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The breakup of Pangea started in the Late Triassic when the new Tethyan domain developed into diverse sub-basins which began as shallow-water passive margins progressing into deeper foreland basins. Our study presents a high-resolution chemostratigraphic assessment of Lower Cretaceous organic-rich hemipelagic limestones from Sierra de los Órganos, Pinar del Río, Western Cuba, to assess the redox conditions in the Pro-Caribbean with respect to the dominant coeval global forcing factors in the Valanginian stage. To characterize presumed deoxygenation conditions associated with the Cuban deposit high-resolution lithostratigraphy, carbon geochemistry, trace element analysis, and biostratigraphy were performed on a ∼3-meter interval at the base of a 30-meter quarry outcrop located near the city of Pons. The succession consists of alternating thin grayish black (N2) chert-bearing carbonaceous marlstones and medium dark gray (N5) limestones. The carbonaceous marlstones yield a total inorganic carbon content (TIC) ranging from 44.7% to 77.3% and total organic carbon content (TOC) fluctuates between 3.5% and 10.82%. By contrast, the medium dark gray limestones have TIC values exceeding 90% and an average TOC of 2.3%. Petrographic analyses, radiography, and scanning electron microscopy imaging (SEM-EDS) revealed an isotropic fabric throughout the lighter micritic limestone, with a bioturbation index (BI) greater than 3, whereas the carbonaceous layers show BI consistently less than 2 and include single framboids and bundles of cubic pyrite. The carbon isotopic (δ13Corg) analysis gives an average value of approximately −27.3‰, with a main peak reaching around −25.56‰, corresponding to a ∼1.7‰ excursion. This carbon isotope excursion (CIE) correlates with the late Valanginian nannofossil subzone NK3B, as indicated by the presence of Calcicalathina oblongata and the disappearance of Rucinolithus wisei. The occurrence of calpionellids Tintinnopsella carpathica and Calpionellites cf. darderi supports the correlation up to the earliest Hauterivian. Enhanced values of redox-sensitive trace elements (V, Ni, Cr, Mo, TI, U, and S) correlative with highest TOC suggest severe deoxygenation conditions during the δ13Corg CIEs archived in this section. These excursions also coincide with increased enrichment of major elements (Al, Si, Li, and Ti), thus indicative of enhanced terrigenous fluxes at these intervals. The results provide robust evidence supporting the occurrence of distinct deoxygenation conditions in the deposits of Western Cuba originated from the Proto-Caribbean Seaway-Basin. They are coeval with the global Valanginian Weissert oceanic anoxic event. Thus, these results significantly enhance our comprehension of oxygen-deficient conditions as archived in this sub-basin and linked to the global event.
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INTRODUCTION
The Cretaceous sedimentary archive includes widespread deposition of discrete intervals of organic-rich strata indicative of significant oceanic oxygen depletion coined oceanic anoxic events (OAEs) (Schlanger and Jenkyns, 1976; Weissert, 1979; 1981; Scholle and Arthur, 1980; Arthur and Premoli Silva, 1982; Jenkyns, 1980; 2012; 2018). These events reflect major disruptions in the global carbon cycle, often marked by pronounced carbon isotope excursions (CIEs), increased bioproductivity, and profound ecological impacts on marine biota (Scholle and Arthur, 1980; Arthur et al., 1985a; b; Weissert, 1989; Weissert et al., 1985; Percival et al., 2025).
The hallmark of these perturbations is a characteristic worldwide carbon isotopic signature (e.g., Weissert et al., 1998; Lini et al., 1992; Jarvis et al., 2002; Herrle et al., 2003; Gröcke et al., 2005; Bodin et al., 2007; González-Arreola and Barragán, 2007; Michalík et al., 2012; Thöle et al., 2020; Cavalheiro et al., 2021). These events simultaneously affected marine biota, leading to faunal turnovers and extinctions, highlighting their profound ecological impacts (Bornemann and Mutterlose, 2008; Price et al., 2020). As the resulting lithologic sequences encapsulate the overall biochemical dynamic states of ancient oceans, they provide invaluable insights into marine ecosystem response under such environmental fluxes.
Hence, the Weissert Event which is the first recorded major carbon cycle perturbation of the Cretaceous is also marked by a significant CIE associated with important marine crises (Lini et al., 1992; Channell et al., 1993; Erba et al., 2004; Erba and Tremolada, 2004; Weissert et al., 1998; Weissert et al., 2008; among others). The event reflects an interval of intensified organic carbon burial linked to variations in enhanced productivity, hyperthermal conditions, and nutrient fluxes (e.g., Erba et al., 2004; Weissert et al., 2008; Gréselle et al., 2011; Kujau et al., 2012; 2013). Its estimated duration ranges from ∼2 million years (Ma) to ∼5 Ma, based on a combination of biostratigraphic and isotopic data (Erba et al., 2004; Kujau et al., 2012; Martinez et al., 2015; Martinez et al., 2023; Aguirre-Urreta et al., 2017a; Aguirre-Urreta et al., 2017b; Percival et al., 2023; Percival et al., 2025).
It is argued that the onset of the Weissert event could be attributed to volcanic outgassing from the Paraná-Etendeka large igneous province (LIP) and increased oceanic crust production during Gondwana’s fragmentation, contributing to atmospheric pCO2 accumulation and heightened global nutrient supplies (Lini et al., 1992; Kerr, 1998; Larson and Erba, 1999; Leckie et al., 2002; Weissert and Elba, 2004; Föllmi, 2012; Charbonnier et al., 2016; Charbonnier et al., 2017; Charbonnier et al., 2020; Charbonnier et al., 2020; Cavalheiro et al., 2021). However, recent data suggest that the Weissert OAE and the onset of the Paraná-Etendeka LIP are not strictly synchronous (Rocha et al., 2020; Percival et al., 2023; Percival et al., 2025). Furthermore, sedimentary records indicate that these events triggered synchronous geochemical responses, but divergent sedimentary facies across different marine environments. As recognized in the published literature, in marine realms the Weissert Event is associated with diminished carbonate deposition and a crisis in carbonate-producing biota (e.g., Erba, 1994; Erba et al., 2004), while terrestrial records suggest shifts in the flora and intensified weathering (Price et al., 2000; Price et al., 2020; Gröcke et al., 2005). Such diverse responses highlight the complex interplay of global forcing factors and regional conditions that may modulate oceanic chemistry, climatic dynamics, and biological ecosystems in different basins, as preserved in the geological record (Harris et al., 1993; Föllmi et al., 1994; Weissert et al., 1998; Weissert, 2019; Percival et al., 2023; Percival et al., 2025).
However, significant knowledge gaps remain to be further elucidated concerning the expression of the Weissert event in different regions such as the Proto-Caribbean area in the westernmost Tethys. So far only a limited sedimentary succession is known from ocean drilling sites in the Gulf of Mexico (e.g., Patton et al., 1984; Cotillon and Rio, 1984; Lini et al., 1992; Bornemann and Mutterlose, 2008; Phelps et al., 2014), land outcrops in northwestern Mexico (Omaña et al., 2017), Cuba (Orihuela and Maurrasse, 2022), and northern Colombia (Silva-Tamayo et al., 2016). To further increase our knowledge of the event in the Proto-Caribbean the outcrop of the “La Lata” quarry section in the Sierra de los Órganos, western Cuba, offers a unique sedimentary succession to pursue this goal. Our study will help clarify how the local biogeochemical processes influenced regional organic matter preservation within the broader global context of the event. The results provide a high-resolution multiproxy data to characterize a Valanginian marine succession at the La Lata quarry (Figures 1A–C), which is a geologic terrane developed within the Proto-Caribbean Basin-Seaway since the Jurassic (Iturralde-Vinent and MacPhee, 1999; Iturralde-Vinent and Pszczółkowski, 2021). New lithologic and geochemical analyses, including carbon geochemistry (TOC, TIC, δ13Corg), SEM with EDS, major and redox-sensitive trace element analyses, together with composition and petrographic observations highlight regional responses to Valanginian carbon cycle perturbations and further our understanding of enhanced organic matter preservation in the Proto-Caribbean Basin during this stage (Orihuela and Maurrasse, 2022; Orihuela et al., 2023a; Orihuela et al., 2023b; Orihuela et al., 2024a; Orihuela et al., 2024b).
[image: Figure 1]FIGURE 1 | (A) Map of western Cuba showing the Guaniguanico terrains, with the Sierra de los Órganos highlighted in green. The study area is marked by a red square [map modified from López-Martínez et al. (2013)]. (B) Google Earth satellite image showing physiographic features around La Lata Quarry and the Valley of Pons (Valle de Pons). Geological formations are color-coded: the Pons Formation type section and outcrops are shown in light green, the Guasasa Formation (including the older Infierno Member, now classified within the lower Pons Formation) in dark green, ophiolite exposures in magenta, Jurassic terrains in blue, and younger Moncada Formation in uncolored areas (see Figure 2 for further details). (C) Satellite view showing the locations of the “new” and “old” La Lata quarries near Pons, with annotated dip and strike directions. The primary sample collection site is indicated by an arrow on the southwestern quarry wall. (D) Paleogeographic map illustrating the Proto-Caribbean Basin during the Valanginian stage (Early Cretaceous), with the estimated depositional area of Los Órganos sediments marked by an orange dotted square. Map adapted from Scotese PaleoAtlas v3 (2016).
Geological setting
The Sierra de los Órganos is the largest of the geological stack units that make up the Guaniguanico terrain in Western Cuba (Iturralde-Vinent, 1994). This terrain, often referred to as the “Guaniguanico megaunit,” consists of five primary tectonic sheets, each with distinct stratigraphic components, one belt of which is the Sierra de los Órganos (Hatten, 1957; 1967; Rigassi-Studer, 1963; Khudoley and Meyerhoff, 1971; Pardo, 1975; Piotrowska, 1976; Piotrowska, 1978; Piotrowska, 1993; Pszczółkowski, 1971; Pszczółkowski, 1978; Pszczółkowski, 1987; Pszczółkowski and Myczyński, 1999; Pszczółkowski and Myczyński, 2003; Draper and Barros, 1994; Cobiella Reguera, 2000; Cobiella Reguera, 2008; Pszczółkowski and Myczyński, 2003; 2010; Pérez et al., 2011; Iturralde-Vinent and Pszczółkowski, 2021) (Figure 1A).
Tectonically the Sierra de los Órganos comprises several stacked fold-thrust belt units identified as Norther and Southern Rosario and La Esperanza (Figure 1A). These nappes are the result of tangential, piggy-backed unit successions, developed during the tectonic evolution of the region since the Eocene (Danilewski, 1972; Piotrowska, 1976; 1978; 1993; Draper and Barros, 1994). Lithologically the Sierra de los Órganos includes a significant geological record of the complex sedimentary and tectonic history of the Proto-Caribbean region. It thus gives a semi-complete documentation of the evolution of the basin from the post-Pangea breakup and the subsequent formation of a passive margin to foreland basin (e.g., Draper and Barros, 1994; Iturralde-Vinent et al., 2008; Pszczółkowski and Myczyński, 2010; Pindell et al., 2021a; Pindell et al., 2021b). The succession at Sierra de los Órganos includes the Guasasa Formation (upper Oxfordian–Valanginian) and Pons Formation (late Valanginian–Turonian) which together are reported to originate either along the Yucatan or the Bahamian passive margins and were later accreted into the Cuban arch during the Eocene as shown in Figure 2 (Pszczółkowski, 1978; Pszczółkowski and Myczyński, 1999; Pszczółkowski and Myczyński, 2003; Cobiella Reguera, 2000; Pszczółkowski and Myczyński, 2010; Pszczółkowski et al., 2013; Iturralde-Vinent et al., 2016).
[image: Figure 2]FIGURE 2 | Generalized stratigraphy of the Sierra de los Órganos, showing lithostratigraphic units, formation thicknesses, and the geomagnetic polarity time scale (GPTS) from Ogg et al. (2016) and Cavalheiro et al. (2021) with formation data from Vázquez Torres et al. (2020). The study interval at La Lata Quarry is highlighted within the Valanginian to Hauterivian stages. Note that based on this schema, our studied section can include the transition between the Guasasa and Pons formations.
