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ABSTRACT 13 

In ancient carbonate systems, establishing relationships among sea-level fluctuations, carbonate 14 

factory productivity and carbonate geochemistry is challenging due to complex depositional and 15 

diagenetic overprinting. The Aptian platform carbonate succession from the western Maestrat 16 

Basin, in Spain, serves as an ideal example for potentially linking these processes, particularly 17 

establishing the relationships between isotopic records (δ18O and δ13C) and third-order sea-level 18 

trends with implications for sequence stratigraphy. This succession is biostratigraphically well-19 

constrained and comprises two depositional sequences that were controlled by a major relative 20 

sea-level fall and a subsequent rise. These depositional sequences exhibit stratal terminations and 21 

stacking patterns, enabling the establishment of a well-defined sequence stratigraphic framework 22 

comprising four systems tracts and their key bounding stratigraphic surfaces. The analytical 23 
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results reveal that both δ18O and δ13C values outline distinct temporal trends, which can be 24 

correlated with specific third-order stages of relative sea-level fluctuations. The transgressive and 25 

highstand systems tracts exhibit the most positive δ13C values (up to +5‰) and the least negative 26 

δ18O values (up to -1.8‰). This range, similar to values of carbonates in equilibrium with 27 

Cretaceous seawater, δ13C and δ18O values from +2‰ to +5‰ and from -2‰ to -5‰, 28 

respectively, likely reflects the marine influence on the isotope values during the stage of high 29 

relative sea level. In contrast, the forced regressive and lowstand intervals exhibit less positive 30 

δ13C values (reaching +0.5‰) and significantly more negative δ18O values (around -6.1‰), 31 

interpreted as the influence of soil-derived organic matter and meteoric waters, respectively, 32 

during stages of lower relative sea level. Furthermore, the sedimentary succession records a 33 

decreasing trend of δ13C and δ18O values towards the sequence boundary, which marks the 34 

lowest point of relative sea level. This study underscores the potential of carbonate platforms to 35 

record geochemical signals that can be directly correlated with different third-order stages of 36 

relative sea-level variations. In addition, this framework allows for linking and predicting the 37 

potential fluid-rock interaction processes in each systems tract. The proposed approach could 38 

offer a predictive framework for characterizing carbonate reservoirs and other carbonate 39 

platform successions with poorly defined sequence-stratigraphic frameworks elsewhere. 40 

Keywords: Stable Isotopes; Geochemistry; Sequence Stratigraphy; Sea-level Fluctuation; 41 

Carbonates 42 

INTRODUCTION 43 

Third-order relative sea-level fluctuations (sensu Vail et al., 1991) play a pivotal role in 44 

controlling physical and ecological accommodation and influencing the nature and architecture 45 

of depositional facies in platform carbonates (Eberli, 2000; Anselmetti et al., 2000). The 46 
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interplay between sedimentation and accommodation defines the sequence stratigraphic 47 

framework and exerts control over the extent and distribution of depositional and diagenetic 48 

alterations that impact the sedimentary succession during and after deposition (Schlager, 2005; 49 

Catuneanu et al., 2009). Given that many factors influencing carbonate geochemistry, such as 50 

pore water chemistry, depositional setting, and burial/exposure, are also sensitive to changes in 51 

relative sea level, isotope geochemistry can be directly linked to sequence stratigraphy (Tucker, 52 

1993; Weissert et al., 1998; Spezzaferri et al., 2002; Burla et al., 2008; Mehrabi et al., 2022). 53 

Correlations between carbon isotopic values and changes in relative sea level, with implications 54 

for sequence stratigraphy, have already been noticed in contributions studying pelagic and 55 

shallow-water carbonates (Föllmi et al., 1994; Vahrenkamp, 1996; Eberli, 2000; Saltzman, 2002; 56 

Spezzaferri et al., 2002; Immenhauser et al., 2003; Krull et al., 2004). However, in some case 57 

studies, including the Holocene to Early Miocene record of the Bahamas, δ13C values of platform 58 

and periplatform sediments were unrelated to synchronous shifts in the δ13C of the open oceans. 59 

This was interpreted to indicate that δ13C trends of these sediments did not correlate with the 60 

ocean-climatic system (or the global δ13C signal) over this time period (Swart and Eberli, 2005). 61 

In the Arabian Gulf, however, the δ13C patterns of Lower Cretaceous shallow-water carbonates 62 

were controlled by third-order fluctuations in relative sea level and correlated with isotopic 63 

profiles reported elsewhere in Tethyan pelagic limestones of the same age (Föllmi et al., 1994; 64 

Vahrenkamp, 1996). This led to the suggestion that the isotopic proxy was an effective tool for 65 

characterizing relative sea-level fluctuations in the lower Cretaceous record of the Arabian 66 

(Tethyan?) region (Vahrenkamp, 1996). Similar conclusions, suggesting comparable δ13C shifts 67 

in carbonate lithofacies from different water depths, were obtained in Mississippian carbonates 68 

from western USA (Saltzman, 2002, 2003). The later authors placed the carbonate δ13C and δ18O 69 
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variations in a sequence stratigraphic framework to evaluate the presence of exposure surfaces 70 

and to distinguish between primary and secondary stable isotope patterns (Saltzman, 2002). 71 

Despite this good correlation between isotope stratigraphy and relative sea-level fluctuations in 72 

carbonate environments, linking chemostratigraphic data to sequence stratigraphic concepts have 73 

proven effective mostly in siliciclastic systems (Haq et al., 1987; Posamentier et al., 1992; Morad 74 

et al., 2000, 2010, 2013; Al-Ramadan et al., 2005). This is due to the wide variety and 75 

complexity of carbonates resulting from the interaction among relative sea-level changes, local 76 

tectonics, climate, type of biota, diagenesis, and heterogeneous mineralogy and texture (Gischler 77 

et al., 2009; Pomar and Haq, 2016). Besides, recognizing or interpreting sequence stratigraphic 78 

attributes in ancient carbonate environments can also be challenging due to poor exposure 79 

conditions, variable rates of erosion and sedimentation, and superposition of different 80 

stratigraphic surfaces (Immenhauser et al., 2002; Christ et al., 2012). In such cases, data gaps are 81 

addressed by incorporating interpreted surfaces that introduce greater uncertainty to the 82 

interpreted stratigraphic model (Catuneanu et al., 2009).  83 

Carbonate platform margins represent the best setting to estimate fluctuations in relative sea 84 

level and to evaluate the global versus local controls on platform evolution (Pomar et al., 2005). 85 

A modern setting, often applied as analogue of ancient platform carbonates, comes from the 86 

Great Bahama Bank (GBB) and its subsurface sediments (Eberli, 2000; Anselmetti et al., 2000; 87 

Eberli et al., 2002; Spezzaferri et al., 2002; Reuning et al., 2006; Reijmer et al., 2009; Murray 88 

and Swart, 2017; Murray et al., 2021). However, the question that commonly arises is whether 89 

the results, in terms of facies distribution, mineralogy and geochemistry, are applicable to all 90 

geological time periods (Swart et al., 2009). In the case of ancient carbonates, the Guadalupian 91 

outcrops of the Permian Basin (USA) provide a classic example of a large and continuous 92 

JS
R 

Pre-
Prin

t 

Draf
t

Downloaded from http://pubs.geoscienceworld.org/sepm/jsedres/article-pdf/doi/10.2110/jsr.2024.124/7127658/munoz+lopez.pdf
by Univ.-u.Landesbibliothek Tirol Zeitschriftenverwaltung / Geologie user
on 31 March 2025



