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Abstract. The origin, intensification and paleogeographic drivers of the South Asian Monsoon (SAM) since the Eocene, 

remain poorly understood mainly due to the paucity of suitable seasonal proxies coupled with climate simulations. This study 

evaluates the seasonal climate variability and potential presence of SAM-like conditions based on geochemical proxy-based 15 

sub-annual climatic reconstruction recovered from late-middle Eocene fossil oyster shell material from the Kutch basin (India), 

interpreted in the framework of Community Earth System Model (CESM) climate simulations. A thick-shelled honeycomb 

oyster species Pycnodonte kachchhensis is used as a natural palaeoclimate archive. Bulk sediment organic carbon isotope 

stratigraphy places the oyster horizon within the late Bartonian, after the Middle Eocene Climatic Optimum (MECO) from 

which a previous oyster fossil study provides comparison. Clumped isotope thermometry indicates low seasonal variability 20 

with sea surface temperatures of 31−2.1
+2.2 to 36−2.7

+2.8 °C and evaporative conditions (18Ow: 0.6−0.4
+0.4 to 1.6−0.5

+0.6 ‰), within a 

restricted late Bartonian lagoonal setting. Trace element profiles in oyster shells indicate a low-nutrient environment and 

capture around two years of the oysters’ lifespan, reflected in seasonal variations along the shell growth axis. Stable isotope 

data from the multiyear shell archive indicates annual temperature drops associated with periods of higher rainfall to 

evaporation. The observed pattern is consistent with CESM simulation showing a nascent SAM as well as precipitation outside 25 

the main monsoon months due to moisture transport from the open seaway between India and Eurasia.  However, a modern-

like monsoon with strong seasonal contrasts and pronounced winter temperature minima was not yet established in the study 

area, possibly owing to the tropical palaeolatitude of the region (~8° N) and palaeogeographic factors such as the open northern 

seaway of Greater India. Observed climatic and seasonal variability are comparable to the underlying MECO oyster record, 

despite the early Bartonian hyperthermal conditions and the gradual decline in pCO2 toward the late Bartonian, suggesting a 30 

limited sensitivity of equatorial climate to atmospheric CO2.  

1 Introduction 

Significant tectonic and palaeogeographic changes in Asia involving the collision of the Indian subcontinent with Eurasia, the 

closure of the Himalayan Foreland Basin, the retreat of the Central Asian Paratethys, and the uplift of the Tibetan Plateau since 

the middle Eocene are designated as potential drivers of the onset, intensification and modulation of the South Asian Monsoon 35 

(SAM) until its modern establishment (Huber and Goldner, 2012; Dimri et al., 2016; Tardif et al., 2020, 2023; Mitra and 

Halder, 2024). However, deciphering between these potential drivers is difficult because the timing of the onset and 
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intensification of the SAM remains debated, with estimates ranging from the late Eocene (~40 Ma) to the early Miocene (~20 

Ma), based on both climate modelling and proxy-based studies (Abhik et al., 2026 and references therein). While some 

researchers propose that a fully developed SAM existed by the late Eocene (Huber and Goldner, 2012; Licht et al., 2014), 40 

others argue that a modern-like Indian monsoon system, characterized by strong summer precipitation had not yet fully formed 

during that time (Tada et al., 2016). Rather an arid zone is suggested for Northern India from 42-38 Ma by climate modelling 

with seasonal changes associated with shifts of the Intertropical Convergence Zone (ITCZ) towards low latitude equatorial 

regions (Tardif et al., 2020, 2023). 

Proxy records of monsoonal conditions are challenging because typical palaeoclimate proxies record long-term climate trends 45 

over thousands to millions of years rather than shorter-term climate variability, down to the seasonal scale, required to detect 

monsoons. Calcium carbonate shells of molluscs, which grow incrementally, capture climatic and environmental signals 

throughout their ontogeny at a sub-annual to seasonal and even day scale resolution (Stenzel, 1971; Kirby et al., 1998; Evans 

et al., 2013; Bougeois et al., 2016; de Winter et al., 2017a, 2020; Scholz et al., 2024). Stable isotope sclerochemistry of fossil 

shells is a powerful tool for reconstructing sub-annual climate, as growth-increment-resolved carbonate records capture 50 

changes in temperature, and hydrologic cycle (de Winter et al., 2018; Arndt et al., 2025; Mitra et al., 2025). Oyster shell exhibit 

cyclical, seasonal patterns in stable isotopes, as well as in trace element to calcium concentration ratios (Mg/Ca, Sr/Ca, Cu/Ca, 