Site location and previous works
Our study site is located at the “La Lata” quarry, approximately 1 km northeast of the city of Pons, at the eastern terminus of the Sierra de Pan de Azúcar, specifically at an elevation known locally as Peña Blanca Alta (Figure 1B). This elevation consists of sedimentary rocks from the Pons Formation (Figure 2), which was originally classified as part of the Infierno Member of the Guasasa Formation (Pszczółkowski et al., 2013; Álvarez and Bernal, 2013). As such, it is considered an older, local overriding structure (Hatten, 1957; Rigassi-Studer, 1963). The Pons Formation, which is confined to the Sierra de los Órganos belt, is composed of grey to black micritic limestones with intercalated chert layers (Hatten, 1957; Herrera, 1961; Pszczółkowski et al., 1975; Piotrowska, 1976; Piotrowska, 1978; Álvarez Sanchez, 1981; Pszczółkowski et al., 2013) and is not expected to contain calpionellids (Pérez et al., 2011).
Previous biostratigraphic analysis of samples from uppermost levels at the La Lata quarry revealed a foraminiferal assemblage characteristic of the Globigerinelloides algerianus and Hedbergella trocoidea Zones. Reported calcareous nannoplankton includes Nannoconus bonetii, N. colomii, and N. elongatus indicative of a late Valanginian to late Aptian age (Pérez et al., 2011; Pszczółkowski et al., 2013). Thus, the biochronology of the succession permits to further explore the relationship between the dark limestones and their potential interrelation with the Valanginian oceanic anoxic event coined the “Weissert Event” (Erba et al., 2004).
The dark limestones of the Pons Formation have been generally interpreted as deep-water environments of oxygen-deficient to anoxic conditions based on their coloration (Hatten, 1957; Herrera, 1961; Pszczółkowski et al., 1975; 2013; Piotrowska, 1976; Pszczółkowski and Myczyński, 2010; Pérez et al., 2011). The presence of black “shales” and limestones, along with preliminary geochemical findings, suggested a high total organic carbon (TOC) content in the Pinar 1 core (Pendás-Amador, M., 2007), support the potential for enhanced organic matter preservation in the archive of the Sierra de los Órganos (Castro-Alfonso, 2015). However, published studies on organic-rich rocks in Cuba are still extremely limited (Moretti et al., 2003; Magnier et al., 2004), and many of these assumptions, some based on coloration alone, lack comprehensive geochemical data to support the interpretations. In this study, we present a detailed geochemical characterization of the Pons Formation outcrop at the La Lata quarry to further our understanding of the geological history of the Proto-Caribbean and its relevance to global Cretaceous oxygen-deficient conditions and carbon cycle perturbations during greenhouse periods.
METHODOLOGY
Field sampling
The lower 3-meter studied portion of the “New Quarry” section includes samples from the zero datum (at ∼ 130 m above sea level) up to the first 2.61 m of a ∼30 m, quarry cut wall section exposed to the southeast (Figures 1C, 3). The strike was 135° SE, with an undulating dip of 22–25°.
[image: Figure 3]FIGURE 3 | Stratigraphic section at the southwestern wall of the outcrop, oriented from southeast (SE) to northwest (NW), showing detailed layering and folding patterns (A, B). Orange dashed lines indicate internal thrusts, while the yellow dashed line marks a major thrust with basal slip (A). Note the slumped, semi-folded, cyclic dark and light beds with sharp contacts, labeled 1–5. The lowermost sheet may include the transition between the Guasasa (below 2) and Pons formation (above 2). The solid yellow line marks the main stratigraphic boundary. On the right is a simplified log of the lower 3 m showing the vertical sequence, sampling density, and lithological key.
Overall, eighty (n = 80) samples were collected in June 2015 and April 2016: 73 from the lowermost or oldest exposed section of the “new quarry” (22.552017 N, −83.884205 W, ∼130 m asl) and seven from the top of the section of the “old quarry” (22.548661 N, −83.885495 W) (sensu Pszczółkowski et al., 2013) (Figures 1C, 3). All samples were carefully taken after removal of 5–10 cm of the exposed surface. Sampling resolution was ∼14 samples per meter (∼1:10 cm), targeting all lithological changes, with closer intervals in the greyish black to black beds (N2-1) (Figure 3). Colors used were acquired on wet samples following the color chart of the Geological Society of America (Goddard et al., 1963). Results of the first 25 samples are reported in this study.
Petrography and microscopic analyses
The lithologic nomenclature follows (Sanchez-Hernandez and Maurrasse, 2014; Sanchez-Hernandez and Maurrasse, 2016) based on TIC values measured as total inorganic carbonate (CaCO3) weight percentage (wt%), whereby limestone exceeds 70 wt%; marly limestones have between 60 and 70 wt%; argillaceous marls - marlstones <60 wt% (Figure 3). At least two thin sections and a smear slide were prepared for each hand sample collected. Microfacies analyses were conducted with transmitted light microscopy on an Olympus BH-2 microscope to determine skeletal fragments, mineral composition, and the bioturbation index which was assessed on a scale ranging from 0 to 6 (Taylor and Goldring, 1993). Computed Tomography (CT) X-ray imaging was used to further document bioturbation, internal structures, and heavy mineral content.
Scanning electron microscopy (SEM) imaging and Energy Dispersive X-ray Spectroscopy (EDS) analyses utilized a JEOL JSM 5900LV SEM at the Florida Center for Analytical Electron Microscopy (FCAEM) located at Florida International University. The selected samples were first cut into small cubes measuring approximately 1 cm3 and partially polished to ensure optimal sample surface quality. To facilitate conductivity and reduce surface charging, a gold coating was applied to each sample using an SPI-MODULE sputter coater as described in Sanchez-Hernandez and Maurrasse (2014). SEM imaging of samples encompassed two primary modes of analysis: Secondary Electron Imaging for the determination of the matrix and Backscattered Electron Imaging offering insights into composition and structure.
Calcareous nannofossils were analyzed using simple preparation of the smear slides (n = 17), on an Olympus LM (light microscope), with ×1,200 magnification. Biostratigraphy and taxonomic identification follow Roth (1978), Roth (1983), Bralower et al. (1989), and Bown et al. (1998).
Geochemical analyses
Total organic carbon (TOC) and total inorganic carbon (TIC) from modified standard loss on ignition (LOI) method
A water-cooled diamond-coated blade saw was utilized to cut specimens into cubes of ∼1 cm3 (equivalent to ∼20–30 g). This procedure involved meticulous removal or avoidance of any carbonate cement fill within the samples. The cubes were allowed to air dry for 24 h at a temperature of 70°C (Sanchez-Hernandez and Maurrasse, 2014) and powdered using a Bell-Art micro-mill grinder equipped with a tungsten carbide chamber and blade. Each sample underwent grinding for 2 min, ensuring thorough pulverization. The micro-mill chamber, and blade were thoroughly cleaned between each sample to prevent any cross-contamination. Powdered samples were transferred into 5-dram (∼18.5 cc) sterile glass (borosilicate) vials, then securely sealed and stored.
Total organic carbon (TOC) and total inorganic carbon (TIC) were determined by differential thermal analysis (DTA) using a modified standard “loss on ignition” (LOI) method yielding high accuracy, particularly for carbonate samples containing relatively minor clay content (Dean, 1974; Heiri et al., 2001; Llaguno, 2017; Herdocia and Maurrasse, 2022; 2023). The LOI identifies organic carbon (OC) loss by thermal oxidation between 200°C and 550°C, inorganic carbon (IC) loss from dolomite between 700°C and 750°C, and IC loss from calcium carbonate between 800°C and 850°C, extending to temperatures up to 1,000°C (Dean, 1974).
Prior to the LOI operation, ceramic boats were carefully washed three times and placed in a drying oven for 24 h, then subjected to a 560°C burn for 2.5 h to eliminate organic material. Approximately 0.3 g of powdered sample was spread evenly in the ceramic boat and subsequently placed in the muffle furnace set at 105°C and allowed to dry for 24 h. Beginning with the initial dry samples, the weights were documented at each step after cooling and then returned to the muffle furnace. First step is 560°C for 2.5 h to ensure complete combustion of organic material. See formulas below. The difference in mass indicates TOC values in C weight percent (C wt%). The second step eliminates carbonate content as samples were combusted at 960°C for 4.5 h. Thus, TOC and TIC LOI values were determined using the following equations as described by Heiri et al. (2001) and Herdocia and Maurrasse (2023):
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DW105 = sample weight after drying at 105°C.
DW560 = sample weight after combustion at 560°C.
DW960 = sample weight after combustion at 960°C.
Given the weight of 44 g mol–1 for carbon dioxide and 100 g mol–1 for calcium carbonate (CaCO3) ratio (100/44 = 2.27), the weight loss by LOI at 950°C multiplied by 2.27 should then theoretically equal the weight of the calcium carbonate in the original sample (Bengtsson and Enell, 1986; Llaguno, 2017; Herdocia and Maurrasse, 2022; 2023). Analytical precision fluctuated between 0.48% and 1.2% standard error (n = 30; 1.08–2.8 standard deviation) based on controlled standards (n = 5).
Stable isotopes of carbon on bulk organic carbon (δ13corg)
Bulk carbon isotope measurements on the organic fraction (δ13Corg) were performed on four samples and consists in the removal of CaCO3 following the method B of Schubert and Nielsen (2000). Approximately 1–2 g of powdered sample was placed in an 11-dram glass vial previously treated with 10% HCl and combusted at 560°C. Following acidification, samples were thoroughly mixed using a vortex mixer to ensure uniform contact with the acid. The HCl solution was replaced as needed until complete dissolution of carbonate (Ponton-Guerrero, 2006; Sanchez-Hernandez and Maurrasse, 2014). Experimental control and use of pure calcium carbonate standards Fischer Scientific (Lot# 960058A), yielded an experimental error of <4 Wt% (mean 2.6 ± 0.6 Wt%). After effervescence ceased, each sample was rinsed with deionized water, dried at 40°C overnight, and later further homogenized using an agate mortar and pestle. The dried powder was later sealed in 0.5-dram glass vials in readiness for Corg-isotope analysis at the Stable Isotope Laboratory, Rosenstiel School of Marine, Atmospheric and Earth Science (RSMAES), University of Miami, utilizing an Elemental Analyzer coupled with an Isotope Ratio Mass Spectrometer (Finnigan MAT Delta C). Isotope values were reported relative to the international standard Vienna Pee Dee belemnite (V-PDB) (Gonfiantini et al., 1995). The analytical procedure used a Costech elemental combustion system coupled with a Thermo Scientific Delta V Advantage continuous flow isotope ratio mass spectrometer (Swart et al., 2019). A glycine and secondary standard were analyzed every 10 samples to ensure reproducibility of ±0.1‰. The results of the δ13Corg values, with deviations (δ), are expressed per mil (‰) relative to the ratios 13C/12C of the Vienna Pee Dee belemnite (V-PDB) standard (Hoffman and Rasmussen, 2022). For the measurement of Nitrogen, atmospheric air (AIR) served as the reference standard for reporting delta 15N (δ15N) values.
Major, biolimiting, and redox sensitive trace elements (RSTEs)
Elemental concentrations were analyzed on 25 samples from the lowest 3 m of the section and included major elements, aluminum (Al), silicon (Si), titanium (Ti), and lithium (Li), biolimiting elements iron (Fe), phosphorus (P), and redox sensitive trace elements (RSTEs) vanadium (V), chromium (Cr), cobalt (Co), nickel (Ni), copper (Cu), molybdenum (Mo), thorium (Th), thallium (Tl), and uranium (U). Concentrations of Ba, Ca, K, and S were also analyzed.
The sample preparation is after Arroyo et al. (2009) with further adaptation in Sanchez-Hernandez and Maurrasse (2014), Sanchez-Hernandez and Maurrasse (2016) and Socorro and Maurrasse (2019), Socorro and Maurrasse (2020) using a Laser Ablation Inductively Coupled Mass Spectrometer (LA-ICPMS) at Florida International University’s Trace Evidence Analysis Facility (TEAF). Sediment pellets were spiked with two internal standard solutions: first 350 μL of 1,000 ppm scandium oxide (1,000 ppm in 3% HNO3 from Ricca Chemical Company, Lot#4711D63), and second 300 μL of 1,000 ppm indium metal (1,000 ppm in 3% HNO3 from Accustandard, Lot#218115017). Instrumentation included a 266 nm Nd-YAG laser operating with a 200 μm spot size at a frequency of 10 Hz (Applied Spectra J200 Tandem at 20% output) and an ELAN DRC II quadrupole (Perkin Elmer LAS, Shelton CT United States) operating in standard mode. Each pellet underwent four ablations in distinct locations to ensure comprehensive data acquisition. Instrument performance was assessed by running three external sediment reference samples (SRM NIST2710 Montana Soil, which contains molybdenum, NIST 2704 Buffalo River Sediment, and PACS-2 Marine sediment reference material). Analytical precision was tested with standards introduced at the commencement, midpoint, and conclusion of the analysis. The precision of the major and trace element determinations ranged from 1.4% to 10.4%, with an average error of <0.2% relative to the standard reference materials. An average bias of <2% error for SRM 2710 and 2704 was also calculated. Data points were averaged for each sample based on the four ablations relative to their standard deviations. Elemental data were processed using GLITTER software (version 4.5) and expressed as absolute concentrations; major and biolimiting elements are reported in mg/g (i.e., mg g-1 = ppm/1,000), and the RSTEs in parts per million (ppm) (Socorro and Maurrasse, 2019; Herdocia and Maurrasse, 2023).