5 
 

exposure illustrating the architecture and sequence stratigraphy of a self-to-basin section (Harris 93 

and Saller, 1999). 94 

In this contribution, we focus on the Aptian “Las Mingachas” section in the western marginal 95 

part of the Maestrat rift basin (Iberian Chain) in Spain. This section stands out as one of the very 96 

few outcrops worldwide that preserves stacking patterns and stratal terminations that permit one 97 

to define sequence stratigraphic surfaces that bound different systems tracts (Bover-Arnal et al., 98 

2009, 2022). In general, Las Mingachas section exhibits stratigraphic continuity, with its age 99 

calibrated using Sr-isotope stratigraphy, as well as ammonite, orbitolinid, and rudist 100 

biostratigraphies (Moreno-Bedmar et al., 2010; Bover-Arnal et al., 2016). Furthermore, Las 101 

Mingachas section offers an exceptionally well-preserved platform-to-basin transition, showing 102 

sedimentary evidence of the influence of third-order relative sea-level fluctuations, including a 103 

major sea-level fall and a subsequent rise, on carbonate sedimentation across the system (Bover-104 

Arnal et al., 2009, 2022). Thus, drawing upon this well-established sequence stratigraphic 105 

framework, this contribution provides carbonate geochemical measurements at Las Mingachas 106 

section aiming to: i) test if the stable carbon and oxygen isotopes of the Aptian platform 107 

carbonates are in line with the interpreted sequence-stratigraphic framework and the reported 108 

third-order fluctuations in relative sea level, especially considering the nature of the major sea-109 

level fall, interpreted to be of global significance with a dominant eustatic contribution; ii) verify 110 

if this geochemical record enables the identification of the attributes of a four systems tracts-111 

based sequence stratigraphic framework (Hunt and Tucker, 1992), which is a complete 112 

framework not commonly preserved in the stratigraphic record; and (iii) to corroborate if the new 113 

provided data allows us to discern between divergent interpretations concerning part of the 114 

stratigraphic framework reported in the study area (Bover-Arnal et al., 2009, 2022; Peropadre et 115 
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al., 2013; Pomar and Haq, 2016; Pomar, 2020). Thus, this case study exemplifies an ideal 116 

scenario to assess the robustness of stable isotope proxies in identifying Aptian third-order sea-117 

level trends and geochemically characterizing the complete “four-systems-tract” sequence 118 

stratigraphic model of Hunt and Tucker (1992). 119 

GEOLOGICAL SETTING 120 

The studied Aptian carbonate succession is located in the eastern part of the Iberian Chain in 121 

Spain (Fig. 1), which is an intraplate fold-and-thrust belt that resulted from the Alpine (late 122 

Eocene-early Miocene) tectonic inversion of the Mesozoic Central Iberian Rift System (Salas & 123 

Casas, 1993; Salas et al., 2001; Guimerà et al., 2004). Late Jurassic and Early Cretaceous rifting 124 

stages in Iberia were linked to the opening of the North Atlantic Ocean and the Bay of Biscay, 125 

respectively. These two rifting stages gave rise to major NW-SE, E-W and NE-SW normal faults 126 

that controlled the formation of rapidly subsiding basins, including the Maestrat Basin, which is 127 

the focus of this study (Salas et al., 2001). The selected outcrops are located in a western 128 

marginal area of the Maestrat Basin known as the Galve sub-basin (Fig. 1) (Liesa et al., 2006; 129 

Salas et al. in Martín-Chivelet et al., 2019). The stratigraphic interval analyzed corresponds to a 130 

platform-to-basin transition area known as "Las Mingachas" (Figs. 1 & 2) and spans the late 131 

early-earliest late Aptian time slice (Moreno-Bedmar et al., 2010; Bover-Arnal et al., 2016, 132 

2022). This marine succession postdates the early Aptian oceanic anoxic event (OAE1a) (Bover-133 

Arnal et al., 2010). The Las Mingachas section comprises the upper part of the long-term T-R 134 

Sequence II and the lower part of T-R Sequence III described in Bover-Arnal et al. (2010, 2016). 135 

The following description of facies and the sequence stratigraphic framework is based on Bover-136 

Arnal et al. (2009, 2022). 137 

Sequence Stratigraphic Framework 138 
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The transition zone from platform to basin at Las Mingachas was interpreted within a sequence 139 

stratigraphic framework consisting of four systems tracts, encompassing two depositional 140 

sequences: A and B. Depositional Sequence A includes a Highstand Systems Tract (HST) and a 141 

Forced Regressive Wedge Systems Tract (FRWST). In contrast, Depositional Sequence B is 142 

composed of a Lowstand Prograding Wedge Systems Tract (LPWST), a Transgressive Systems 143 

Tract (TST), and the subsequent HST (Figs. 2 & 3).  144 

HST (Depositional Sequence A).--- 145 

The first HST consists of a carbonate platform comprising corals and rudists belonging to the 146 

Villarroya de los Pinares Formation, which shows aggrading and subsequent prograding patterns. 147 

Towards the basin, located in the SW of the study area, the platform top limestones pass to slope 148 

deposits, which exhibit downlapping stratal terminations and laterally pass into the marls of the 149 

Forcall Formation (Fig. 2). The downlap surface separates the upper limestones with corals and 150 

rudists from lower, deeper basinal marls, thus representing the maximum flooding surface (MFS) 151 

of Depositional Sequence A (Bover-Arnal et al., 2009). The basinal marls, equivalent to the 152 

platform's top limestones, are interpreted as part of the highstand normal regressive unit, whereas 153 

the marly deposits below the MFS are considered a transgressive succession. These basinal 154 

marly deposits correspond to the Forcall Formation. 155 

FRWST (Depositional Sequence A).--- 156 

The FRWST is represented by a high energy regressive wedge constituted by cross-bedded 157 

grainstones occurring basinwards, at the toe of highstand slopes. These calcarenite deposits 158 

belong to the Villarroya de los Pinares Formation, and are made up of an autochthonous 159 

carbonate factory dominated by oysters, and of allochthonous lithoclasts that resulted from 160 

JS
R 

Pre-
Prin

t 

Draf
t

Downloaded from http://pubs.geoscienceworld.org/sepm/jsedres/article-pdf/doi/10.2110/jsr.2024.124/7127658/munoz+lopez.pdf
by Univ.-u.Landesbibliothek Tirol Zeitschriftenverwaltung / Geologie user
on 31 March 2025



8 
 

erosion of the exposed carbonate platform during a sea-level fall that was estimated to be of at 161 

least 60 meters (Bover-Arnal et al., 2009). The lower boundary of the calcarenite deposits, i.e., 162 

the basal surface of forced regression (BSFR), is represented by a sharp surface separating the 163 

underlying basinal highstand marls of the Forcall Formation from the overlying shallower forced 164 

regressive wedge. In turn, the upper boundary of the regressive wedge is represented by the 165 

sequence boundary (SB), which separates depositional sequences A and B and marks the lowest 166 

point of relative sea level. The SB is characterized by a subaerial unconformity that becomes 167 

younger seawards, passing to a marine correlative conformity (CC) over the FRWST (Fig. 2). 168 

LPWST (Depositional Sequence B).--- 169 

The LPWST consists of a small carbonate platform dominated by corals and rudists that shows a 170 

progradational stacking pattern followed by aggradation (Fig. 2). The lowstand platform, which 171 

developed during the subsequent base-level rise, is also part of the Villarroya de los Pinares 172 