Zn/Ca, Ba/Ca etc.; Mouchi et al., 2013, 2025; Bougeois et al., 2014, 2016; de Winter et al., 2018, 2020, 2021; Mitra et al., 

2025). The incorporation of certain trace elements in bivalve shells has been interpreted to vary with seasonality and 

environmental conditions (Goodwin et al., 2013; Burioli et al., 2017; Poitevin et al., 2020; Liu et al., 2021; Budko et al., 2021; 55 

Mamede et al., 2022; Cardoso da Silva et al., 2024). The geochemical behaviour of rare earth elements (REE) investigated in 

fossil oyster shells suggest that REE signatures can be preserved and potentially reflect paleoenvironmental conditions, but 

these patterns can be affected by diagenetic overprints and biological fractionation (Akagi and Edanami, 2017; Briant et al., 

2021; Valdés-Vilchis et al., 2021; Mouchi et al., 2020; Barrat et al., 2023); for example, REE patterns in Crassostrea gigas 

reflect environmental variations, while REE incorporation in Ostrea edulis appears largely unaffected by environmental factors 60 

(Mouchi et al., 2020). Based on a careful assessment of the integration of trace element, REE concentrations and stable isotope 

geochemistry from fossil oysters, this study explores the seasonal variability and environmental control on these proxies while 

attempting to reconstruct seasonal variations related to SAM in the ideally located late middle Eocene Kutch Basin, western 

India. 

The pericratonic Kutch Basin belongs to the circum-Tethyan carbonate ramp that evolved in response to the Eocene tectonic 65 

reorganization associated with the India-Asia collision (Mutti and Hallock, 2003; Höntzsch et al., 2011; Martín-Martín et al., 

2024). The easternmost extension of the carbonate ramp, represented by a very thick limestone deposition (the Fulra 

Limestone), formed in the late Bartonian tropics (Biswas, 1992; van Hinsbergen et al., 2015; Banerjee et al., 2018; Fig. 1a-d). 

This formation postdates the Middle Eocene Climatic Optimum (MECO ~41 Ma; Khanolkar et al., 2017) characterized by 

high temperatures of 32-35 °C (Mitra et al., 2025), and predates the late Oligocene cooling (Sarkar et al., 2003). Though, 70 

records from the early to middle Eocene preceding the carbonate ramp formation (Mitra et al., 2022, 2025; Evans et al., 2018) 

are available, climatic conditions and seasonal dynamics during the ramp formation itself remain unrecorded in Kutch, despite 

its particularly strong potential to provide a seasonal record to test the alleged occurrence of monsoons in that period as well 

as quantify its intensity and determine its characteristics. 

The Fulra Limestone is characterized by an abundance of Larger Benthic Foraminifera (LBF; Fig. 1d-j), with molluscan 75 

assemblages dominated by two exceptionally large species, the oyster Pycnodonte kachchhensis Kachhara et al., 2011 and the 
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gastropod Turbinella bulbiformis Sowerby, 1840, both originating from the lower part of the formation (Fig. 1d, g-h; Kachhara 

et al., 2011). The thick-shelled oyster P. kachchhensis, with its preserved calcium carbonate shell, is used in this study as a 

palaeoclimate archive. Pycnodonte Fischer Von Waldheim, 1835, (family Gryphaeidae Vialov, 1936), an extinct sessile oyster 

genus, incorporate continuous area-specific information into their shells, especially in the resistant foliated calcite layers, 80 

making them excellent archives for palaeoclimate and palaeoenvironmental reconstructions (de Winter et al., 2018). They are 

predominantly found in palaeotropical regions but also occur in higher latitudes, highlighting their adaptability to a broad 

range of conditions from stable offshore settings to shallower, waterlogged substrates (Bottjer et al., 1978; Dhondt et al., 1984; 

de Winter et al., 2018). We present here climate proxy results from these ideal fossil targets. We first assessed the stratigraphic 

position of the studied oyster species in relation to global warming and cooling events using stable carbon isotope (δ13Corg) 85 

chemostratigraphy from bulk sediment samples of the Bartonian Kutch. Seasonally resolved temperatures were then estimated 

through clumped isotope (47) thermometry from the calcitic shell of the oyster species. The 18Ow of the water inhabited by 

the oysters, which is influenced by the precipitation-evaporation cycle and surrounding environmental factors, was estimated 

from the combination of clumped and oxygen isotope values (see e.g. Caldarescu et al., 2021). Proxy-based reconstructions of 

sub-annual temperature and hydrological variability were compared with Community Earth System Model (CESM) 90 

simulations (Baatsen et al., 2020), yielding insights into seasonality and monsoon dynamics during this critical period. 