In marine environments trace metals exist as detritus or dissolved ions and only the authigenic fractions are indicative of reducing conditions when associated with OM-rich sediments (Calvert and Pedersen, 1993; Jones and Manning, 1994; Achterberg et al., 1997; Morford et al., 2001; Tribovillard, 1998; Tribovillard et al., 2006). Therefore, to interpret redox conditions only the authigenic fraction of RSTEs should be evaluated. As commonly practiced in RSTEs, aluminum (Al) is used for normalization because it is a conservative element derived from silicates. Hence, detrital fractions are typically removed by normalizing RSTE concentrations to Al (as E/A) (Turekian and Wedepohl, 1961; Brumsack, 2006). Correlations between RSTEs and TOC assess redox conditions and trace element sources. However, in certain cases normalization may not be efficient and risks to yield false correlations when there is high coefficient of variance of the divisor (Pearson, 1896; Pearson, 1900; Van der Weijden, 2002; Socorro and Maurrasse, 2019; Herdocia and Maurrasse, 2023). Here RSTEs were not normalized to Al because of the high variance coefficient in Al (v = 173.7); Ti (v = 202.7); and Li (v = 163.7). To avoid spurious correlations caused by the high coefficients of variation in elements like Al, Ti, or Li, we did not normalize RSTEs to these elements. Instead, we used background elemental concentration based on means calculated from a total of fifteen samples of the original basin: eight samples from the four members of the Guasasa Formation (two samples from each: upper San Vicente, El Americano, Tumbadero, and Tumbitas); six from the Pons Formation stratotype section; and one from San Cayetano Formation (Orihuela and Maurrasse, unpub. Data). These data were used to calculate relative enrichments above a common detrital baseline, allowing us to better identify enrichment and/or reducing conditions. Instead, absolute values of RSTEs are utilized to assess paleo redox conditions for trace elemental ratios (V, Mo, U) and biolimiting trace metals (P, Fe) (Supplementary Tables S1–S9; Orihuela and Maurrasse, unpub. Data).
Statistical tests
All statistical analyses were conducted with PAST Paleontological statistics software package, version 3 (Hammer et al., 2001). One-way and two-way ANOVA tests were conducted to detect overall differences among elements and correlation between them: between the independent variables (e.g., TOC and TIC) and the dependent variables (other elements). In cases where a one-way ANOVA was unpractical due to the sample size, tests were run separately for each variable. Post hoc comparisons through Tukey’s Tests were used to compare groups or samples of unequal size and tested for pairwise differences among chemical species and stratigraphic level or lithology. Two-tailed t-tests were further used to find significant mean differences between groups of variables (e.g., δ13Corg vs. TOC; or lithologies). Significance levels were set at p < 0.010 for all Tukey Tests, plus p < 0.010 for all ANOVA (Supplementary Tables S1–S5).
Additional multivariate analyses, MANOVAs, were conducted under similar constraints. Canonical and Principal Component Analysis (PCA) were performed to visualize significant differences between groups and identify relationships between variables from the dataset. PCA p was set at < 0.010 (Supplementary Tables S5–S8).
We used Pearson’s correlation coefficient (r) to measure the strength and direction of the linear relationship between two variables (represented here by lowercase r). Values close to 1 or -1 indicate a strong linear relationship, while values close to 0 indicate a weak relationship (Pearson, 1900). We also included R-squared values (R2) derived from the square of Pearson’s correlation coefficient to indicate the proportion of variance in one variable that is predictable from the other variable. Higher values imply a stronger relationship (Myers and Myers, 1990). The p was set at < 0.010 for their statistical analyses. Correlation strengths were interpreted following the guidelines of Mukaka (2012), as follows: weak or negligible (0.00–0.20); low to moderate (0.20–0.40); moderate to strong or high (0.40–0.60); strong (0.60–0.80); and very strong or very high (0.80–1.00) (Supplementary Tables S6, S7).
The facies code of the correlation analysis is a numeric representation of the various microfacies identified from thin section data (Supplementary Tables S2, S8) converted to distinct numerical codes to each unique facies type for correlation analysis. The three microfacies identified as A through D were coded 0, 1, 2, 3 and 4, respectively that allow for correlations with other numerical data. Elemental ratios have been computed and graphically represented to serve as supplementary proxies for evaluating redox conditions, following the methodologies described by Cramér (1946), Jones and Manning (1994) and Wignall and Myers (1988).
RESULTS
Field description and petrographic analysis
At the field scale, the succession consists of thinner interbedded (1.5–7 cm) biomicritic greyish black (N2) to black (N1) carbonaceous marlstone showing fissile laminations with sharp, planar contact with much thicker (8–20 cm) medium dark grey (N5) limestone often containing small nodules of dark chert (N2) (1–5 cm). Stylolites and microfractures filled with sparry calcite were often visible, but without visible macrofossils. Overall, beds thickened upwards, with a 135-degree SE strike and dip angle ∼22–25° (up to 30° in the basal folds), with compression deformation and some lateral gradation and pinch out. Internal thrust micro faults and upper and basal slip were observed. The first 5 m of the intercalating sequence lies just below the main basal slip and shows incipient semi-folding (Figure 3). Four microfacies were identified in the first 2.61 m of the section (Figure 4).
[image: Figure 4]FIGURE 4 | Four distinct microfacies (A–D) based on microstructural composition, shown with photomicrographs under plane polarized light, crossed polarized light, and scanning electron microscopy (SEM) images (left to right). Annotations include planktic foraminifera (PKF), benthic foraminifera (BF), possible dinoflagellate cyst (D), pyrite (Py), calpionellid (C), ostracod (O), and radiolaria (Rad). SEM arrows indicate dissolved nannofossils, clay minerals, and organic matter associated with pyrite. Sample details: (A), Cu-PR-1 (A1), Cu-PR-3 (A2), Cu-PR-29 (A3); (B) – Cu-PR-6 (B4-5); (C), Cu-PR-11 (C7-8), Cu-PR-12 (C9); (D), Cu-PR-26 (D10-12). Note the shearing and structural alterations on B4 and 5.
Microfacies A is a bioclastic limestone with >10% poorly sorted bioclasts showing isotropic fabric in a micritic matrix (Figures 4 A1–3). Allochems primarily consist of small planktic foraminifera (<50 μm, ∼25%), radiolaria (∼2–15%), calpionellids (<2%), rare calcispheres (∼1%), and ostracods (<1%). Microstylolites and microfractures are rich in organic matter and kerogen, whereas larger veins are typically filled with blocky sparite, and pyrite (<2%) commonly found near or inside the bioclasts. SEM analysis revealed a calcareous matrix predominantly composed of abundant coccolithophores, such as Watznaueria barnesiae. The planktic foraminifera include Globigerinelloides spp., Globigerinelloides cf. paragottisi, Conoglobigerina cf. gulekhensis, and Hedbergella sigali. Benthic foraminifera were absent. Among the calpionellids, Tintinnopsella spp., Tintinnopsella cf. carpathica, and Calpionellites cf. darderi were noted. The nannoconids are represented by Nannoconus kamptneri kamptneri (Figure 5; Supplementary Figures S1, S2).
[image: Figure 5]FIGURE 5 | Calcareous nannofossils from La Lata Quarry: (A), Zeugrhabdotus embergeri; N+, Cu-PR-6. (B), Calcicalathina oblongata; N+, Cu-PR-11. (C), Micrantholithus obtusus; N+, Cu-PR-29. (D), Micrantholithus hoschulzii; N+, Cu-PR-12. (E), Retecapsa angustiforata; N+, Cu-PR-29. (F), Nannoconus steinmannii subsp. steinmannii; NII. (G), Conusphaera mexicana subsp. mexicana; N+. (H), Nannoconus bermudezii; NII, Cu-PR-11. (I), Watznaueria barnesiae, N+. (J), Nannoconus globulus subsp. globulus; NII, Cu-PR-29. Microphotographs taken at LM (light microscope), with ×1,200 magnification; scale bar in microns; N+ crossed nichols; NII light polarized light.
Microfacies B is a “shaley” biomicrite (Figures 4 B4–6), nearly barren of bioclasts (<1%), with an anisotropic, alternating, pseudo-laminated, wavy-lenticular fabric featuring ovoid calcareous lenses lighter in color with mottled structures. Brownish fibrous fragments were observed through optical microscopy and SEM. Pyrite in the form of concretions and framboids (∼1 mm to micrometer), constitutes approximately 5% of the composition (Figures 4 B4–6). Calcite-filled microfractures and veins are also abundant (Figure 4B5). The rare bioclasts present are predominantly radiolaria, planktic foraminifera (Globigerinelloides sp. or Hedbergella sp.) (Figure 4B4), ostracods and/or calpionellid fragments. Benthic foraminifera are absent. The radiolaria and planktic foraminifera are often filled with blocky sparite, pyrite, or silica (Supplementary Figures S1, S2).
Microfacies C is a micritic limestone that is also almost barren of bioclastic content (Figures 4 C7–9). It has a high abundance of kerogen, organic matter, and pyrite, constituting over 25% of the overall components. The allochems content is less than 2% overall composition. Evidence of soft tissue debris which refer to small, often fragmented multi-cellular-like structures observed in thin section and SEM images, believed to be remnants of plant tissues, algae, or other organic material (Figures 4 C7–8). The presence of phyto debris interpreted plant-derived fragments, possibly indicating preserved plant material or organic matter in the samples as well as possible dinoflagellate cysts in these facies is corroborated by SEM analysis of the samples (see data below).
Microfacies D is unique as it is a predominantly sparse biomicrite (∼5–10%) with a mottled structure characterized by a high organic content and allochems include small benthic foraminifera (mostly biserial), scarce radiolaria, rare microgastopods and echinoid fragments (Figures 4 D10–12). Bioclasts are poorly sorted in an isotropic fabric. As seen in SEM the matrix includes a significant amount of fine clay minerals (Figure 4 D12; Supplementary Figure S1). Dispersive pyrite is particularly abundant (>25%) in the matrix (Figures 4 D10–12) and within foraminifera tests (Figures 4 D10–11). Minute quartz and feldspars contribute an estimated 10%–15% to the overall composition. These grains are angular to subangular, and conspicuous dark areas constitute 1%–5% of the composition. Fibrous organic matter with seemingly cellular structure and amorphous kerogen constituted 1%–5% of coarse components.
Micropaleontology
Calcareous nannofossils
Several levels targeting the different microfacies were analyzed for their microfossil content which revealed a diverse calcareous nannoflora (total of 23 taxa) of typically oceanic environment and indicative of specific biozone within the Early Cretaceous, particularly the Valanginian stage (Figures 5–7; Supplementary Figures S1, S2). In temporal order the results are as follows:
[image: Figure 6]FIGURE 6 | Stratigraphic distribution of microfossil species within the La Lata Quarry section, Pons, Western Cuba. The stratigraphic column on the left shows corresponding lithology. Microfossil occurrences are marked by black vertical lines at sample points, with potential but undetected levels shown as orange dotted lines. Nannofossil biozones NK3a (NC3a), NK3b (NC3b), and NC4A are labeled along their stratigraphic positions. The gray horizontal band highlights the interval of the Weissert Event, in the section correlated to the Valanginian (lower) up to possibly the lower Hauterivian stage. Refer to lithologic legend on Figures 3, 7.
[image: Figure 7]FIGURE 7 | Stratigraphic profile of the first 3 m at La Lata Quarry showing bioturbation index (BI = 0–6), sulfur content (S), sulfur-iron (S/Fr) index, allochems, and microfacies distribution. Key symbols represent primary fossil groups, bedding features, and pyrite abundance. The dotted line on the BI indicates the intermediate-moderate value index.