Formation. The platform top facies pass into slope deposits basinwards. The upper boundary of 173 

the lowstand unit is marked by the transgressive surface (TS), which corresponds to a 174 

hardground with Lithophaga borings and iron mineralization. Landwards, the TS superimposes 175 

the SB and therefore, the subaerial unconformity that separates the two depositional sequences 176 

becomes a composite sequence boundary (i.e., SB + TS). 177 

TST (Depositional Sequence B).--- 178 

In Las Mingachas, the TST corresponds to retrograding platform top carbonates with rudists and 179 

corals that onlap the composite sequence boundary between Depositional Sequences A and B 180 

(SB + TS) towards the land (Fig. 2). The backstepping limestones change basinwards into marly 181 

deposits of the lower part of the Benassal Formation, and also upwards in the succession after 182 
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drowning of the Villarroya de los Pinares platform. The maximum flooding surface (MFS) of 183 

Depositional Sequence B is interpreted to be located at the top of the thickest marl bed of the 184 

lower part of the Benassal Formation, coinciding with the downlap surface of overlying coral-185 

bearing deposits. 186 

HST (Depositional Sequence B).--- 187 

The succeeding highstand deposits also belong to the Benassal Formation (Fig. 2) and are 188 

characterized by platform carbonates with corals, rudists and nerineid gastropods. Above the 189 

MFS of Depositional Sequence B, the basal part of this highstand unit is characterized by a 190 

marly horizon with irregular and massive corals, alternating with limestone beds of carbonate 191 

shed from platform top settings. 192 

METHODOLOGY 193 

This study includes stable isotope measurements (δ13C and δ18O values) of the Aptian carbonate 194 

platform cropping out at Las Mingachas section. Previous research established the facies 195 

architecture, as well as the paleoenvironmental and sequence stratigraphic interpretation, 196 

including the reconstruction of the relative sea-level stages based on stratigraphic data (Bover-197 

Arnal et al., 2009, 2022). This previous research guided the selection of outcrops and samples to 198 

conduct geochemical analyses. The selected outcrop corresponds to the platform-to-basin 199 

transition area of Las Mingachas section, where the sedimentary succession includes four 200 

systems tracts encompassing two depositional sequences (Fig. 2). In this area, a representative 201 

log was measured, and facies variations, along with key stratigraphic surfaces, were mapped on a 202 

panoramic view and correlated with the surfaces described in previous studies of the area (Fig. 203 

3). Ninety samples were collected in the field following two sampling strategies for comparison. 204 
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“LM samples” cover laterally the full platform to basin transition area shown in Figures 2 and 3 205 

(i.e., covering the entire platform and throughout all systems tracts), whereas “vertical log 206 

samples” were taken vertically next to the stratigraphic log (Fig. 3). Thus, collected samples 207 

cover along dip and along strike the full outcrop from the uppermost slope and towards the basin, 208 

where the subaerial unconformity, representing the composite sequence boundary, passes to its 209 

marine correlative conformity (Fig. 2A). 210 

LM samples were prepared for stable isotope measurements (δ13C and δ18O) of bulk carbonates 211 

and separate carbonate components (micritic matrix, grains, and cements), whereas, in vertical 212 

log samples, only bulk carbonates were analyzed. In total, this study provides fifty-nine analyses 213 

of bulk carbonates and thirty-one analyses of separate carbonate components. 214 

Bulk carbonates and separate carbonate components (micritic matrix, grains, and cements) of 215 

LM samples were sampled using a microdrill to extract carbonate powder (n=49). Powdered 216 

samples (50-60 µg) were reacted at 70°C with 102–105% phosphoric acid before CO2 gas was 217 

liberated to the automated purification line. Then, the product CO2 was purified using cryogenic 218 

traps to eliminate contaminant gases, such as water vapor and non-condensable gases produced 219 

during the acid digestion of the carbonate samples. Purification was performed automatically 220 

using a Kiel IV carbonate device. The CO2 gas released was analyzed with a Thermo Scientific 221 

MAT 253+ mass spectrometer at the Stable Isotope Laboratory, King Fahd University of 222 

Petroleum and Minerals (Dhahran, Saudi Arabia) with an overall precision of 0.08‰ for δ18O 223 

and 0.04‰ for δ13C, as measured by blind sample replicates. The oxygen and carbon isotope 224 

data are presented in δ notation relative to the Vienna Pee Dee Belemnite (VPDB) standard via 225 

standard reference materials obtained from the US National Institute of Standards and 226 

Technology and the International Atomic Energy Agency.  227 
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The measurements on a mass spectrometer drift over time for several reasons, including ion 228 

source performance (D’Autry et al., 2010) or the presence of contaminants. The drift was 229 

corrected by plotting the raw δ18O and δ13C data against the internal laboratory carbonate 230 

standard (KIS; KFUPM Iceland Spar) with the accepted isotopic values of 2.25‰ and -6.23‰ 231 

(VPDB) for δ13C and δ18O, respectively. 232 

Bulk vertical log samples, encompassing limestones, marly limestones, and marls were also 233 

analyzed for δ13C and δ18O measurements (n=41). For each analysis, 60-70 μg of material was 234 

used for limestones, while marls and marly limestones were analyzed with quantities ranging 235 

from 100-1000 μg. To extract carbonate powder from limestones and avoid large skeletal 236 

components, corals, microencrusters or diagenetic calcite veins, a microdrill was employed. The 237 

samples underwent treatment with H3PO4 (100%) at 70°C, and the evolved CO2 was analyzed 238 

using a Thermo Finnigan MAT-252 stable isotope ratio mass spectrometer at the Scientific and 239 

Technological Centers of the University of Barcelona. The isotope results are expressed in ‰ 240 

relative to the VPDB standard, with a precision of ±0.03 for δ13C and ±0.06 for δ18O. 241 

RESULTS 242 

Sedimentary succession logged and sampled 243 

The analyzed stratigraphic section is representative of the two identified depositional sequences, 244 

A and B, and the three sedimentary formations: Forcall, Villarroya de los Pinares and Benassal 245 

(Fig. 3). This section commences with alternating marls, marly limestones and limestones, which 246 

are attributed to the uppermost part of the Forcall Formation (Fig. 3 & 4A). These marly deposits 247 

between meters 0 and 15 represent the highstand deposits of Depositional Sequence A (Bover-248 

Arnal et al., 2009, 2022). The marly limestones and limestones exhibit mudstone to packstone 249 
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textures and contain skeletal components such as Palorbitolina lenticularis (Fig. 4B), calcareous 250 

dinoflagellate cysts, textularids, miliolids, ammonoids, sponge spicules, brachiopods, and 251 

echinoids, whereas the non-skeletal components mainly consist of peloids and quartz grains. 252 

Towards the north (i.e., landwards, in higher topographic areas), this marly interval passes to an 253 

aggrading to prograding carbonate platform that exhibits downlap stratal terminations. These 254 

highstand platform carbonates are attributed to the Villarroya de los Pinares Formation and 255 

consist of limestones showing floatstone to rudstone textures made up of rudist and corals in life 256 

position. 257 

Above the marly deposits of the Forcall Formation, there are packstone to grainstone limestones, 258 

displaying low-angle crossbedding. These rocks are characterized by the occurrence of conical 259 

Orbitolinopsis (Fig. 4C), calcareous algae Permocalculus and Marinella lugeoni, fragments of 260 

corals, and intraclasts. These deposits of the Villarroya de los Pinares Formation, between metres 261 

15 and 19, constitute the FRWST of Depositional Sequence A (Fig. 3; see Bover-Arnal et al., 262 