2 Geological settings 

The studied successions of the Kutch (or Kachchh) Basin comprise the Harudi Formation and the Fulra Limestone (Biswas, 

1992; Fig. 1d). These formations were assigned a late-middle Eocene (Bartonian) age primarily based on Larger Benthic 

Foraminifera (LBF), and broadly supported by dinoflagellate assemblage, smaller benthic and planktic foraminifera, and 95 

strontium isotope ratios (Fig. 1d, Anwar et al., 2013; Saraswati et al., 2016, 2018; Khanolkar and Saraswati, 2015, 2019; Das 

et al., 2024). We report here chemostratigraphic data from these Harudi Formation and Fulra Limestones and schlerochemistry 

results from oyster fossils recovered from the Fulra Limestone that complement previous results from fossil oysters from the 

Harudi Formation (Mitra et al., 2025). 

The Fulra Limestone, characterized by a carbonate platform deposition (Shallow Benthic Zone: SBZ17; Planktic Foraminiferal 100 

Zone E12; Fig. 1d; Khanolkar and Saraswati, 2019), is part of the Eocene circum-Tethys carbonate ramp system (Racey, 2001; 

Banerjee et al., 2018). It was deposited in environments ranging from shallow lagoons to deeper open marine settings, as 

evidenced by orthophragminid mudstone, nummulitic grainstone, and Alveolina wackestone (Fig. 1d-j; Banerjee et al., 2018). 

P. kachchhensis specimens for this study are sampled from the lower part of the Fulra Limestone, ~5-7 meters above the 

Harudi-Fulra boundary and coinciding with the first appearance of LBF species Alveolina elliptica (Fig. 1d,g-h; SBZ17, E12: 105 

Banerjee et al., 2018). The oyster specimens occur within limestone matrix (Fig. 1d,g). We sampled oyster shells preserved 

within the rock that are generally intact, closely packed, and in some cases articulated and preserved in life position. Loose 

shells affected by apparent weathering of the limestone commonly were discarded. The depositional unit containing Alveolina 

wackestone, indicates a lagoonal setting bordered by nummulitic grainstone (Banerjee et al., 2018; Das et al., 2024). Further 

stratigraphic age and depositional environment interpretations will be discussed in light of the results. 110 
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Figure 1. Palaeogeographic position of India during (a) Baronian with palaeo-altitude following Montheil et al., 2026; 

(b) Position of the study site in present Indian political map; (c) Satellite image of the study locality (Source: Images © 

2025 NASA, Map data © 2025 Google - https://maps.google.com, last access: 16 January 2026) with sampling location 

of Pycnodonte, bulk sediment samples (this study), and Flemingostrea (Mitra et al., 2025). (d) Lithostratigraphic section 115 

of the Bartonian onshore Kutch Basin; biostratigraphy following Khanolkar and Saraswati (2015, 2019), Banerjee et 

al. (2018) and Das et al. (2024); (e-j) Fulra Limestone field photographs: (e-f) Basal Fulra Limestone vertical section 

with high concentration of Discocyclina sp. near Harudi Formation type section; (g-h) Fulra Limestone unit with T. 

bulbiformis and P. kachchhensis; (h) Alveolina sp. at the banks of Berwali River; (i) Top of Fulra Limestone unit with 

high concentration of (j) Discocyclina sp. near Jadva village. 120 

 

3 Materials and methods 

3.1 Bulk sediment samples δ13Corg measurement 

A total of 46 sediment samples were systematically collected at 0.70 m stratigraphic intervals, with additional sampling at 

lithological contacts, from surface exposures extending from the Harudi Formation (early Bartonian) to the uppermost Fulra 125 

Limestone (late Bartonian) in the Kutch Basin (Fig. 1d-i). The Harudi Formation samples were collected from the Harudi type 

section (Fig. 1c-d; 23°31'33.58" N, 68°41'7.89" E). Fulra Limestone samples were collected from exposures near the Harudi 
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village (Fig. 1c-d, e-f; 23°31'25.80" N, 68°41'7.94" E) and the banks of the Berwali river (Fig. 1c-d, g-h; 23°30'23.56" N, 

68°40'2.51" E) for the lower part, and another vertical section (Fig. 1c-d, i-j; 23°30'32.80" N, 68°36'38.64" E) near the village 

of Jadva, containing its boundary with the overlying Maniyara Fort Formation (Oligocene). The sedimentary rock samples 130 

were weighed and treated with 2M hydrochloric acid and left for 24 hours to ensure complete inorganic carbon removal as 

CO2. The remaining sample fractions were separated from the residual acid through repeated washing with deionized water. 