Marlstone of microfacies B at stratigraphic level 0.41 m containes species such as Calcicalathina oblongata, Conusphaera mexicana, Nannoconus bermudezii, Rucinolithus wisei, Cretarhabdus conicus, Retecapsa angustiforata, Micrantholithus obtusus, Nannoconus spp., Zeugrhabdotus embergeri, Z. noeliae and Watznaueria spp., including W. barnesiae and W. britannica. Microfacies B at 1.73 m and 2.22 m also contains long ranging taxa and a similar assemblage as decribed above, including Watznaueria barnesiae, W. ovata, W. britannica, Zeugrhabdotus embergeri, Nannoconus steinmannii subsp. stainmannii, and Nannonus kamptneri kamptneri (Figure 5; Supplementary Figure S1).
Marlstone of microfacies C (0.85–0.90 m) shared several species with microfacies B at 0.41 m such as Calcicalathina oblongata and Nannoconus bermudezii, along with long-ranging species such as Micrantholithus hoschulzii, Haqius circumradiatus, Helenea chiastia, and Zeugrhabdotus erectus.
Limestone of microfacies A at 1.62 m comprises species such as Conusphaera mexicana, Haqius circumradiatus, Helenea chiastia, Eiffellithus windii, Nannoconus cornuta, Nannoconus bucheri, Nannoconus steinmannii subsp. steinmannii, Nannonus kamptneri subsp. kamptneri Micrantholithus hoschulzii, M. obtusus, Retecapsa angustiforata, Watznaueria barnesiae, W. britannica, Zeugrhabdotus embergeri, and Zeugrhabdotus erectus.
In general, preservation of the nannofossils is generally poor, only between 50% and 60% of nannofossils could be determined at a specific level due to recrystallization or overgrown (Figure 5; Supplementary Figures S1, S2).
Foraminifera and calpionellids
Supplementary Figure S2 shows the diversity of these organism, and Figure 8 shows the stratigraphic distribution of characteristic microfauna. Among the planktonic foraminifers Hedbergella sigali, Globigerinelloides paragottisi, Favusella hoterivica and Conoglobigerina cf. gulekhensis are dominant throughout the section and most frequently in the limestone beds, particularly microfacies A (Figures 4 A1–3, 7; Supplementary Figure S2). Other globigerinellids were also represented but poorly preserved to be of diagnostic value. Several of them demonstrated abnormal growth of their test chambers (Supplementary Figure S2).
[image: Figure 8]FIGURE 8 | Stratigraphic height versus geochemical profiles of the studied section. The leftmost panel illustrates the stratigraphic column with distinct lithological units defined for this study, including limestone, limestone with chert, carbonaceous marly-limestone, and carbonaceous marls, denoted by variations in color and pattern. Center panels display the geochemical data: total inorganic carbon (TIC) as CaCO3 (wt%), total organic carbon (TOC) as wt% of C, organic carbon isotopic composition (δ13Corg), and nitrogen isotopic composition (δ15Norg), with concentration and isotopic ratios plotted along the stratigraphic height. Red dashed lines correspond to the limestone line in TIC (>70 wt%), enrichment level in TOC (>2 wt%), and the isotope averages. The grey shaded bars correspond to the carbonaceous, organic matter-rich lithologies. Refer to lithologic legend on Figures 3, 7.
Calpionellids are in low diversity and poorly preserved throughout the section but are more abundant in the lower 1.5 m. They include Calpionellites darderi, Tintinnopsella carpathica, and Tintinnopsella aff. longa. Calpionellites darderi occurs up to 1.05 m (LAD) followed by the first record (FOD) of Calpionellites major (Figure 6; Supplementary Figure S2).
Carbon and nitrogen geochemistry (TIC, TOC, δ13Corg, δ15Norg)
The TIC results from 24 samples show variations throughout the studied section (Figure 8) with an overall carbonate value between 44.7 and 97.7 wt% (mean 86.6 wt% and ±14.5 standard deviation (SD)). Three major decreases occur at 0.41 m, 0.90–0.94 m, and 1.42–1.45 m, respectively (Figure 8). TIC showed a high negative correlation with TOC (r = −0.85, moderately strong R2 = 0.65, p > 0.05) (Supplementary Tables S6, S7). The R2 values imply that approximately 65% of the variance in TIC can be explained by the variance in TOC.
The TOC is consistently high (>1.5 wt%) and ranges from 0.75 wt% to a high of 10.82 wt% (at level 0.915 m, Cu-PR-13) as it varies throughout the section yielding a mean of 3.7 wt% (±3.2 SD) (Figure 9). Three major peaks exceeding the background: the first at 0.41 m (9.0 wt%), coincide with microfacies B; a second at 0.85–0.95 m (6.2–10.2 wt%); and a third at 1.42–1.45 m (6.1–10.8 wt%) which coincides with marly levels and lower TIC (Figure 8; Supplementary Table S1).
[image: Figure 9]FIGURE 9 | Scanning electron microscopy (SEM) images showing framboidal and euhedral pyrite [top row (A)], phyto debris and possible dinoflagellate cysts [middle row (B)], and organic matter associated with microbial, polymeric substances and cyanobacterial structures [bottom row (C)]. Top row samples 1–4: Cu-PR-19, 11, 12, and 16. Middle row samples 5–8: Cu-PR-6, 19, and 27. Bottom row samples 9–12: Cu-PR-19, 27, 35, and 36 respectively. Arrows on A2 point to euhedral pyrite and associated Illite clay minerals. Arrow on C11 indicates calcified coccoid structure with associated pyrite.
The δ13Corg profile of the 24 samples exhibits temporal variations from −27.7‰ (at 1.2 m, high TIC limestone, microfacies A) to −25.6‰ (at ∼0.90 m, low TIC, high TOC carbonaceous marl level, microfacies C. This level has a range of 2.1‰), a mean value of −27.1‰ (background level), a standard deviation (SD) of ±0.4‰, and a standard error (SE) of 3.0‰. Three major carbon isotope excursions (CIEs) occur with the largest negative shift (−1.37‰) situated between 0.90 m and 1.0 m (Figure 8; Supplementary Tables S1).
The δ13Corgcurve can be divided into five main segments: 1) 0–25 cm, (−26.6‰ to −26.8‰); 2) 25–85 cm, relatively stable (−27.1‰ to −27.2‰); 3) 90–95 cm carbonaceous marl which records the first and largest CIE (peaks at −25.6‰); 4) 1.0–∼1.5 m (−27.3 to −27.6‰) where values are slightly lower than the background level; 5) 1.62–2.61 m comprises slightly more negative values (−26.9‰ to −27.3‰). The mean δ13Corg value for limestone samples is −27.2‰, whereas it averages −26.5‰ for the marly-limestone, marlstone levels.
The nitrogen isotope values in the bulk organic fraction (δ15Norg) exhibit a complex temporal pattern with a minimum of −3.7‰ at 0.25 m (Figure 8; Supplementary Tables S1, S5–S8) and the highest values, ∼0.3‰ at the low levels 0.41–0.5 m. The mean δ15Norg value is −2.0‰ with a standard deviation (SD) of ±1.20‰ and a standard error (SE) of 0.24‰ Correlation analysis revealed a weak negative association between δ15Norg and TOC (r = −0.15, R2 = 0.02, p = 1.0), indicating a limited or indirect relationship between organic carbon and nitrogen isotopic composition, while the presence of a major shift between the first 35 and 50 cm sampled (∼−0.3 to −1.6‰) indicates a more complex relationship (see discussion below).
Scanning electron microscopy (SEM) with energy-dispersive X-ray spectroscopy (EDS) analyses
SEM/EDS analysis was carried out on fifteen samples representing different lithologies: limestones at 0.0 m, 0.5 m, 0.6 m, 0.95 m, 1.05 m, 1.62 m, and 2.61 m; marlstone at 0.41 m and from 0.85 to 0.90 m. Levels 1.15 m, 1.42 and 1.48 m were transitional, and exhibited significant TOC and δ13Corg, δ15Norg excursions (Figure 9; Supplementary Figures S1, S3).
Limestones with high TIC contained abundant calcareous nannofossils (often poorly preserved, disaggregated plates, or partially dissolved) and dolomite rhombs (angular, equant, non-interlocking) within a compact, low porosity micrite matrix (Figure 4; Supplementary Figures S1, S2). Qualitative elemental composition analysis (EDS) confirmed the presence of high and low Mg calcite (44.3–52.4 mass%, Mg ∼0.30–0.32 mass%) and microcrystalline quartz (21.1–53.9 mass%), with a minor presence of clay crystals (predominantly illite-smectite) (e.g., Figure 4 B6). Pyrite content was low (<2%) in these limestone microfacies. In morphology, pyrite was generally represented by sparse, blocky, and ovoid crystals (Figures 9 A1–4; Supplementary Figures S2, S3).
Similarly, low TIC, high TOC carbonaceous marl and marly-limestone levels (0.38–0.41 m, 0.85–0.90 m, and 1.40–1.45 m) consisted of a disaggregated calcareous nannofossil matrix, but microfacies B-D include higher frequency of phyto debris with other biogenic particles interpreted as possible dinoflagellate cysts (?), calcified remains of coccoid cyanobacteria, microbial structures associated with pyrite framboids (∼5–10 µm) (comparable to those in Duque-Botero and Maurrasse, 2005; 2008), irregular pyrite lumps, and ovoid pyrite (Figures 4C, D, 9A1-4; Supplementary Figures S2, S3). Pyrite associated with calcareous microfossils and phyto remains typically presented as truncated cubic to cubic and octahedral microcrystals, averaging less than 10 µm in diameter. Larger pyrite aggregates associated with clays, calcite crystals, and microbial structures (biofilms and fibers), are notably abundant at 1.05 m, 1.15 m, 1.42 m, 1.45 m, and 1.48 m, respectively (Figures 9 C9–12). A sample between microfacies C and B (1.15 m) has enrichment in pyrite framboid bundles conjointly with illite-smectite clay textures, chlorite crystals, and a rare echinoderm spine fragment. Microfacies D (1.42 m–1.45 m) is remarkable because of its higher content of minute siliciclastic particles, abundant pyrite, phyto debris, dinoflagellate cysts (?), cyanobacterial (?) and microbial structures associated with pyrite framboid aggregates (Figures 4 D10–12 and 9 C9-12).
SEM-EDS analysis of phyto debris and microbial structures
SEM micrographs revealed a complex matrix rich in micrite interspersed with a fine-grained, clay-rich substrate (Figures 4, 9; Supplementary Figure S1) including possible plant fibers, dinoflagellate cysts, and other undetermined biological detritus (Figures 9 B5–8). Qualitative energy dispersive spectroscopy (EDS) analyses for these samples i.e., Cu-PR-25, 26, and 27 disclosed varying mass percentages of carbon (50.4–15.41), chlorine (3.24–6.86 only Cu-PR-26 and 27), potassium (6.67), nitrogen (4.01–3.09), sodium (1.05–1.58-only on Cu-PR-27), calcium (∼2.62), and sulfur (∼0.65).
Bioturbation analysis
The bioturbation Index (Taylor and Goldring, 1993) ranges from 1.0 to 4.0 and fluctuates across the 2.61 m studied interval with an average of ∼2.6 (Figure 8). The distribution of BI values exhibit multiple peaks, between 2 and 3. Temporal variations in BI show that microfacies A and B have the most variant BI (1–3), whereas microfacies C and D yield the lowest and least variable indices (1–2). At the 0.0 m level the average BI is 2.0, and at 0.15 m it is 3.0. Upwards a BI of 4.0 occurs at 0.55 m, 0.60 m, and 0.70 m, respectively. The lowest BI of 1.0 occurs at intermittent levels: 0.41 m, 0.85 m, 0.90 m, and 0.95 m with an upward stabilization towards intermediate values (∼2.5). Facies A, B, C include a relatively narrow range of BI values, whereas others transitional levels (B-A and C-B) exhibit more variability (Supplementary Table S1). X-ray imaging revealed additional inconspicuous bioturbation in samples with low BI (microfacies B and C, levels 0.41 m, and 0.95 m) which also show irregular voids, vugs, and linear structures not related to fractures that differ from the surrounding matrix (Supplementary Figure S3).