2009, 2022). At meter 19, a sharp stratigraphic surface marks the top of the FRWST. This 263 

surface, which is downlapped by lowstand slope deposits has been interpreted as the lowest point 264 

of relative sea level, marking the sequence boundary (SB) (Bover-Arnal et al., 2009, 2022). 265 

Landwards, the SB is truncated and exhibits paleokarst features and thus, it is classified as a 266 

subaerial unconformity (SU). Within the uppermost slope and towards the basin, the SB does not 267 

show evidence of subaerial exposure and thus, it is classified as a marine correlative conformity 268 

(CC). Between meters 19 and 43 the Villarroya de los Pinares Formation succession is made up 269 

of an alternation between marls, which contain scleractinian colonies in growth position, and 270 

limestones with rudstone to floatstone textures with rudist shells, corals, and Permocalculus (Fig. 271 

4D). Limestones show a prograding and then an aggrading pattern and exhibit downlap stratal 272 
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terminations. Consequently, Bover-Arnal et al. (2009, 2022) interpreted this stratigraphic 273 

interval as a LPWST belonging to Depositional Sequence B (Fig. 3). 274 

The upper part of the Villarroya de los Pinares Formation, between meters 43 and 46, 275 

corresponds to limestones showing a floatstone to rudstone texture (Fig. 4E). These strata are 276 

dominated by colonial corals, rudists such as Toucasia carinata and Polyconties hadriani, 277 

Chondrodonta, Permocalculus, and nerineid gastropods. This interval represents the early TST 278 

of Depositional Sequence B (Figs. 2 & 3; Bover-Arnal et al., 2009, 2022), and exhibits a 279 

backstepping geometry that is topped by a hardground with borings made by lithophagid 280 

bivalves and ferruginous stains (see Figs. 8E-F in Bover-Arnal et al., 2022). Above, from meter 281 

46 until the end of the measured section, a marly succession characterized by the presence of 282 

large gastropods of the species Trochoneritas gigas overlies the platform carbonates of the 283 

Villarroya de los Pinares Formation. This marly stratigraphic interval was interpreted as the 284 

upper part of the TST of Depositional Sequence B (Bover-Arnal et al., 2009, 2022) and 285 

constitutes the lower part of the Benassal Formation (Figs. 2 & 3). Given the absence of 286 

sedimentary or biotic indicators of bathymetry, the maximum flooding surface (MFS) of 287 

Depositional Sequence B was placed at the top of the thickest marl unit within the TST. Above 288 

this surface, the marly deposits evolve into slope facies, characterized by marls containing 289 

isolated coral colonies. The slope deposits pass upwards into platform top carbonates made up of 290 

floatstones and rudstones with corals, rudists, and nerineid gastropods. These slope to platform 291 

top facies represent the HST of Depositional Sequence B (Bover-Arnal et al., 2009). 292 

Carbon and oxygen isotopes 293 

Stable carbon and oxygen isotopic values of the studied Aptian platform carbonates vary widely 294 

from +0.5‰ to +5.3‰ and from -6.2‰ to -1.8‰, respectively (Table 1 and Figs. 5 & 6). 295 
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Overall, the δ13C curve displays a distinctive pattern characterized by two intervals of persisting 296 

positive carbon isotopic values (+4‰ ± 1‰ approx.) separated by a negative carbon isotopic 297 

excursion of around 4‰. Likewise, with a greater dispersion of values, the δ18O curve shows a 298 

negative oxygen isotopic excursion, reaching -6‰, separating two intervals of less negative (but 299 

widely varying) oxygen values (Figs. 5 & 6). 300 

Furthermore, despite the slight overlap between some samples, each studied systems tract 301 

exhibits a distinctive range of isotopic values. This range does not vary laterally within the same 302 

systems tract (i.e., we do not observe along strike isotopic patterns within the same genetic type 303 

of deposits). Instead, the isotopic trends vary vertically (i.e., isotopic values increasing or 304 

decreasing from one systems tract to another), as explained below. 305 

HST (Depositional Sequence A).--- 306 

In LM samples, bulk carbonates from the first HST exhibit δ13C and δ18O values ranging from 307 

+2.6‰ to +4.7‰ and from -5.3‰ to -3.2‰, respectively, whereas carbonate components vary in 308 

δ13C and δ18O values from +3.6‰ to +4.7‰ and from -5.7‰ to -4.4‰, respectively (Table 1 and 309 

Figs. 5 & 6). In vertical log samples, these HST bulk carbonates show δ13C and δ18O values from 310 

+3.2‰ to +5.1‰ and from -3.7‰ to -3.1‰, respectively. 311 

FRWST (Depositional Sequence A).--- 312 

Compared to the HST, the FRWST interval shows an overall trend towards less positive and 313 

more negative carbon and oxygen isotope values, respectively (Table 1 and Figs. 5 & 6). That is, 314 

LM bulk carbonate samples from this interval yield average δ13C values of +0.9‰ and δ18O 315 

values of -5.7‰, whereas carbonate components have δ13C and δ18O values from +0.5‰ to 316 

+3.5‰ and from -6.0‰ to -5.6‰, respectively. These values are within the range of values 317 
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obtained in FRWST bulk carbonates from vertical log samples, where δ13C and δ18O values vary 318 

from +0.8‰ to +4.2‰ and from -6.0‰ to -3.6‰, respectively. In the δ13C and δ18O profiles of 319 

the FRWST interval, both carbon and oxygen isotopic values generally decrease vertically 320 

(upwards) from the lower (BSFR) to the upper (CC) stratigraphic surface (Figs. 5 & 6). This 321 

means that carbon and oxygen values progressively shift from around +4.0‰ and from -4.0‰, 322 

respectively in the BSFR, to +0.5‰ and -6‰, respectively, in the CC. 323 

LPWST (Depositional Sequence B).--- 324 

The LPWST has a similar range of values to the FRWST interval (Table 1 and Figs. 5 & 6). That 325 

is, bulk carbonates in LM samples display δ13C and δ18O values from +1.7‰ to +4.1‰ and from 326 

-5.2‰ to -4.7‰, respectively, whereas carbonate components show δ13C and δ18O values from 327 

+1.2‰ to +4.5‰ and from -6.1‰ to -3.7‰, respectively. Again, bulk vertical log samples in 328 

LPWST yield similar δ13C and δ18O values, between +1.3‰ and +4.1‰ and between -6.1‰ and 329 

-3.5‰, respectively. Overall, δ13C and δ18O values progressively increase vertically from the 330 

lower to the upper surface of the LPWST interval, that is, from the CC towards the TS (Figs. 5 & 331 

6). 332 

TST (Depositional Sequence B).--- 333 

LM Bulk carbonate samples from the TST exhibit δ13C and δ18O values from +2.5‰ to +5.1‰ 334 

and from -5.9‰ to -3.7‰, respectively, whereas carbonate components vary in δ13C and δ18O 335 

values from +3.5‰ to +5.3‰ and from -6.2‰ to -2.3‰, respectively (Table 1 and Figs. 5 & 6). 336 

Similar values have been measured in bulk vertical log samples for TST, which yield δ13C and 337 

δ18O values between +1.3‰ and +5.2‰ and between -5.7‰ and -2.4‰, respectively. 338 