The samples were then oven dried at 60 °C. 

The δ13Corg was determined by a Euro EA Elemental Analyzer (CHNS) and EuroVector HT-PyrOH combustion system 

coupled to a Nu Instruments Horizon 2 isotope ratio mass spectrometer. The results are calibrated using two international 135 

standards, IAEA-C6 (sucrose δ13C = −10.45 ‰) and IA-R068 (soy protein δ13C = −25.22 ‰), together with in-house reference 

material IVA33802153 (organic-poor sediment δ13C = −22.88 ‰), which is calibrated against these international standards. 

All δ13Corg values are reported relative to Vienna Peedee Belemnite (VPDB). Standard deviations for all standards based on 

repeated analyses are as follows: IAEA-C6 (sucrose): ±0.25 ‰ (n = 13), IA-R068 (soy protein): ±0.82 ‰ (n =13), and 

IVA33802153 (organic-poor soil): ±0.39 ‰ (n = 4). The δ13Corg values were plotted against the lithostratigraphic column. 140 

Rapid environmental perturbations and depositional hiatuses can produce spurious shifts in δ13Corg records; therefore, we have 

applied a three-point moving average to smooth out short-term noise and reveal systematic excursion(s) (Table S1).  

3.2 Oyster sample preparation 

Three very thick shelled P. kachchhensis specimens (Figs. 2, S1), collected from a surface exposure of Fulra Limestone near 

Harudi village (Fig. 1A-C; 23°30′23.56″N, 68°41′02.51″E), close to Berwali river during a fieldwork trip in January 2024 145 

were selected for this study. The specimens were cleaned, dissected using a diamond coated saw, and one halves were prepared 

as 05 mm thick sections following the methodology outlined in Mitra et al. (2025). The other halves of the sections were 

prepared as thin sections by mounting on glass slides and polishing them to a final thickness of 100 µm. The thick sections 

were analyzed using micro-X-ray fluorescence (µ-XRF) and Laser Ablation - Inductively Coupled Plasma Mass Spectrometry 

(LA-ICP-MS), and finally micro-drilled to collect calcite powder for conventional oxygen (18Occ), carbon (13Ccc) and 150 

clumped isotope (47) analyses, while the thin sections underwent microscopic colour scanning and scanning electron 

microscopy analyses. 

3.3 Microscopy and scanning electron microscopy 

The thin sections were photographed using an Olympus BX43 visible light microscope equipped with SC50 camera (ISTeP, 

CYU). Secondary electron images were acquired using a Zeiss GeminiSEM 300 at CYU Scanning Electron Microscope under 155 

high vacuum (HV) conditions, with a 60 µm aperture and an accelerating voltage (EHT) of 15 kV. 

3.4 Micro-X-ray fluorescence 

Elemental mapping of major and trace elements (e.g., Ca, Si, Fe, Mn) was performed using the Bruker M4 Tornado energy-

dispersive µXRF scanner (Bruker Nano GmbH, Berlin, Germany) at AMGC-VUB. The mapping acquisition settings follow 

the methodologies outlined by de Winter and Claeys (2017) and Kaskes et al. (2021). High-resolution mapping of shell cross 160 

sections was conducted with an X-ray spot size of 25 µm and a dwell time of 10 milliseconds per spot. Given that Mn and Fe 

are primary indicators of diagenetic remineralization in calcite minerals (Al-Aasm and Veizer; 1986; Steuber, 1999; de Winter 

et al., 2018), shells displaying minimal Mn and Fe concentrations, especially in the resilifer region, were used for stable isotope 

analyses. Micro-X-ray fluorescence line scans were carried out on the most pristine resilifer-edges of the specimens using a 
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25 µm spot size with a 25 µm gap between spots, and a dwell time of 60 seconds per spot, following recommendations for 165 

optimal balance between spectral quality and spatial resolution (de Winter et al., 2017b). The line scanning setup ensured 

sufficient time to generate stable spectra with quantifiable results for elements of interest, in accordance with the 

recommendations of de Winter and Claeys (2017). All µ-XRF line scans were quantified using the Bruker Esprit fundamental 

parameters (FP) method, calibrated against the BAS CRM 393 limestone standard (Bureau of Analyzed Samples, 

