleontological data available in the lit-
erature (palynology and ammonoids data), the lower Muschelkalk
unit is assigned to the Anisian and the upper Muschelkalk unit to the
Ladinian. In outcrops showing signatures of severe tectonism, identifi-
cation through sulfate isotopy of the clayey-evaporite facies bounding
the carbonates (Keuper and middle Muschelkalk) helped us to distin-
guish the two carbonate Muschelkalk units.

Each of the carbonate Muschelkalk units forms part of a third-order
depositional sequence and can be subdivided into two transgressive and
two regressive phases. Both sequences show similar vertical arrange-
ments of stratigraphic sub-units, and appear uninterrupted by
unconformities.

The twoMuschelkalk sequences start with a (lower) carbonate-marl
alternation, which was deposited in mixed tidal flat-to-lagoon settings.
In themiddle part of the sequences (carbonate sub-unit), the carbonate
character prevails and facies associations suggest great variability occur-
ring in relatively shallow environments. The change from transgressive
to regressive trends occurs in thismiddle part. The tops of the sequences
show two coeval lithologic assemblages, i.e. the ‘terminal carbonate
complex’ formed in tidal flats and sabkhas, and the ‘carbonate-marl al-
ternation’ formed in carbonate tidal flat-to-lagoon settings. The ‘termi-
nal carbonate complex’ predominates in the lower Muschelkalk unit,
but locally it grades laterally to the carbonate-marl alternation. The ‘car-
bonate-marl alternation’ is predominant in the upperMuschelkalk unit,
but locally it also grades laterally to the terminal carbonate complex.

In the two carbonate sequences, the presence of carbonate-marl al-
ternations underlying and overlying themassive carbonates of themid-
dle part should be highlighted. In the study outcrops, these alternations
occur mainly in fault-controlled areas with continuous subsidence. This
gave rise to lithologic gradations instead of sharp contacts between the
middle carbonate sub-units and the clayey-evaporite deposits of the
Röt, middle Muschelkalk and Keuper facies.

The two carbonate Muschelkalk sequences suggest a complex mor-
phology of the epicontinental platform which evolved from not very
high-energy ramp-like profiles (transgressive phases, TST) to a low
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energy rimmed shelf terminating in tidal/lagoon settings (regressive
phases, HST). The facies associations, however, suggest depositional set-
tings that were slightly deeper for the upper Muschelkalk unit than for
the lower Muschelkalk unit.

In the Alt Palància area, sedimentation during the Middle Triassic
controlled by the major Espina–Espadà fault was confirmed here. In
the Manzanera area, similar control by a (non outcropping) basement
fracture is assumed.

By comparing our Muschelkalk sequences with those known in
other basins of Eastern Iberia, here we highlight some of the most rele-
vant characteristics of the carbonate accumulation in the study areas
such as shallow-water settings, mosaic facies patterns in the middle of
the sequences, and absence of significant discontinuities interrupting
sedimentation. In comparison to the Middle Triassic of the SW Ger-
manic Basin, several deposits with similar facies, typical of an epiconti-
nental platform, were here identified, although the facies exhibit
shallower water features, with less siliciclastics, and the definition of fa-
cies belts within the platform model is uncertain.
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