HST (Depositional Sequence B).--- 339 
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This carbonate interval has only been sampled in LM samples (Table 1 and Figs. 5 & 6). The 340 

bulk carbonate sample shows δ13C values of +3.6‰ and δ18O values of -1.8‰, whereas 341 

carbonate components have δ13C values of +4.4‰ and δ18O values of -3.9‰. 342 

DISCUSSION 343 

Linking third-order sea-level trends to carbonate stable isotopes 344 

The sequence stratigraphic framework of the Aptian platform margin studied here was arranged 345 

into two depositional sequences (A and B) that formed as a result of a major fall and a 346 

subsequent rise in relative sea level, respectively (Fig. 2; Bover-Arnal et al., 2009, 2022). 347 

Carbonate production and accumulation during the late early-early late Aptian was closely linked 348 

to these relative sea-level fluctuations (Bover-Arnal et al., 2009; Gratacós et al., 2021). 349 

Consequently, the isotopic patterns recorded in these platform carbonates may be used to 350 

reconstruct not only the depositional setting but also the superposed changes in relative sea level 351 

and its associated fluid-rock interactions (e.g., Swart & Eberli, 2005; Vahrenkamp, 1996).  352 

The two observed intervals in the δ13C and δ18O profiles showing the most positive carbon 353 

values (+4‰ ± 1‰ approx.) and the less negative (and less varying) oxygen values (-5.5‰ to -354 

3‰) coincide with two specific stages of relative sea-level high: HST of Depositional Sequence 355 

A and TST-HST of Depositional Sequence B (Figs. 5 & 6). These more positive δ13C and less 356 

negative δ18O values are within the range of carbonates in equilibrium with Cretaceous seawater, 357 

which typically display δ13C and δ18O values ranging from around +2‰ to +5‰ and from -2‰ 358 

to -5‰, respectively (Veizer et al., 1999). The correspondence between isotopic values recorded 359 

in highstand and transgressive intervals, and those typical values of contemporaneous seawater is 360 

interpreted to reflect the marine influence on the carbonate isotope values during the maximum 361 
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relative sea-level high (D’Argenio et al., 2004; Föllmi et al., 2006). During periods of high 362 

relative sea level, the continental shelf is flooded and the carbonate factory produces carbonate at 363 

its maximum activity, leading to high amounts of organic carbon burial (Magaritz, 1989). In turn, 364 

the increase in carbon burial rates enhances removal of light carbon from the ocean-atmosphere 365 

system by burial of 13C-depleted organic matter (Jenkyns, 1996; Gröcke et al., 1999; Jarvis et al., 366 

2001, 2002). A high rate of carbonate production during the HST of Depositional Sequence A is 367 

evidenced by the abundance of lime mud present, the diversity of carbonate producers, including 368 

corals and rudists in life position and nerineid gastropods, and the metric thickness of beds that 369 

characterize this systems tract (Bover-Arnal et al., 2009). The high carbonate accumulation rate 370 

during the slowing sea-level rise, typical of the HST, notably reduced accommodation in the late 371 

HST. This interpretation is supported by the observed prograding stacking pattern exhibited by 372 

the HST. In contrast, during the TST of Depositional Sequence B, the carbonate accumulation 373 

rate was outpaced by the rate of relative sea-level rise. As a result, the carbonate platform, 374 

displaying a retrograding pattern, was eventually drowned. This is evidenced by the sedimentary 375 

succession passing upwards into marly deposits (Fig. 3). The observed geochemical behavior 376 

agrees with similar conclusions elsewhere suggesting that positive carbon isotope excursions are 377 

associated with maximum relative sea-level highs and vice versa (D’Argenio et al., 2004; Swart 378 

and Eberli, 2005; Föllmi et al., 2006). 379 

The second observed trend in the isotopic profiles shows a decrease in δ13C and δ18O values in 380 

the FRWST interval of Depositional Sequence A (i.e., coinciding with the stage of base-level 381 

fall). In this regressive interval, δ13C and δ18O values progressively decrease from the BSFR 382 

towards the SB (correlative conformity), shifting from +4‰ to around 0‰ and from -4‰ to -383 

6‰, respectively (Figs. 5 & 6). Therefore, this lowering isotopic values during the falling 384 
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relative sea level is here interpreted to reflect the gradual exposure of the platform top to 385 

subaerial conditions (Figs. 2-3 & 5-7). Through water-rock interaction under subaerial 386 

conditions: (i) the δ18O values are usually lowered by isotopically light meteoric fluids, which 387 

have lower δ18O values than seawater values, whereas the δ13C values are lowered by the 388 

increasing influence of CO2 derived from the soil zone and the oxidation of organic matter 389 

(Allan and Matthews, 1977; Popp et al., 1986; Sattler et al., 2005); and (ii) the previously 390 

deposited organic-rich marine sediments were likely reworked, thus returning the isotopically 391 

light carbon to the marine reservoir (Jarvis et al., 2002). Further evidence supporting the 392 

relationship between the sea-level drop and the lowering isotopic values comes from the 393 

characteristic surface in the isotopic profiles defining the lowest carbon values (< 2‰) and 394 

lowest oxygen values (approaching -6‰). This surface, recognized by a marked negative carbon 395 

and oxygen isotope excursion, coincides with the correlative conformity that represents the 396 

sequence boundary, and thus, with the lowest point of the relative sea level (Figs. 5 & 6). 397 

Furthermore, landwards, the sequence boundary is characterized by a subaerial unconformity, 398 

evidenced by truncation and paleokarst features, which further confirm the subaerial exposure of 399 

the platform (Bover-Arnal et al., 2009, 2022). This interpretation agrees with investigations in 400 

the NE margin of the Arabian plate that also demonstrated that erosional surfaces can be 401 

geochemically identified by characteristic negative isotope excursions (Rahimpour‐Bonab et al., 402 

2013; Mehrabi et al., 2022). Furthermore, comparable relationships between stable isotopes 403 

(mostly δ13C values) and fluctuations in relative sea level have been also reported from the 404 

Oxfordian sedimentary record from central and southern Europe (Jenkyns, 1996), the 405 

Cenomanian-Turonian rocks from southern England (Jarvis et al., 2001), and the Campanian 406 

successions from northern Tunisia (Jarvis et al., 2002).  407 
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 Significance of the carbonate geochemical imprints.--- 408 

It is remarkable that the timing and magnitude of the Aptian relative sea-level fall recorded in 409 

Depositional Sequence A align with the global sea-level event known as “KAp2” (Haq, 2014). 410 

This sea-level event is coeval with forced regressive wedges and deep incised valleys in the 411 

Tethys realm and in other Aptian carbonates worldwide (Rameil et al., 2012; Maurer et al., 2013; 412 

Horner et al., 2019). This lowering of relative sea level in the Tethys and elsewhere has been 413 

tentatively linked to glacio-eustasy (Dujoncquoy et al., 2018; Ray et al., 2019; Bover-Arnal et 414 

al., 2024), and thus, was likely triggered by changes in continental ice volume during an early 415 