Elemental concentrations: major, biolimiting, and redox sensitive trace elements (RSTEs)
Elemental values for major terrestrially derived components (Al, Si, Ti, Li), RSTEs (V, Ni, Co, Cr, Cu, Mo, Th, U) of the “La Lata” quarry outcrop are summarized in Figures 10–12 (and Supplementary Tables S2–S4; Supplementary Figure S4) which show two major episodes of enrichment: one at 0.90 m–1.15 m and a second, larger at 1.42 m and 1.45 m. Characteristically, major elements and RSTEs yield increasing values associated with marly and argillaceous limestone layers. Al and Si show similar trends in relationships with TIC and TOC (Supplementary Tables S5, S6; Supplementary Figure S4). Al and Ti are perfectly correlated (r = 1.0). Al exhibits low variation from 0 m to approximately 1.40 m, ranging from 0.80 mg/g to 4.0 mg/g with a slight peak between 0.41 m and 0.5 m and a major enrichment level at 1.2 m. Upwards, between 1.42 m and 1.45 m, Al reaches values of 15.5 and 32.6 mg/g, an enrichment significantly greater than the average. Concentrations revert to below-average values towards the top of the studied interval of the section (Figure 10) but shows low to moderate positive correlations with TOC (r = 0.54, R2 = 0.40, p = 1.0) and a strong negative correlation with TIC (r = −0.72, R2 = 0.52, p < 0.010) (Supplementary Figure S4). Fe and P show a trend of enrichment correlative with the major elements (Figure 10). Fe enrichment (section average > 1.6 mg/g) reaches a peak between 1.42 and 1.45 m. Fe and P vary temporarily at levels 0.41 m, 1.42, and 1.45. At level 0.41 m, they are near concomitant with the lowest observed carbonaceous marly-limestone level with TOC enrichment and low TIC. Fe and P show a moderate positive correlation with TOC (r = 0.50 and 0.54; p = 1.0, respectively), but are negatively correlated with TIC (r = −0.66 and −0.70; R2 = −0.78 and −0.84; p < 0.010, respectively), and Ca (r = −0.62 and −0.71; p < 0.050), respectively. Fe also shows a strong positive correlation with the lithophile elements Al, Si, Ti, and Li (r = 0.89–1.0) (Figure 10; Supplementary Figure S4).
[image: Figure 10]FIGURE 10 | Stratigraphic variation in major and biolimiting trace elements correlated with lithology. The red dashed line corresponds to the average value from the dataset of this section. The yellow shaded area highlights the Weissert horizon, with corresponding geochemical signatures. The grey shaded bars correspond to the carbonaceous, organic matter-rich lithologies. Refer to lithologic legend on Figures 3, 7.
[image: Figure 11]FIGURE 11 | Stratigraphic variation in redox sensitive trace elements (RSTEs) correlated with lithology. The red dashed line corresponds to the average value from the dataset of this section (P for Pons, and B, for main background levels, which include data from the San Cayetano and Guasasa Fm in Sierra de los Órganos). The yellow shaded area highlights the Weissert horizons, with corresponding geochemical signatures. The grey shaded bars correspond to the carbonaceous, organic matter-rich lithologies. Refer to lithologic legend on Figures 3, 7.
[image: Figure 12]FIGURE 12 | Stratigraphic variation in redox sensitive indexes correlated with lithology. The red dashed line corresponds to the average value from the dataset of this section plus background levels, which include data from the San Cayetano and Guasasa Fm in Sierra de los Órganos. The grey shaded bar corresponds to the organic matter-rich lithologies. The yellow shaded area highlights the interval of the Weissert Event, with corresponding geochemical signatures. Refer to lithologic legend on Figures 3, 7.
All the RSTEs, except for Cu, covary with the major elements. They are particularly concurrent with peaks of elemental concentration at 1.42 m and 1.45 m, although slight relative enrichment also occurs beginning at 0.95 m level up to 1.3 m (Figure 11; Supplementary Tables S3, S4; Supplementary Figure S4). V has a moderately strong correlation with marlstone lithology (r = 0.52), TOC (r = 0.51), near perfect correlation with Th (r = 0.99) and Al (r = 1.0), but covariance was statistically significant only with Th (p > 0.010). V and S were only moderately correlated (r = 0.78). Similarly, Mo shows enrichment at levels 0.30 m, 1.42 m and 1.45 m, and covaries positively with lithology yielding enhanced TOC, Al, whereas it is negatively correlated with TIC (r = −0.19, p > 14.0). Ni is positively correlated with Ti, V, Cr, Cu, Mo, Th, Tl, and U (r > 0.90) and reveals strongest covariance with Al, P, Cr, Cu, Th, Tl, and U (r > 0.97) (Figures 10–12; Supplementary Figure S4).
Redox elemental ratios
U/Th shows a moderate negative correlation with TOC (r = −0.42), but a moderate positive correlation with TIC (r = 0.32). Ni/Co correlated positively with sulfur content (r = 0.46), V/Cr showed a weak positive correlation with TOC (r = 0.18), Ni/Cu ratio shows a very weak positive correlation with TOC (r = 0.0045). Th/U tends to increase only slightly in limestone (r = 0.32) indicating a relative enrichment of thorium in calcareous sediments and negatively correlates weakly with marly-limestone (r = −0.27) and carbonaceous marls (r = −0.21). (Figures 11, 12; Supplementary Figure S4).
DISCUSSION
Biochronology of the la Lata quarry lowermost section
Based on identified nannofossils, we point out the presence of Valanginian-lower Hauterivian nannofossils zones. The occurrence from the base of the studied succession of Calcicalathina oblongata, which the FO (first occurrence) is situated in the lower Valanginian (Applegate and Bergen, 1988; Bown, 2005; Melinte and Mutterlose, 2001; Aguado et al., 2018; Mutterlose et al., 2021) is indicative for the NC3 biozone. The LO (last occurrence) of Rucinolithus wisei delineates the boundary between NC3a and NC3b subzones., situated in the upper Valanginian (i.e., Applegate and Bergen, 1988; Bown, 2005).
The boundary between the NC3b and NC4a, nannofossil subzones that encompass the Valanginian-Hauterivian boundary interval, could not be identified, as it is marked by the LO of Tubodiscus verenae and/or LO of Cyclagelosphaera deflandrei (Bralower et al., 1989; Melinte and Mutterlose, 2001 and references therein), species not recorded in the studied succession. At La Charce, France (The Global Boundary Stratotype Section and Point (GSSP) for the base of the Hauterivian Stage), the LO of E. windii approximates the Valanginian–Hauterivian boundary, disappearing in the earliest Hauterivian (Mutterlose et al., 2021). Eiffellithus windii is present in the studied samples up to the top of the investigated succession, while the FO of Lithraphidites bollii, situated in the early Hauterivian, slightly above the LO of E. windii (i.e., Roth, 1978; Applegate and Bergen, 1988; Mutterlose et al., 2021), was not recorded. Nonetheless, the occurrence of Calpionellites cf. darderi up to 1.05 m, followed by the first record of Calpionellites major confirms that the lower part of the section straddles nannoplankton zones NK3a, NK3b and NC4a, which is consistent with a Valanginian-early Hauterivian age (Figures 2, 6, 13).
[image: Figure 13]FIGURE 13 | Integrated stratigraphic correlation of the Weissert Oceanic Anoxic Event across global sites. The stratigraphic column shows the La Lata Quarry section with respect to biozones NC4A, NK3b, NK3a, and a three-point moving average δ13Corg isotope curve. Adjacent columns display data from ODP Site 692 (Weddell Sea Basin, Antarctica), DSDP Site 535 (Gulf of Mexico), and DSDP Site 416 (East Atlantic), each with a three-point moving average δ13Corg. The far-right column presents δ13Corg data from one of the unofficial type-section for the Weissert Event at Polaveno (Southern Alps-northern Italy), along with M-series paleomagnetic chrons and a temporal scale from Berriasian to Hauterivian stages. Grey shading and black lines mark the Weissert interval as interpreted at different sites. The green dotted line indicates the correlation of the lowermost level of our section in relation to a time before the Weissert OAE and the upper blue after (early Hauterivian).
Carbon isotope chemostratigraphy and biostratigraphic age correlation
Earth’s two main carbon reservoirs, marine carbonates and biogenic organic matter, have notably different isotopic compositions. Marine carbonates are isotopically more positive (“heavier”), with an average δ13C value around 0‰, whereas organic matter is more negative (“lighter”), averaging around −25‰. Carbonates become enriched in the heavier isotope 13C through equilibrium exchange reactions within the inorganic carbon system, involving atmospheric CO2, dissolved bicarbonate, and solid carbonate. By contrast, photosynthesis preferentially incorporates the more negative isotope 12C into organic material due to kinetic fractionation (Clayton and Degens, 1959; Friedman and O'Neil, 1977; Saltzman et al., 2012; Hoefs, 2021). Carbonate rocks directly reflect shifts in dissolved inorganic carbon (DIC) in the ocean, as they directly precipitate from this pool (Schlanger et al., 1987; Menegatti et al., 1998; Hayes et al., 1999; Jahren et al., 2001; 2005; Reboulet et al., 2003; Oehlert and Swart, 2014; Swart and Oehlert, 2018). On the other hand, organic carbon signals are modulated by a complex interplay of biological productivity, preservation rates, and diagenetic alterations (Pedersen and Calvert, 1990; Hayes, 1993; Meyers, 1997; Higgins et al., 2018). This can lead to a temporal lag between changes in DIC and their manifestation in the organic carbon record.
The Valanginian stage was characterized, by pronounced positive carbon isotope excursions which have been recognized globally, thereby elevating their significance as reliable stratigraphic markers (Weissert, 1979; Lini et al., 1992; Channell et al., 1993; Erba et al., 2004; Jenkyns, 2010; Weissert et al., 2008; Gréselle et al., 2011; Sanchez-Hernandez and Maurrasse, 2016; Aguirre-Urreta et al., 2017a; Aguirre-Urreta et al., 2017b; Martinez et al., 2020; Martinez, et al., 2023 among others). Excursions of the carbon isotopes δ13C from the organic fraction correlated with the Weissert Event have been observed in various geological settings worldwide (pelagic, neritic, and continental successions), including the southern Tethys, western North Atlantic, Gulf of Mexico, Colombia, and Pacific, emphasizing its role as a significant Early Cretaceous stratigraphic indicator (Cecca, 1998; Gröcke et al., 1999; 2005; Lini et al., 1992; Weissert et al., 1998; 2008; Bornemann and Mutterlose, 2008; Weissert and Erba, 2004; Silva-Tamayo et al., 2016; Joeckel et al., 2023).
Gréselle et al. (2011) proposed four distinct phases defining the Weissert Event. The first phase features stable, baseline values terminating in a negative deviation of ∼0.5‰. The second phase is marked by a significant positive shift of ∼2.0‰, representing the event’s most substantial increase. The third phase includes a decrease of ∼1‰, succeeded by a secondary peak. The fourth and final phase is characterized by a gradual decline, returning to values close to or at the pre-excursion levels. The δ13Corg values from the lowermost section of La Lata quarry, Sierra de los Órganos, exhibit a similar trend (Figures 8, 13). The section starts from a small, above-average positive peak of ∼ −26.7‰ (0 m datum) and decreases to below-average values upwards until reaching the largest excursion of ∼ −25.6‰ at ∼0.91 m. This peak is succeeded by a decreasing trend of 0.6‰–1.9‰ to a negative value of −27.7‰ at 1.2 m, reaching a second maximum at 1.62 and 1.73 m before returning to pre-excursion values. Additionally, an early Hauterivian δ13C organic carbon peak observed in the La Lata section occurs just after the Weissert Event, reaching ∼1.5‰ positive excursion. This CIE may represent a late phase or a local perturbation, similar to those seen at other globally recognized sites (e.g., DSDP holes 603B, 534A, 535, and ODP 692). The context of this excursion will be discussed in greater detail in an upcoming paper.
Overall, these patterns align with similar carbon curve patterns observed during the Weissert Event at sites such as ODP 692 at the Weddell Sea Basin, in Antarctica (Cavalheiro et al., 2021; Giraldo-Gómez et al., 2022), DSDP site 535 in the southwest Gulf of Mexico (Deroo et al., 1984; Cotillon and Rio, 1984; Patton et al., 1984; Lini et al., 1992), DSDP site 416 in the East Atlantic, ODP 1149B from the Pacific, and the Maiolica Formation sections in the Southern Alps, including Polaveno and Capriolo (Lini et al., 1992; Channell et al., 1993; Erba et al., 2004; Weissert et al., 2008) (Figure 13). The values of site 692 are more negative, whereas those of site 416 are more positive. The δ13Corg values from the lowermost section at La Lata quarry are most congruent with those of the Gulf of Mexico site 535, Rio Corona, and Polaveno in northern Italy (Cotillon and Rio, 1984; Patton et al., 1984; Lini et al., 1992; Marton and Buffler, 1999).
Both isotopic values, organic (δ13Corg) and inorganic (δ13Ccarb) for different sites show slight discrepancies due to dissimilar fractionation, but they all fall within the Calcicalathina oblongata subzone. Additionally, the δ13Corg curve from the La Lata quarry in the Sierra de los Órganos agrees with the correlations observed at sites 535 and 692 where the CIE is seen at the top of NK3a, at the base of NK3b (Figure 13).