Middlesbrough, UK). 170 

3.5 Element concentration line scans from Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry (LA-ICP-

MS) 

Spatially resolved elemental concentrations for Na, Mg, Ca, Ti, Mn, Fe, Ni, Cu, Zn, Sr, Ba, La, Ce, Pr, Nd, Sm, Pb, Th and U 

were calculated from a calibrated transient signal recorded during LA-ICP-MS line scanning in the growth direction on the 

thick sections of the P. kachchhensis shells (K/Pk/01,K/Pk/02 and K/Pk/03) and additionally three pristine F. pseudoflemingi 175 

shells of the early Bartonian Kutch (K/Fl/15, K/Fl/38, K/Fl/57; Mitra et al., 2025). Two parallel line-scans were conducted on 

each pycnodont shell: one along the resilifer edge, following the same path as the non-destructive µ-XRF scan, and the other 

approximately 2 mm further inside the cross-section. The analysis was carried out at the ICP-MS lab of AMGC-VUB relying 

on a Teledyne Iridia 500 Hz 193 nm ArF excimer laser system coupled to an Agilent Technologies 8900 configuration for 

Advanced Applications tandem ICP-MS instrument. Continuous scanning along shell transects using a laser spot of 25 µm and 180 

sampling interval of 25 µm yielded a total of 4812 datapoints. Elemental concentrations were calibrated by bracketing the 

analysis runs with certified reference materials from the US Geological Survey (USGS), including BIR-1G, BHVO-2G, and 

Max Planck Institute - DING Reference Glass standards GOR128-G, GOR132-G, StHs6/80-G, ML3B-G, ATHO-G, KL2-G, 

as well as Standard Reference Material SRM612 from the National Institute of Standards and Technology (NIST). Based on 

repeated analyses of these reference materials, accuracy and precision is estimated to be better than 5-15% relative standard 185 

deviation (RSD), depending on the determined concentration level. 

3.6 Stable carbon (δ13Ccc) and oxygen (δ18Occ) isotope analysis 

Calcite powder samples were collected by drilling at regular intervals of 1 mm from the resilifers of two P. kachchhensis oyster 

specimens K/Pk/01 and K/Pk/02. The drilling was carried out by a computer-driven high precision Merchantek video 

controlled micro-mill device at AMGC-VUB laboratory using a tungsten drill-bit of 300 nm. The drilling speed was set to 5 190 

%, and the drill bit was stopped every five seconds to prevent overheating and damage to the calcite crystals. The surface of 

the oysters and the drill bit were cleaned after every sample. 

Aliquots of 250-300 µg of the sample powder were subjected to a reaction with 104 % phosphoric acid (H3PO4) at 70 °C in a 

NuCarb carbonate preparation device. The resulting stable oxygen and carbon isotope compositions (δ13Ccc and δ18Occ) were 

determined with a Nu-Perspective isotope ratio mass spectrometer at the AMGC-VUB lab. The δ13Ccc and δ18Occ values 195 

reported in this study are expressed in per mil (‰) units relative to the VPDB standard. As reference material the calcitic NBS-

19 (δ13C: 1.95 ‰; δ18O: -2.2 ‰) was used, while an in-house Marbella marble standard (δ13C: 3.41 ± 0.05 ‰; δ18O: 0.13 ± 

0.10 ‰; n = 15) was measured after every seventh sample for drift correction and quality control. 

3.7 Clumped isotope (Δ47) thermometry 

Clumped isotope thermometry was performed on equidistantly (1 mm) sampled calcite powders from the resilifer region of 200 

K/Pk/02, which shows clear quasi-cyclic pattern in its δ18Occ and trace elements to calcium profiles (see Sect. 5.1) and has 

evidence of minimum Mn and Fe incorporation. Aliquots of 4.5-5.5 mg were taken from each powdered sample, representing 
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zones with relatively higher and lower δ18Occ values. Nine to 11 replicates of ~500 μg were analyzed of each drilled powder. 