Aptian cooling event (Stoll and Schrag, 1996; Hochuli et al., 1999; Steuber et al., 2005; Miller et 416 

al., 2005; Dujoncquoy et al., 2018; Davies et al., 2020). In the Galve Sub-basin, where the 417 

studied section is located, this cooling event has been reported from δ18O values of well-418 

preserved bivalves sampled along the Aptian succession (Fig. 1) (Bonin et al., 2016). Therefore, 419 

a discussion is presented next to explore if the reported isotope values in this study have 420 

paleoclimatic significance. 421 

The isotopic trends discussed earlier in this section diverge from the typical isotopic patterns 422 

reported in studies linking paleoclimate and carbonate geochemistry (Bonin et al., 2016). In 423 

particular, sea-level drops caused by the formation of widespread continental ice sheets during 424 

climate cooling events are commonly interpreted from the correlation between sea-level 425 

regressions and positive δ18O excursions (Stoll and Schrag, 2000; Pucéat et al., 2003; Steuber et 426 

al., 2022). This is because, during cooling periods, the lighter isotope (16O) is readily taken by 427 

the glacial ice and the heavier isotope (18O) is left behind, increasing the concentration of 18O 428 

and the δ18O value in the ocean (Kumar and Verma, 2021). In the current study, however, the 429 
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observed trend is contrary, and the forced regressive deposits record a negative δ18O and δ13C 430 

isotope excursion. 431 

In paleoclimate studies, samples are commonly chosen to encompass homogeneous lithologies, 432 

generally mudstones, deposited in pelagic environments or in relatively deep-water settings. This 433 

selection aims to avoid isotopic modifications arising from relative sea-level fluctuations, 434 

subaerial exposures, and diagenesis (Stoll and Schrag, 2000; Vimpere et al., 2023). Alternatively, 435 

well-preserved foraminifers or other carbonate fossils that offer robust biostratigraphic 436 

constraints, are commonly used to extract paleoclimatic information (Pucéat et al., 2003; Bonin 437 

et al., 2016). In contrast to this, the stratigraphic interval analyzed here represents a well-438 

preserved carbonate platform margin, where the carbonate facies, architecture, and likely the 439 

geochemical signature were mainly controlled by the relative sea-level fluctuations (Bover-Arnal 440 

et al., 2009, 2022; Gratacós et al., 2021). Because the shallow marine carbonates were exposed 441 

during the relative sea-level fall, the isotopic values of the regressive deposits are not interpreted 442 

as reflecting a climatic pattern (i.e., cooling event). Instead, they are interpreted to reflect the 443 

depositional environment and associated processes resulting from base-level fall during the 444 

subaerial exposure of the platform (Allan and Matthews, 1982) (Fig. 7). 445 

In conclusion, our findings, which are in line with the interpreted third-order sea-level fall 446 

recorded in the Aptian carbonate platform studied, supports one of the previously debated 447 

sequence stratigraphic interpretations for the studied succession. Specifically, the basin floor 448 

wedge in the study area, interpreted by Bover-Arnal et al. (2009) as a forced regressive unit, was 449 

later reinterpreted as the upper part of a transgressive systems tract (Peropadre et al., 2013; 450 

Pomar and Haq, 2016; Pomar, 2020), with the latter authors arguing against evidence for a 451 

falling relative sea level during the deposition of this sedimentary wedge. However, our 452 
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carbonate geochemical data align with the interpreted exposure of the carbonate platform and 453 

thus, the relative sea-level drop proposed by Bover-Arnal et al. (2009). This interpretation is 454 

further corroborated by recent studies in the eastern Iberian Chain, where this major base-level 455 

fall was regionally recorded, either as forced regressive wedges or deep incised valley developed 456 

on highstand carbonate platforms (Gratacós et al., 2021; Bover-Arnal et al., 2022, 2024). 457 

According to our results, the high variation of C and O isotopic values recorded in the FRWST, 458 

together with the decreasing trend of values from the lower to the upper boundary of this unit, 459 

contrast with the relative homogeneous (and more positive) values characterizing the highstand 460 

deposits of both studied depositional sequences (Figs. 5 & 6). Therefore, we suggest that these 461 

contrasting geochemical patterns are the expression of different genetic types of deposits, which 462 

result from distinct stages of relative sea level (HST and FRWST, respectively). Moreover, a 463 

deeply incised subaerial unconformity (SU) located at the highstand platform top of Depositional 464 

Sequence A was correlated by Bover-Arnal et al. (2009) with the correlative conformity (CC) 465 

capping the forced regressive wedge (Fig. 2). The evidence of exposure in the SU, including 466 

local karst development, agrees with the geochemical signal of the CC displaying the lowest 467 

obtained C and O isotopic values. Thus, these observations are compatible with a sea-level 468 

regression. 469 

Implications for linking sequence stratigraphy and carbonate geochemistry 470 

In sequence stratigraphic interpretations, analyzing suitable outcrop analogs commonly furnishes 471 

detailed information below seismic resolution. This enables the recognition and characterization 472 

of stratal stacking patterns, facies architecture, and depositional systems (Catuneanu et al., 2009; 473 

Ruppel and Ward, 2013) as has been previously done in the studied Aptian section (Bover-Arnal 474 

et al., 2009, 2022). In subsurface reservoir studies for energy exploration, where the geological 475 
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interpretations and the scale of observations are required below the vertical seismic resolution, 476 

spatial and temporal discontinuities may compromise the resolution and the quality of the 477 

sequence stratigraphic interpretations (Carter et al., 1998). Accordingly, in cases where stratal 478 

patterns and their bounding surfaces are not well defined, the isotope records can serve as a 479 

complementary proxy to bridge specific data gaps in sequence stratigraphic analysis during the 480 

characterization of specific systems tracts and the subsequent reconstruction of relative sea-level 481 

changes.  482 

In the study area, the geochemical data reveal that the isotope signatures recorded in the 483 

investigated Aptian platform carbonates were significantly influenced by depositional and 484 

environmental processes (such as changes in the origin of fluids) during fluctuations in relative 485 

sea level. The isotope trends reported here fall in line with the systems tracts and sequence-486 

stratigraphic interpretation already defined by the evolution of facies and their stacking patterns 487 

(Figs. 6 & 7). Overall, despite the overlap of isotopic values displayed by different systems 488 

tracts, the forced regression and lowstand units display the widest range of δ13C and δ18O values 489 

obtained in this study, varying from around 0.0‰ to +4.0‰, and from -6.0‰ to -3.5‰, 490 

respectively. Despite the similar isotopic range, the FRWST can be recognized in the 491 

chemostratigraphic profiles by a general trend of decreasing δ13C and δ18O values from samples 492 

taken at the BSFR, which was formed when relative sea level was still high, to samples collected 493 

at the correlative conformity (SB), representing the lowest point of the relative sea level (Figs. 2, 494 

5 & 6). By contrast, the LPWST shows an opposite pattern marked by a consistent increase in 495 

the δ13C and a varying increase in the δ18O values from samples close to the SB to samples 496 

collected at the TS. Thus, where the FRWST is preserved, the sequence boundary, which is 497 

represented by a subaerial unconformity that passes basinward to its marine correlative 498 
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conformity, and thus developed during the lowest point of relative sea level, correlates with a 499 

marked negative carbon and oxygen isotope excursion (Figs. 6 & 7). This likely suggests the 500 

progressive influence of the meteoric environment (and the exposure of the platform) during 501 

relative sea-level falling. 502 

In contrast, the intervals of higher relative sea level (transgressive and highstand carbonate 503 

deposits) are geochemically recognized by a characteristic trend towards the highest δ13C values 504 

documented in this study (>3.0‰) and the less varying (and less negative) δ18O values (-5.5‰ to 505 

-3‰) registered throughout the succession investigated. This reflects, as discussed in the 506 

previous section, the maximum relative sea-level peak recorded in each depositional sequence 507 

and thus, the marine influence on the isotopic values.  508 

Therefore, as proposed in this study, the application of isotope stratigraphy (i.e., 509 

chemostratigraphy) to carbonate rocks, within a sequence stratigraphic framework, enables the 510 

recognition of characteristic geochemical patterns in the vertical stratigraphic profile. In turn, 511 

these isotopic patterns linked to sequence stratigraphy might be correlatable among coeval 512 

carbonate successions from different geographical locations (Rahimpour‐Bonab et al., 2013; 513 