The integration of the biostratigraphic data, particularly foraminifera, calpionellids, and nannofossil biostratigraphy and the isotopic data has been crucial for establishing a more comprehensive understanding of the temporal record of La Lata section. Correlation of key taxa, including Globigerinelloides cf. paragottisi, Tintinnopsella cf. carpathica, Calpionellites cf. darderi and major, along with calcareous nannofossils such as Calcicalathina oblongata, Eiffellithus windii, Nannoconus spp., and Rucinolithis wisei, with changes in δ13C curves revealed that the studied interval of the section falls within the Calpionellites-Tintinnopsella biozones and the spans of nannofossil biozones NK3a up to the base of NC4A.
By comparison, in the Carpathians, the Tintinnopsella zone extends from the late Valanginian to the late Hauterivian (Rehákova and Michalík, 1997; Lakova and Petrova, 2013). In Cuba, taxa representative of this biozone have been reported from the uppermost Tumbitas Member of the Guasasa Formation (lower Valanginian), which includes parts of the Calpionellites zone (Pszczółkowski, 1999b; López-Martínez et al., 2013; 2017). The observed delay between the last occurrence of Calpionellites cf. darderi (up to ∼1.0 m) and the subsequent first appearance of Calpionellites cf. major coincides with the sub zonation within the Calpionellites biozone (Lakova and Petrova, 2013). Notably, these occurrences fall within the range of the Weissert Event (Figures 6, 13).
Both Tintinnopsella cf. carpathica and Calpionellites cf. major appear to have persisted into the upper Valanginian, and possibly into the Hauterivian of La Lata quarry. The presence of Nannoconids, N. kamptneri, and bermudezii throughout most of the studied interval, albeit rarely within the interval of the Weissert Event in the La Lata samples (Figure 6), supports the classification of these levels as Valanginian. The lack of L. bolli precludes the base of the Hauterivian, although the appearance of Nannoconus bucheri above the 1.5 m level coupled with the major CEI suggests that the lowermost Hauterivian is likely present. According to Thierstein (1973) and Erba (1989), Nannoconus bucheri appears in the early Hauterivian, and its First Appearance Datum (FAD) in the La Lata section, though slightly overlapping with the Weissert Event, and in association with Tintinnopsella spp., further indicates that the start of the Hauterivian may be represented in the uppermost levels. Overall, the micropaleontological findings of the La Lata Quarry section are compatible with previous findings (Fernández-Carmona and Díaz-Otero, 1977; Pszczółkowski, 1999b; Pszczółkowski and Myczyński, 1999; 2003; 2010; Pszczółkowski et al., 2013; López-Martínez et al., 2013).
Despite slight variations in absolute isotopic values across different sections, which may also depend on regional OM sources, a consistent worldwide concurrent pattern of fluctuations revealed significant isotopic excursions in the latest Valanginian and earliest Hauterivian indicative of the effects of global forcing factors (Cotillion and Rio, 1984; Arthur et al., 1985a; Arthur et al., 1985b; Lini et al., 1992; Channell et al., 1993). Initially, low δ13C values around 1.3‰–1.5‰ in Berriasian and lowermost Valanginian sediments reached a peak to approximately 3‰ in the late/upper Valanginian, particularly within the Calcicalathina oblongata nannofossil zone. This positive excursion ended in the earliest Hauterivian, with values fluctuating between 1.5‰ and 2‰ within the Lithraphidites bollii nannofossil zone. Previous research established that this isotopic event, observable in various Tethyan and other global sections, was synchronous, predominantly occurring in the middle to upper part of the C. oblongata zone (Lini et al., 1992; Channell et al., 1993).
The integrated biostratigraphic and chemostratigraphic data of the lower 3 m of the La Lata Quarry section thus indicates that the onset of the Weissert Event shows somewhat stable, negative values during NK3a biozone, reaching the major positive C-isotope peak at the base of the NK3b, and later decreasing towards the NC4A, in agreement with previous works (e.g., Lini et al., 1992; Erba et al., 2004; Weissert et al., 2008; Cavalheiro et al., 2021). The magnetostratigraphic data further enabled the calibration of the C-isotope stratigraphy indicating that the positive C-isotope excursion commenced in the upper part of CM12 (now M11A) and peaked during CM11, before returning to pre-excursion levels from CM10N to CM8 (Weissert et al., 2008; Cavalheiro et al., 2021; Giraldo-Gómez et al., 2022). These new results thus allow for a refined correlation between the ammonite and magnetostratigraphy, compatible with the correlation proposed by Cavalheiro et al. (2021) but differing from earlier publications (Lini et al., 1992; Channell et al., 1993; Cecca, 1998; Erba et al., 2004). Thus, the carbon isotope geochemical and paleontological data of the studied lowermost La Lata Quarry section concur with an age between the earliest Valanginian and earliest Hauterivian, which encloses the Weissert Event.
Weissert Event duration and sedimentation rates in La Lata quarry
Previous estimates of the duration of the Weissert Event vary, some researchers estimate it at ∼2 Ma (Erba et al., 2004; Cavalheiro et al., 2021), and others at ∼5 Ma (Sprovieri et al., 2006; Gréselle and Pittet, 2010). More recent astrochronological data placed the onset of the Weissert Event at ∼ 134.50 Ma, with the positive δ13C excursion extending to ∼133.96 Ma, with a sustained elevated δ13C plateau until 132.44 ± Ma, which yields a duration of ∼2.06 Ma (Martinez et al., 2023). Studies in the Vocontian Basin suggest a duration of ∼2.08 Ma, with the positive δ13C excursion lasting 0.94 Ma and the δ13C plateau ∼1.14 Ma (Charbonnier et al., 2013) whereas a study of the Bersek Marl Formation in Hungary yielded ∼1.4 Ma (Bajnai et al., 2017).
Sedimentation rate of the Valanginian deposits at Site 535 adjacent to northern Cuba is estimated to be approximately 28 m Ma-1 (Buffler et al., 1984; Cotillon and Rio, 1984; Schlanger et al., 1987) (see Supplementary Table S10; Supplementary Figure S1), while the Tumbitas Member (Guasasa Formation), spanning from the latest Berriasian to early Valanginian, yielded an estimated a rate of ∼29 m Ma-1 (Pszczółkowski and Myczyński, 2010; López-Martínez et al., 2013). Decompacted deposits from the Tumbitas Member of the Guasasa Formation indicated rates ranging between 46 and 60.5 m Ma-1 (Pszczółkowski and Myczyński, 2010; López-Martínez et al., 2013).
Based on the biochronology combined with the paleomagnetic record the dry bulk accumulation rate for the 2.61 m of the section would range between 0.03 and 0.06 cm ky-1 (0.3–06 m Ma-1) which we consider are too low for such hemipelagic sediments (Seibold, 1975) and are drastically lower than estimates for the Sierra de los Órganos (2.0–4.0 m Ma-1) and Sierra del Rosario (0.8–1.0 m Ma-1) (Pszczółkowski et al., 1975; Pszczółkowski, 1987; Pszczółkowski and Myczyński, 2010) (Supplementary Figure S7). Although the accumulation rate may vary dependent upon the paleophysiographic settings of the Proto-Caribbean Basin, such extremely low sedimentation rates could be the results of stratigraphic condensation, compression, and/or the presence of hiatuses as is suggested by field observations (Figure 3; Supplementary Figures S3, S5, S7). Indeed, realignment of bioclasts and the deformation of the surrounding mud matrix, stylolites, microfractures, and the structural deformations observed in the outcrop (e.g., Figures 3, 4B5; Supplementary Figures S3, S5) are compatible with the presence of diastems or hiatuses brought about by the structural history of the region as demonstrated elsewhere (Sanchez-Hernandez and Maurrasse, 2014; 2016; Jankowska et al., 2020; Socorro and Maurrasse, 2022). We consider that our original sedimentation rate comparable to those estimated for DSDP site 535 in the Gulf of Mexico and Sierra de los Órganos (Schlager et al., 1984; Cotillon and Rio, 1984; Schenck, 2008; Pszczółkowski and Myczyński, 2010).
To further refine these estimates, future work will employ more precise decompaction models specific to the lithological variations at La Lata, alongside strontium isotope analysis. These steps will provide tighter constraints on sedimentation rates and help resolve whether the observed low rates reflect condensation, hiatuses, or other processes. Additionally, consideration of regional tectonic influences and paleogeographic factors will offer insight into sediment accommodation and preservation during the Weissert Event in the Proto-Caribbean basin.
Organic carbon preservation and nutrient productivity dynamics
The lowermost succession at the La Lata quarry section exhibits intermittent high TOC levels, averaging ∼3.7 wt%, indicating varying degrees of enhanced organic matter (OM) preservation during the latest Valanginian–early Hauterivian (Figure 8). At least three pronounced excursions in δ13Corg do not fully align with TOC values greater than 1.7% (r = 0.13, p = 0.028), except during the largest carbon isotopic excursion (CIE), which reaches up to ∼1.7‰ (Figure 8). This weak correlation between TOC and δ13Corg suggests partial decoupling of local factors from global carbon cycle perturbations, as observed in other studies (Ponton and Maurrasse, 2006; Föllmi, 2012). While the relationship between TOC and δ13Corg is statistically significant, the low correlation coefficient indicates a biologically weak connection, possibly due to OM diagenetic alteration, sediment mixing in carbonate platform or their provenance rather than global carbon cycle changes and processes (e.g., Swart, 2008; Swart et al., 2019). Indeed, the La Lata section shows that marlstone and argillaceous limestone OM-rich layers (excluding those within the Weissert Event), exhibit relatively more negative δ13Corg values, ranging from −27.5‰ to −27.1‰, despite high TOC values (e.g., 10.82 wt% at 1.45 m and 10.23 wt% at 0.915 m). An ongoing study with biomarker analyses will provide us further means to clarify the depositional controls of La Lata sequence.
δ15N values serve as tracers to distinguish the origins of OM, nutrient cycling, and the intricate relationship between carbon and nitrogen cycles (Williams et al., 1995; Farrell et al., 1995; Farrell et al., 1996; Farrell et al., 2011; Swart et al., 2019). Terrestrially sourced OM generally exhibits higher δ15N due to nitrogen cycling in soils, whereas marine organic matter tends to show lower δ15N values (Altabet and Deuser, 1985; Brownlow, 1979; Farrell et al., 1995; 1996; Hoefs, 2021). Simultaneous analysis of δ15N, TOC, and δ13Corg, particularly in settings with mixed terrestrial and marine inputs, helps determine the relative contributions of these sources to organic carbon deposition, shifts in nutrient availability, and organic carbon burial (Jenkyns and Clayton, 1986; Martin and Fitzwater, 1988; Jenkyns, 1999; Jenkyns, 2012; Jenkyns, 2018; Calvert et al., 1996; Nijenhuis et al., 1999; Emeis and Weissert, 2009; Derry, 2010). This methodology can address discrepancies in primary productivity signals, potentially influenced by terrestrial dilution or changes in bottom water oxygenation that impact the preservation of marine organic matter (Durand, 1980; Dean et al., 1986; Hansell and Carlson, 2014). δ15N could also reflect nutrient utilization and nitrogen cycling during OAEs, where nitrogen limitation can significantly affect phytoplankton productivity and the nitrogen isotopic composition of organic matter (Williams et al., 1995; Tesdal et al., 2013; Swart et al., 2019; Hoefs, 2021). δ15N measurements from bulk sediment worldwide exhibit a range from 2.5‰ to 16.6‰, with an average of 6.7‰ (Tesdal et al., 2013) and shifts towards more negative values may imply stronger terrestrial input, while values closer to zero or positive may indicate marine influences (Brownlow, 1979; Hoefs, 2021; Tesdal et al., 2013; Swart et al., 2019). Based on this standard of reference, since the La Lata Quarry section, δ15Norg values show a positive shift (∼−0.3‰) between 0.35 m and 0.41 m, significantly above the average (−1.9‰), they suggest marine influence (Figure 8). Furthermore, given that near-zero δ15N values are often associated with nitrogen fixation in suboxic conditions, they could reflect such conditions in our case. The weak negative correlation between Fe and δ15Norg (r = −0.36), and the weak correlation with K (r = −0.26; Supplementary Tables S1, S6–S8), rule out dust as a possible nitrogen source and suggests that nitrogen fixation, rather than upwelled nitrate, may have been a major source of nitrogen for organic production (Swart et al., 2019). Additionally, the decreasing trend in δ15Norg values at 0.6 m, just before the Weissert Event, points to potential shifts in nitrogen cycling processes in the proto-Caribbean Basin.
RSTEs like Mo, V, and U, alongside the nitrogen isotopes help further clarify the nitrogen cycling pathways. For instance, Mo is essential for nitrogenase in nitrogen fixation, thus when elevated, coupled with near-zero δ15Norg values, implies nitrogen fixation under suboxic conditions. Similarly, higher V and U concentrations in reduced environments would support the interpretation of nitrogen cycling under low-oxygen conditions. However, in the La Lata section, the nitrogen isotope data (δ15Norg) and RSTEs (Mo, V, U) show a weak and non-significant correlation (r = −0.30 to 0.33, p > 0.050; Supplementary Tables S1, S6–S8). This weak correlation suggests that any relationship between nitrogen cycling, and redox conditions is minimal or potentially overshadowed by other local processes or diagenesis.
Terrigenous inputs and elemental enrichment patterns
The temporal variability of major elements (Al, Si, Ti, Li, K, and Ca), biophilic elements (P, Fe), and RSTEs are proxies to infer source of sediment components, extant redox conditions, and productivity. Al and Ti are terrestrial and mainly derived from fluvial and/or eolian sources and are unaffected by biological processes or diagenesis (Brumsack, 2006; Blum and Hattier-Womack, 2009; Scholz et al., 2011). Thus, strong correlations between Fe, K, Ti, and Si oxides along with aluminum oxides (Al2O3 wt%) in marine sediments suggest co-sedimentation with or from terrigenous sources (Martin, 1992; Rowe et al., 2025). Conversely, a strong negative correlation with carbonate content (TIC and CaO) may indicate limited carbonate precipitation, dilution, or dissolution, and potentially reflecting oxygen deficient conditions, restricted environments, or both (Lerman, 1978; Schoonen, 2004). The La Lata quarry sediments show perfect positive correlation between Ti and Al (r = 1.0, p = 1), which corroborates a terrestrially sourced elements from terranes adjacent to the Proto-Caribbean basin.
P is a critical element for all living organisms across different trophic levels (Van Mooy et al., 2015) therefore it is important in sustaining productivity. In the ocean it occurs mostly as dissolved inorganic phosphorus (DIP) or orthophosphate (PO43-) derived from chemically weathered phosphatic rocks (Golterman, 1995; 2001; Delaney, 1998; Compton et al., 2000; Filippelli, 2002; 2008; Martiny et al., 2019; Huang et al., 2012; 2016). Temporal distribution of P in the studied interval at the La Lata quarry shows no enrichment with respect to the Sierra de los Órganos background average (∼0.23 mg/g, or 216–230 ppm), except at the onset of the Weissert Event and after its major CIE (∼0.90–0.95 m). There is moderate positive correlation between P and TOC (r = 0.54, R2 = 0.41, p = 0.61; Supplementary Figure S4), a near perfect correlation with Al (r = −0.99, p = 0.65) in contrast to a strong negative correlation with TIC (r = −0.85). P also has a pronounced positive correlation with Fe and Al, with a correlation coefficient exceeding 0.94. Fe temporal variation shows concentration that rarely exceeds the Sierra de los Órganos average background values (2.4 mg/g), albeit a significant enrichment level between 1.42 m–1.45 m (13.7 mg/g). Fe has moderate correlation with TOC (r = 0.50, R2 = 0.36), a strong correlation with Al (r = 0.94, R2 = 0.50) (Supplementary Figure S4).
These close relationships suggest a continuous nutrient supply originating from terrestrial sources enhancing OM production in the Proto-Caribbean Basin analogous to similar occurrences demonstrated elsewhere during the Weissert Event, as for instance the Lower Saxony Basin, Northern Germany (e.g., Thöle et al., 2020), and further supports the assertion that the Weissert event coincided with a significant global increase of terrigenous flux due to intensified hydrological cycle (Weissert, 1990; Kuhn et al., 2005; Duchamp-Alphonse et al., 2007; Westermann et al., 2010). Paleogeographic reconstructions of the Proto-Caribbean Basin justifies the potential terrigenous sources associated with the La Lata quarry sediments (Pindell, 1985; Pszczółkowski, 1976; 1999a; Cobiella Reguera, 1996; Cobiella Reguera, 2000; Cobiella Reguera, 2008; Schafhauser et al., 2003; Schenk, 2008; Pardo, 2009; Pindell and Kennan, 2009; Pszczółkowski and Myczyński, 2010; Pindell et al., 2020). We may also surmise that global settings associated with the main phase of the Paraná-Etendeka LIP (135.0 ± 0.6–133.2 ± 0.3 Ma) concurrent with the Valanginian stage (Renne et al., 1996; Silva Gomes and Vasconcelos, 2021) may have been a contributing factor that triggered the global event.
Redox conditions indicators in relation to OM preservation
Studies of modern organic-rich deposits from oxygen-depleted ocean basins have established a correlation between higher concentrations of RSTEs and reducing conditions (Berner, 1974; Anderson and Raiswell, 2004; Brumsack, 2006; Dellwig et al., 2010; Ardakani er al., 2024). In undisturbed reducing sediments, trace metals can be strongly fixed into sulfidic minerals (Huerta-Diaz and Morse, 1990; 1992; Huerta-Diaz et al., 1998). However, if bottom waters are re-oxygenated (through enhanced circulation or decreased OM productivity), organic compounds and authigenic minerals can be reoxidized, releasing trace metals (Phillips and Xu, 2021; Dantas et al., 2022).
Elemental enrichments of Mo, U, V, Cr, Ni, Cu, Th, in marine sediments commonly serve as indicators of redox conditions because higher concentrations or relative enrichments of these elements coincide with regions associated with elevated accumulation of organic carbon coupled to sulfur cycling under reducing environment (e.g., Adams and Weaver, 1958; Wedepohl, 1971; Claypool et al., 1980; Breint and Wanty, 1991; Emerson and Huested, 1991; McManus et al., 2006; Yano et al., 2020). For instance, Mo originates from continental weathered deposits and is supplied to the oceans as molybdate anion (MoO42−) (Scott et al., 2008) where it remains in low concentration as a bioessential element in nitrogen fixation (Ruvalcaba Baroni et al., 2015; Fan et al., 2022). Due to its low biological uptake (Collier, 1985) Mo is considered a conservative element with long residence time (Sohrin et al., 1998; McManus et al., 2006) but it becomes enriched in sediments essentially associated with OM accumulation in oxygen depleted conditions. Similarly, V enrichment in sediments occurs under reducing conditions which appears to follow two distinct pathways, it can be reduced with H2S in euxinic environments, V(IV) + H2S → V(OH)3 + clays (euxinic sediments), or V can adhere to organic particles in anoxic sediments, forming organic complexes (Breint and Wanty, 1991). Consequently, RSTEs as redox proxies are more reliable in environments with persistent, strong reducing conditions (anoxic/euxinic) and less predictable in phases with intermediate oxygen deficiency (Rimmer et al., 2004; Tribovillard et al., 2006).
Thus, the occurrence of reduced sulfur species such as pyrite (FeS2) in sedimentary deposits typically signifies reducing conditions (Berner, 1970; Rickard and Morse, 2005), whereas oxidized forms like sulfate minerals point to oxidizing environments (Lerman, 1978; Berner and Raiswell, 1984; Schoonen, 2004). Based on this premise, RSTEs have been applied to infer paleoredox states in OM-rich deposits assumed to be associated with oxygen-depleted environments across various time scales (Brumsack, 1989; Ye et al., 2016; Yano et al., 2020). Records of such conditions are reported in the Caribbean region where previous studies indicate that during the Late Jurassic and Early Cretaceous, the northwestern Proto-Caribbean Basin developed dysoxic to anoxic conditions related to restricted water circulation in its deeper, narrower sections (Hatten, 1957; 1967; Pszczółkowski, 1978; 1999a; Moretti et al., 2003; Magnier et al., 2004; Cobiella Reguera, 2008; Pszczółkowski and Myczyński, 2010; López-Martínez et al., 2013). Since benthic foraminifera are absent in all the microfacies, except for very rare specimens in Microfacies D, and a bioturbation index below 3 (Figure 7) the record indicates that the La Lata quarry section accumulated under oxygen-poor (dysoxic) bottom water conditions. This is further supported by geochemical proxies such as Mo, U, and V concentrations and elemental redox ratios (Figure 7). Nonetheless, while the rarity of benthic fauna and low bioturbation index in some intervals may suggest such environments (Wignall and Myers, 1988), they are not definitive proof of persistent oxygen-poor conditions. Instead, the geochemical data provide the primary evidence for these settings, with brief reoxygenation episodes inferred from the redox-sensitive element ratios.
Indeed, maximum values of Ni/Co coeval with the interval of the Weissert Event (Figure 12; Supplementary Figure S8) reflect redox-controlled scavenging or fractionation processes, potentially linked to the differential solubility and transport of nickel and cobalt in such environments. Ni, Cr, and U values fluctuate with minor consistent enrichment (Figure 11), indicative of limited reducing conditions. These ratios covary with benthic foraminifera scarcity compatible with oxygen-deprived surrounding, although full anoxia was not achieved (Rhoads and Morse, 1971; Wignall and Myers, 1988; Tyson and Pearson, 1991). Also, the weak correlation of Ni and U with Al (Supplementary Tables S3, S4) further suggests that their presence may be linked to minor sulfides, as evidenced by dispersive pyrite (Figures 4, 9). By contrast, V is slightly depleted compared to Los Órganos background and Pons Fm levels, and its strong positive correlation with Al (r = 1.0; Supplementary Tables S3, S4) reveals a terrigenous origin.
Relative elemental enrichments of Mo, U and V in marine sediments can further serve as indicators of redox conditions (Adams and Weaver, 1958; Breint and Wanty, 1991; Emerson and Huested, 1991; McManus et al., 2006; Yano et al., 2020; Phillips and Xu, 2021). Higher concentrations or relative enrichments of Mo and U coincide with regions associated with elevated accumulation of organic carbon coupled to sulfur cycling under oxygen deficient settings (McManus et al., 2006).
Mo originates from weathered deposits and is supplied to oceans as molybdate anion (MoO42−) (Scott et al., 2008; Phillips and Xu, 2021). Despite its low concentration in seawater, its long residence time (Sohrin et al., 1998) and low biological uptake (Collier, 1985) make it a well-supplied trace metal in oceans (Anbar, 2004; Scott et al., 2008). At the La Lata quarry, Mo is weakly to moderately correlated with TOC (r = 0.52, R2 = 0.37, p = 0.35; Figures 11, 12; Supplementary Table S3; Supplementary Figure S4) but strong positive to Al (r = 0.96, R2 = 0.93, p = 0.40) and Fe (r = 0.98, R2 = 0.97, p < 0.010). Mo and Fe covary at one level before the Weissert Event (0.15 m), and then during the event (levels ∼0.90–∼1.50 m) - perhaps indicative of complex interactions related to Fe-S phase (see below). Decoupling of Mo from Fe at the onset and after these Weissert levels suggests other factors influencing its presence, as both Fe and OM are scavenging agents (Helz et al., 1996). Mo significant increase is concurrent with V, Th, Tl, and U enhancement segments (1.42 m–1.45 m) aligns with minor reducing conditions (Figure 12; Supplementary Figures S4, S7). The ratio of Mo/TOC yielded a moderate positive correlation (r = 0.54, p = 0.4) with most of the samples falling between the values of the recent euxinic sediments of the Black Sea (4.5 ± 1), and the Saanich Inlet (45 ± 5) (Özsoy and Ünlüata, 1997; Algeo and Lyons, 2006; Ardakani et al., 2024). Particularly, samples from the Weissert Event fell generally within the range of the modern values of the Black Sea (Figure 14B; Supplementary Figure S8).
[image: Figure 14]FIGURE 14 | Cross-plots showing elemental relationships from samples at La Lata Quarry. (A) Plot of Fe versus S (mg/g), displaying a strong positive correlation (R2 = 0.93), with reference ratios from other basins (dashed lines). (B) Plot of Mo (ppm) versus TOC (wt.%), comparing the sample data with reference trends from the Cariaco Basin, Black Sea, and Saanich Inlet (dashed lines) to highlight similarities in redox conditions across sites. Green and orange markers represent distinct sample groups. Figure adopted from Ardakani et al. (2024).