Swart, 2015), enabling the determination of specific stages of relative sea level (systems tracts) 514 

within a poorly defined sequence stratigraphic framework.  515 

Diagenetic and geochemical considerations for isotope stratigraphy 516 

Diagenesis of marine carbonates commonly results in geochemical modifications of their 517 

original isotopic signature. With increasing burial depth, carbonate δ18O values tend to decrease 518 

reflecting alteration of primary marine values under the influence of diagenetic fluids and 519 

increasing temperatures (Killingley, 1983). Therefore, using the geochemical data, this section 520 
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discusses if potential post-depositional effects could have compromised the stratigraphic 521 

significance of the measured isotope values. In particular, the δ13C and δ18O values measured in 522 

the studied Aptian succession show that, with only a few exceptions, bulk carbonates and 523 

separate carbonate components (matrix, grain, cement) from the same sample provided similar 524 

(or slightly varying) range of isotope values (Figs. 5 & 6). Thus, this could either indicate that 525 

the carbonate components are genetically related, that the isotope values were homogenized 526 

during carbonate deposition and early diagenesis, or that the original values were reset 527 

(overprinted) during later burial diagenesis (Swart et al., 2009; Swart, 2015). In this regard, 528 

characteristic geochemical patterns have been recognized in the vertical profile of the δ13C and 529 

δ18O values (Figs. 5 & 6). These geochemical profiles, as discussed in the previous section, 530 

define isotopic trends that broadly correlate with specific systems tracts. Therefore, although a 531 

certain extent of post-depositional modification of the isotope values cannot be disregarded, the 532 

geochemical trends of the studied platform carbonates have isotope stratigraphic significance 533 

considering that: (i) the isotopic values seem to vary according to the different systems tracts and 534 

their stratigraphic boundaries (Droxler et al., 1983; Roth and Reijmer, 2005); (ii) the overall 535 

observed trends, with positive carbon excursions matching rising sea levels and vice versa, 536 

follow the arguments and interpretations widely discussed in the literature (Föllmi et al., 1994; 537 

Vahrenkamp, 1996); and (iii) the different systems tracts, particularly the HST and TST from 538 

both depositional sequences, show little isotopic variation from the uppermost slope and towards 539 

the basin (as observed in LM samples, Fig. 5). Regarding this latter statement, if strong 540 

diagenesis had overprinted our isotopic values, HST and TST samples located respectively 541 

below and above the subaerial unconformity (SU), would have differing isotopic values likely 542 

resulting from meteoric vs marine diagenesis, respectively. Similarly, HST and TST samples 543 
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located near the uppermost slope (around the SU), would have different diagenetic overprint to 544 

HST and TST samples located around the correlative conformity (towards the basin), but again, 545 

we do not observe a different isotopic pattern that could indicate a strong diagenetic overprint.  546 

This also means that the TST and HST intervals display similar variation of C and O isotopic 547 

values, irrespective of the type of facies, which is an observation already made in modern 548 

carbonates from the Great Bahama Bank (Swart et al., 2009). 549 

It is also noteworthy that the previous contributions linking geochemistry to sequence 550 

stratigraphy (Vahrenkamp, 1996; Jenkyns, 1996; Jarvis et al., 2001) have mainly used carbon 551 

isotope stratigraphy as a proxy for relative sea-level variation. This is because, in shallow marine 552 

carbonate settings, carbon isotopes tend to be rock-dominated (rather than fluid-dominated) and 553 

are less sensitive to temperature fractionation and diagenetic alteration compared to oxygen 554 

isotopes (Banner and Hanson, 1990; Marshall, 1992; Banner and Kaufman, 1994). This can 555 

explain, for instance, the greater scattering of the O isotope values in each systems tract with 556 

respect to the C isotope values in the same interval (Fig. 5). Nevertheless, the δ18O values of 557 

carbonates are controlled not only by temperature but also by the δ18O values of the formation 558 

(or diagenetic) fluids (because of the dominant oxygen reservoir of the fluids) (O’Neil et al., 559 

1969; Muñoz-López et al., 2022; Cruset et al., 2023). In contrast to the negative δ18O values of 560 

meteoric waters, for instance, marine fluids exhibit more positive values. Consequently, both 561 

isotope proxies (δ13C and δ18O) in the studied platform carbonates serve as valuable tools for 562 

sequence stratigraphic analysis. 563 

CONCLUSIONS 564 

This study is an example of how isotope geochemistry and chemostratigraphy, when applied to 565 

ancient carbonate systems, may help in characterizing sequence-stratigraphic attributes. In the 566 
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studied Aptian platform carbonate succession, the δ18O and δ13C values show a strong correlation 567 

with a previously reported sequence stratigraphic framework. This allowed us to discriminate 568 

between divergent sequence stratigraphic interpretations previously proposed for the study area. 569 

The systems tracts associated with relative sea-level highs (i.e., HST and TST) are characterized 570 

by a trend towards the highest δ13C and δ18O values obtained in this study, reaching up to +5.1‰ 571 

and up to -1.8‰, respectively. Among these, HST exhibits the most uniform values. In contrast, 572 

the systems tracts associated with stages of lower relative sea-level (i.e., FRWST and LPWST) 573 

show a greater isotope variability, with δ13C values ranging from +0.5 to +4.5‰ and δ18O values 574 

from -6.1 to -3.5‰. Within the FRWST, both isotope proxies progressively increase from the 575 

sequence boundary (SB) towards the BSFR, whereas in the LPWST, isotope values increase 576 

from the sequence boundary towards the TS. This implies that the lowest δ13C and δ18O values 577 

documented in this study are found at the SB (correlative conformity), coinciding with the lowest 578 

point of relative sea level. Furthermore, the results show that, with only a few exceptions, 579 

sampling bulk carbonates and separate carbonate components (micritic matrix, grain, cement) 580 

also yield similar isotope patterns. 581 

The interpretations link carbonate isotope variations to a well-constrained sequence stratigraphic 582 

framework. These isotope variations are the expression of changing depositional and 583 

environmental processes during third-order Aptian sea-level fluctuations and can serve as 584 

analogue for: (i) carbonate platform successions characterized by poor (bio)stratigraphic 585 

resolution and weak to moderate diagenetic overprinting, and (ii) for potentially identifying and 586 

correlating systems tracts (specific stages of relative sea level) and their bounding surfaces in 587 

other locations. 588 
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  957 

FIGURE CAPTIONS 958 

Fig. 1. From right to left: simplified structural and isopach map of the Maestrat Basin (located in 959 

the eastern Iberian Chain, eastern Iberian Peninsula) during the Late Jurassic-Early Cretaceous 960 

rifting, and geological map of the central Galve Sub-basin. The schematic transect A-A’ is found 961 

in Fig. 2A and the red start indicates the location of the study area at Las Mingachas section. The 962 

geological map was modified from Canérot et al. (1979), Gautier (1980) and Bover-Arnal et al. 963 

(2022), whereas the structural map of the Maestrat Basin was modified from Salas et al. in 964 

Martín-Chivelet et al. (2019) and Bover-Arnal et al. (2022). 965 

 966 

Fig. 2. Sequence stratigraphic framework of Las Mingachas section. (A) Simplified and 967 

schematic cross section showing the platform to basin transition setting cropping out in the study 968 

area. See Fig. 1 for the location of the section A-A’. The dashed red square represents the 969 

panoramic photo showed in Figs. B and C. (B) Panoramic view and (C) sequence stratigraphic 970 

interpretation of Las Mingachas. The grey bar represents the location of the stratigraphic log 971 
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(Fig. 3). The stages of relative sea-level fluctuation are also included. Modified from Bover-972 