U is released by weathering of landmasses and delivered to oceans (mostly U-238) where it occurs in low concentrations as soluble oxidized U(VI) under oxic conditions and as U(IV) in the reduced state where it is preserved in sediments. U(VI) is more soluble and dominates oxygen-rich surface waters, whereas U(IV) is less soluble and precipitates out of seawater in low-oxygen or reducing environments, such as those found in deep ocean sediments (Anderson et al., 1989; Klinkhammer and Palmer, 1991; Emerson and Huested, 1991; Zheng et al., 2002). The sediments analyzed from the lowermost La Lata section yielded U values moderately correlated with TOC (r = 0.54 and R2 = 0.39, p = 0.28, Supplementary Figure S4; Supplementary Tables S3–S8) and shows a stronger, near-perfect relationship with Al (r = 0.98, p = 0.33), Li (r = 0.96, p = 0.46), and other metals (r > 0.90), furthermore suggesting a detrital origin (Supplementary Figure S4).
V is essential for paleoredox evaluation due to its distinct behavior under varying redox conditions. In oxygenated environments, vanadium exists in a soluble form as vanadate (V5+), but it forms insoluble compounds under low-oxygen conditions. V is incorporated into marine sediments through two main pathways, primarily governed by redox conditions (Brumsack, 1989; Calvert and Pedersen, 1993; Tribovillard et al., 2006). In euxinic environments, where anoxic and sulfidic conditions dominate, it is reduced by hydrogen sulfide (H2S) and sequestered in sediments through the formation of insoluble compounds or adsorption onto organic matter. This behavior is like other redox-sensitive trace elements, such as Mo and U, which also precipitate under these conditions (Phillips and Xu, 2021; Dantas et al., 2022). V’s transitioning between soluble and insoluble forms makes it a key proxy for reconstructing ancient redox environments, because under oxic conditions it remains soluble as vanadate, while in anoxic waters it is reduced to vanadyl (V4+) and accumulates in sediments, offering valuable insights into past oxygen levels (Wignall and Twitchett, 1996; Socorro and Maurrasse, 2019; Ardakani et al., 2024).
At La Lata quarry, vanadium (V) shows a weak to moderate negative correlation with total organic carbon (TOC) (r = −0.51, R2 = 0.38, p < 0.010; Figure 11; Supplementary Figures S4, S8; Supplementary Tables S3, S6, S7) but displays a perfect positive correlation with Al (r = 1, R2 = 0.93, p < 0.010) and a strong positive correlation with iron (Fe) (r = 0.93, R2 = 0.97, p < 0.010). V and Fe co-vary prominently at one major level before the Weissert Event (1.15 m) and again show a major relative enrichment peak towards the end of the event (between ∼0.90 and ∼1.50 m). The overall average V concentration is 46.9 ± 103.2 ppm (SD), with higher concentrations (∼85 ppm) found in the more OM-rich layers, while the lighter limestone layers yield a much lower mean value of 12.9 ppm. Unusually high enrichment of V relative to Al would indicate that thermal loss of organic carbon (TOC) is not the dominant mechanism of V enrichment (Davies et al., 2000). Since under weak reducing conditions, V species may be partially blocked by sulfide complexation (Lewan, 1984; 1997; Killops and Killops, 2013), leading to enhanced Ni absorption, thus, the relatively higher Ni enrichment compared to background levels (Figure 11) is consistent with Ni absorption into organic compounds under weak reducing conditions (Morse and Luther III, 1999). Hence, V depletion further confirms the absence of strong reducing phases in this interval (Breint and Wanty, 1991; Lipinski et al., 2003).
The decoupling of V from Fe after the onset of the Weissert Event, as seen with Mo earlier, suggests that additional factors influence the behavior of V because both Fe and OM can act as scavenging agents (Helz et al., 1996). The negative correlation with TOC and the strong co-variance with Fe and Al reflects complex interactions between V, OM, and mineral phases under varying redox conditions, particularly during significant paleoenvironmental stress. A significant increase in vanadium occurs concurrently with elevated levels of S, Ni, Mo, Th, Tl, and U between 1.42 m and 1.45 m (Figure 11), suggesting increasingly reducing conditions (Figure 12; Supplementary Figure S8).
Additional redox proxies can also use S enrichment which occurs in marine sediments through the formation of sulfides, including pyrite and potentially molybdenum sulfides, particularly under euxinic conditions (Emerson and Huested, 1991; Helz et al., 1996; Phillips and Xu, 2021). Consequently, the S/Ca and S/TOC ratios can be valuable indicators of redox conditions and diagenetic processes (Claypool et al., 1980; Calvert and Pedersen, 1993). High S/TOC ratios often signal enhanced sulfate reduction and pyrite formation, indicative of anoxic conditions that favor OM preservation (Hedges and Keil, 1995; Schoonen, 2004). In contrast, lower S/TOC ratios calcium-rich, possibly more oxic settings where carbonate minerals are prevalent (Nriagu, 1978; Claypool et al., 1980; Emerson et al., 1983). In the studied section, S/TOC ratios range from ∼0.31 (1.65 mg/g S, 5.35% TOC) to 1.15 (1.40 mg/g S, 1.22% TOC), where the higher values correspond to anoxic, pyrite-forming conditions (Juncher et al., 2009; Yano et al., 2020). These findings fall within typical marine sediment ranges, implying that reactive iron was sufficiently available for sulfur incorporation (Jickells et al., 2005; Antler et al., 2014; Hülse et al., 2019), facilitating pyrite formation in reducing environments.
Conversely, considering that low S/Ca ratios typically indicate calcium-rich, oxic environments where carbonate minerals dominate (Nriagu, 1978; Leventhal, 1983; Berner and Raiswell, 1984), a high S/Ca ratio of 0.014, corresponding to 1.90 mg/g S and 138.23 mg/g Ca at 2.61 m (Cu-PR-37, microfacies C), suggests a relative enrichment in sulfur. By contrast, the lower S/Ca ratio of 0.0021 in sample Cu-PR-30 (at 1.73 m, microfacies B), with 0.56 mg/g S and 268.32 mg/g Ca, reflects a calcium-rich environment Yano et al., 2020). Both levels occur after the Weissert event, further indicating potential shifts in redox conditions during deposition even in different organic-rich levels (Supplementary Table S9).
Redox-sensitive trace element ratios as redox proxies
As previously discussed, the redox sensitive trace elements (RSTEs) typically show less enrichment in weakly reducing environments compared to anoxic/euxinic settings (Tribovillard et al., 2006). In this study, their use alongside elemental redox ratios (e.g., Ni/Co, U/Th, V/Cr, and V/(V + Ni)) compliment a robust assessment of paleoredox conditions (Figures 12, 14; Supplementary Figure S8). As shown in Figures 11, 12 the La Lata Quarry sediments yielded V/Cr ratios below 2 which suggest steady low oxygen conditions, but not complete or persistent anoxia (Jones and Manning, 1994; Hetzel et al., 2009). The strong correlation of V with Al (r = 1.0) and Li (r = 0.96), along with its increase in carbonaceous layers, implies a possible connection to terrigenous input rather than redox conditions alone (Hatch and Leventhal, 1992).
Overall, the various proxy’s indicative of redox conditions during accumulation applied at La Lata indicate low oxygen settings but lack strong evidence for sulfidic phases that would drive significant RSTE enrichment. The geochemical and lithological variability suggests a complex history of variable redox conditions, diagenesis, and possible post-depositional alteration.
Pyrite morphology and implications for redox conditions in the Proto-Caribbean Basin
Pyrite as a signal of redox conditions in ancient sediments and modern environments is widely asserted to indicate oxygen-deficient settings (Kremling, 1983; Wilkin et al., 1996; Wilkin et al., 1997; Donald and Southam, 1999; Juncher et al., 2009), but the natural geochemical mechanisms of pyrite morphology have been widely debated. Nonetheless, the critical role of hydrogen sulfide (H2S) and OM-mediated by sulfate reducing bacteria (SRB) is well recognized (e.g., Jørgensen and Bak, 1991; Wilkin et al., 1996). Donald and Southam (1999) demonstrated the role of dissimilatory sulfate reducing bacteria in microcrystal and framboid pyrite formations, although similar processes have also been replicated -without bacteria-in laboratory experiments that led to the postulate that framboid can be formed due to rapid nucleation in euxinic water column without biological intervention (Butler and Rickard, 2000). It has also been established that in sedimentary deposits framboid formation predominantly occurs just beneath the O2-H2S redox boundary due to the availability of reactants and relatively high Eh conditions (Wilkin et al., 1996; Wilkin et al., 1997; Butler and Rickard, 2000). With respect to size, Wilkin et al. (1996), Wilkin et al. (1997) indicated that framboid nucleation in water columns under anoxic/euxinic conditions is rapid, hence the unit sizes are smaller than framboid nucleation that takes place within anoxic/euxinic sediment pore water, even though the overlying water column may be oxic. Consequently, framboids are smaller in diameters (<6 μm) in deposits associated with anoxic/euxinic conditions, whereas in standard marine dysoxic settings framboids tend to be larger (>6–10 μm) (Wilkin et al., 1996; Bond and Wignall, 2010). Wignall and Newton (1998) further advanced the concept to apply the maximum framboid diameter (MFD) as an indicator of bottom water oxygen levels. This approach has proven effective in using framboid size distributions as a proxy to infer paleoredox states across geological time (e.g., Wilkin et al., 1996; Wignall and Newton, 1998; Bond and Wignall, 2010; Nielsen et al., 2011; Wang et al., 2012). In La Lata quarry succession, levels such as microfacies A, or limestone with low TOC show limited pyrite formation which is predominant in facies with higher TOC where framboid pyrite occurs with variable size ranges (Figures 4A–D, Figures 9A1-4; Supplementary Figure S3). We infer that where small framboid diameters (<10 μm) occur they imply nucleation in the water column under dysoxic conditions, whereas intermittent non-euxinic nucleation episodes in the pore waters formed the larger pyrite nodules (>14 μm).
This variability in framboid size further reflects rapid shifts between dysoxic, possibly euxinic, and less reducing conditions, indicating episodic redox fluctuations (Figures 12, 14; Supplementary Figure S8). The moderate correlation between S and TOC (r = 0.51) and the strong correlation between S and Fe (r = 0.96; R2 = 0.93), though not statistically significant (p = 1), suggest that sulfur sequestration through pyrite formation was prevalent (though not the greatest sulfur sink) (Figures 7, 14). The scattering of data points around the pyrite line (Fe/S = 0.87) (Figure 14) likely reflects variability in pyrite formation pathways suggesting that framboidal pyrite formed under more reactive, early depositional conditions taking place in the water column or sediment, whereas the larger pyrite nodules formed later as diagenetic products (Ardakani et al., 2024). This also corroborated by the textural perturbation caused by the pyrite crystal growth on the surrounding fabric as seen in thin sections (Figure 14; Supplementary Figure S3).
CONCLUSION
This study characterizes the Weissert Event in the Sierra de los Órganos, Western Cuba. It integrates a multiproxy geochemical approach with a detailed sedimentary analysis to elucidate the complex interactions between regional oxygen depleted conditions and global perturbations of the carbon cycle during the Early Cretaceous. Our findings highlight the critical role of the Proto-Caribbean passive margins as a carbon sink during the Valanginian with evidence suggesting a broader influence on regional organic carbon sequestration both prior to and following that stage. The sedimentary record from western Cuba provides unique insights into the local response of marine ecosystems to local forcing factors, providing a valuable case study for understanding the Proto-Caribbean environments during the Early Cretaceous period.
The results reveal that OM preservation within the studied section was enhanced by a continuous influx of terrestrial material, which coincided with variable and prolonged low oxygen (dysoxic) conditions. Fully anoxic environments were not reached, as indicated by consistently low RSTE ratio, because the absence of a fully developed sulfidic phase limits the enrichment of redox-sensitive trace elements. Furthermore, OM preservation was enhanced by terrestrially sourced input showing a robust correlation with redox conditions favorable to carbon sequestration in the basin. While the primary source of the OM remains undetermined pending biomarker and pyrolysis analysis, the presence of diverse lithologies, micropaleontology, and varying geochemical signatures suggest that these sediments have recorded a complex history of deposition, diagenesis, and possibly post-depositional alteration.
These findings are particularly significant in the context of current global climate change, as they enhance our understanding of past oceanic conditions and provide valuable insights into potential future trends. The study also underscores the importance of terrestrial runoff and nutrient fertilization in driving bioproductivity and influencing OM production and preservation. The Valanginian Weissert Event in the Proto-Caribbean Basin, as recorded in the Sierra de los Órganos, underscores the impact of global climatic and oceanic shifts on regional marine ecosystems.
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