Arnal et al. (2009, 2022). 973 

 974 

Fig. 3. Location of samples in outcrop (upper) and in the stratigraphic log of the studied Aptian 975 

sedimentary succession (lower). The stratigraphic log shows the chronostratigraphic and 976 

sequence stratigraphic analysis. Ammonite data come from Moreno-Bedmar et al. (2010) and 977 

Bover-Arnal et al. (2016). Samples were collected considering two sampling strategies for 978 

comparison. LM samples (LM1-LM18) covers laterally the full studied outcrop, whereas vertical 979 

log samples (samples 131-174) runs parallel to the stratigraphic log. Colored dots link the 980 

samples to the specific stages of the relative sea-level curve (systems tracts). 981 

 982 

Fig. 4. (A) Outcrop image showing the location of representative samples where the sedimentary 983 

facies of the section were logged and sampled. (B) Wackestone to packstone limestones of the 984 

upper part of the Forcall Formation showing Palorbitolina lenticularis (P) (HST, Depositional 985 

Sequence A). (C) Forced regressive deposits of the Villarroya de los Pinares Formation 986 

characterized by a grainstone texture with specimens of Orbitolinopsis (O) (FRWST, 987 

Depositional Sequence A). (D) Lowstand deposits of the Villarroya de los Pinares Formation 988 

exhibiting a rudstone texture with sections of corals and calcareous algae (LPWST, Depositional 989 

Sequence B). (E) Transgressive limestones of the Villarroya de los Pinares Formation showing a 990 

rudstone texture with fragments of rudist shells, corals and calcareous algae (TST, Depositional 991 

Sequence B). 992 

 993 
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Fig. 5. Stratigraphic log of the Aptian sedimentary succession studied at Las Mingachas 994 

including the sequence stratigraphic analysis and the carbon and oxygen isotope profiles 995 

measured. LM samples include bulk and separate carbonate components, whereas vertical log 996 

samples consist of bulk carbonates. Legend of symbols referring to sedimentary structures and 997 

sample numbers and references are explained in Fig. 3. 998 

 999 

Fig. 6. (A) Crossplot showing the δ18O vs δ13C values of the studied platform carbonate 1000 

succession. The colored box indicates the typical isotope values of Lower Cretaceous marine 1001 

carbonates. (B) Evolution of δ13C values through time linked to the depositional sequences and 1002 

the corresponding systems tract. The δ13C profile is characterized by an episode of lowermost C 1003 

values separating two intervals of more positive C values. The red boxes represent isotope values 1004 

from the closest samples to the sequence boundary, which coincide with the lowermost C and O 1005 

isotopic values. 1006 

 1007 

Fig. 7. Schematic diagram showing the interpreted relationship among relative sea-level 1008 

fluctuations, sedimentation, sequence stratigraphic analysis, and the observed geochemical 1009 

patterns of the studied Aptian platform carbonates. Note that the specific stages of relative sea-1010 

level high (coinciding with highstand and transgressive system tracts) show a general trend 1011 

towards more positive and less negative δ13C and δ18O values, respectively. In contrast, the 1012 

stages of lower relative sea level (forced regressive and lowstand system tracts) yield less 1013 

positive δ13C and δ18O values. The correlative conformity representing the sequence boundary is 1014 

marked by a negative C and O isotopic excursion.  1015 
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Table 1. δ13C and δ18O values of the studied Aptian platform carbonates. These values are arranged according to 

Depositional sequences A and B, their associated systems tracts, and sampling strategy (LM samples vs vertical log 

samples). 

 

Depositional 
sequence 

Systems 
tract 

Sample 
reference 

δ13C 
(‰VPDB) 

δ18O 
(‰VPDB) 

Sample 
reference 

δ13C 
(‰VPDB) 

δ18O 
(‰VPDB) 

   LM samples  Vertical log samples 
  LM1-B 4.7 -5.3 131-B 4.3 -3.7 
  LM1-M 4.7 -5.1 132-B 3.2 -3.4 
  LM2-B 2.6 -4.9 133-B 3.9 -3.5 
  LM2-G 3.8 -4.9 134-B 4.3 -3.5 
  LM3-B 4.1 -4.8 135-B 3.9 -3.5 
  LM3-M 4.2 -5.6 136-B 5.1 -3.1 
  LM4-B 4.1 -4.9 137-B 5.0 -3.3 
  LM4-B 4.7 -3.2 138-B 5.1 -3.2 

A HST LM4-G 4.2 -5.7 139-B 5.1 -3.4 
  LM4-M 4.1 -5.5 140-B 4.8 -3.4 
  LM5-B 3.4 -5.1    
  LM5-G 3.9 -5.1 141a-B 4.2 -3.7 
  LM5-M 3.6 -4.7 141b-B 4.1 -3.6 
  LM12-B 4.4 -3.9 142-B 3.6 -3.6 
  LM12-M 3,8 -4.4 143-B 1.7 -5.8 
  LM15-M 3.5 -5.6 144a-B 0.8 -6.0 
  LM13-B 0.9 -5.7 144b-B 0.8 -5.9 

A FRWST LM13-M 0.7 -5.8 145a-B 1.6 -4.5 
  LM13-M+G 0.5 -6.0 145b-B 1.6 -4.5 
  LM14-B 1.7 -4.9 146-B 2.2 -4.3 
  LM14-G 1.2 -6.1 147-B 2.8 -3.6 
  LM14-M 1.6 -5.2 148-B 3.7 -3.5 
  LM10-B 3.0 -4.8 149-B 2.7 -4.1 
  LM10-G 3.5 -5.5 150-B 3.5 -5.1 

B LPWST LM10-M 3.2 -4.7 157-B 4.1 -6.1 
  LM11-B 3.9 -5.2 158-B 3.6 -4.2 
  LM11-G 3.7 -3.7 159-B 3.7 -4.0 
  LM11-M 3.7 -5.2 160-B 3.4 -3.5 
  LM8-B 4.1 -4.7 161-B 3.4 -5.0 
  LM8-M 4.5 -4.6 162-B 3.6 -4.2 
  LM9-B 4.2 -4.5    
  LM9-CC(AH) 4.2 -5.7    
  LM9-G 4.3 -6.2    
  LM9-M 4.3 -4.2 163-B 4.2 -2.4 
  LM16-B 4.2 -4.2 164-B 3.5 -2.4 
  LM16-G 4.1 -5.4 165-B 3.4 -3.7 

B TST LM16-M 4.1 -4.6 166-B 1.3 -5.7 
  LM6-B 2.5 -4.4 167-B 4.0 -3.7 
  LM6-M1 5.3 -2.3 168-B 5.2 -3.1 
  LM6-M2 4.5 -3.2 169-B 4.8 -3.6 
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  LM7-B 3.7 -5.9 170-B 4.5 -3.1 
  LM7-B 3.0 -5.9 171-B 4.7 -3.3 
  LM7-CC 3.7 -5.8 172-B 3.5 -4.1 
  LM7-G 3.9 -5.3 173-B 3.6 -5.1 
  LM7-M 4.0 -5.1 174-B 3.2 -5.3 
  LM17-B 5.1 -3.7    
  LM17-M 5.2 -3.6    

B HST LM18-B 3.6 -1.8    
  LM18-M 4.4 -3.9    
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