The clumped isotope measurements were carried out using a NuCarb preparation device connected to a Perspective-IS isotope 

ratio mass spectrometer equipped with extra Faraday cups to record besides the more common CO2 isotopologues (m/z 44 to 205 

46) also the less abundant isotopologues with mass 47, 48 and 49 at AMGC-VUB. In each measurement sequence, a set of the 

calcitic ETH4, IAEA C1 and IAEA C2 standards was included as check standards to monitor the performance of the analytical 

setup and correction procedure. The 47-raw data were processed with simultaneously measured ETH-1, ETH-2 and ETH-3 

standards, from which an empirical transfer function (ETF) was determined by plotting their raw values versus their published 

accepted values at the I-CDES90 scale (Bernasconi et al., 2018; 2021). The ETF was constrained with the EASOTOPE 210 

software (John and Bowen, 2016) for the whole correction interval used for this project and then used to convert the 47 raw of 

unknown samples and check standards into the final 47 I-CDES90 values. The temperature relationship of Anderson et al. (2021) 

was applied to derive the Δ47-temperature as this calibration was constrained with the same set of calcite standards. Raw carbon 

and oxygen isotope values were converted relative to VPDB with a drift correction using the ETH-1, ETH-2 and ETH-3 

standards with their published values of Bernasconi et al. (2018) and in case of the oxygen isotope composition, the acid 215 

fractionation of 1.00871 (Kim et al., 2007) was added prior to the drift correction. The relationship by Kim and O’Neil (1997) 

was used to calculate the oxygen isotope composition of the water source (δ18Ow) in which the shells formed from the 

paleotemperature and the δ18Occ value. Uncertainties of the clumped isotope analysis results are reported with 95% confidence 

intervals. 

3.8 Data analysis 220 

3.8.1 Trace element data processing and multivariate analysis 

The raw dataset of trace elements from LA-ICP-MS was processed through background and drift correction and data 

normalization (Lin et al., 2016; Supplementary data S1). Trace element-to-calcium ratios represent the sample points, which 

were filtered for each specimen by setting a threshold at two-thirds of the highest sample density in Principal Component 

Analysis (PCA), following the method outlined by Coimbra et al. (2020). This method was implemented using a Python script 225 

(Supplementary data S2 following Miloikovitch, 2024) where missing and below-detection-limit values in the dataset were 

replaced by zeros, and the data standardized using the StandardScaler class from the Scikit-learn library. Each of the element-

to-calcium ratios were plotted along the growth direction of the specimens resilifer with LOWESS smoothening with an 

interval of 0.05 (Supplementary data S3).  

The element-to-calcium ratio sample points, obtained through LA-ICP-MS were analyzed using Principal Component 230 

Analysis, with sample points from each specimen (K/Pk/01-03 and K/Fl/15,38,57) enclosed within a 95% confidence ellipse 

(Supplementary data S4). 

3.8.2 Comparison with CESM simulation and modern climate 

Bartonian atmospheric pCO2 is estimated to have ranged between ~550 and ~1200 ppm (Foster et al., 2017; CenCO2PIP 

Consortium, 2023). Accordingly, the proxy-derived values are compared with two to four times the pre-industrial CO2 235 

concentration (2-4xPIC; 560-1120 ppm). We compared our reconstructions with outcomes from the CESM run at ~2° × 1° 

atmospheric and ~1° × 0.5° oceanic resolution under 2x and 4x pre-industrial CO2 forcing. The simulations were spun up for 

3500 years (2xPIC) and 4500 years (4xPIC), with additional sensitivity runs exploring modified orbital forcing relative to the 

baseline eccentricity-minimum case for 2xPIC scenario. Results were extracted from the CESM run for the area of interest, 

defined between 7-17° N and 65-75° E, corresponding to the paleogeographic position of the Kutch Basin during the late 240 
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Bartonian (van Hinsbergen et al., 2015; Montheil et al., 2026). Modern sea surface temperature (SST) and surface air 

temperature (SAT) data were obtained from the high-resolution NOAA OISST v2 (0.25° global grids) and CHIRTS (0.05° 

global grids) datasets at weekly resolution for 2010-2016 (Verdin et al., 2020). Precipitation data were acquired from CHIRPS 

(0.05° global grids) at weekly resolution for 2010-2024 (Funk et al., 2015). These datasets were used to generate weekly SST, 

SAT, and precipitation time series for Kutch (68-71.5° E, 22-24.5° N), Kerala (75-78° E, 6-10° N), and southern Bengal (86-245 

90° E, 20-24° N), after which smoothed average curves were fitted to highlight temporal trends. Modern δ18Ow values for 

rivers in these three regions at elevations below 80 m and near their mouths, together with marine surface water δ18Ow data 

from the near-shore Arabian Sea, Indian Ocean, and Bay of Bengal, were compiled from Kirkels (2020) and the Global 

Seawater Oxygen-18 Database (LeGrande and Schmidt, 2006). 

4 Results 250 

4.1 Carbon isotope stratigraphy 

The early Bartonian Harudi and late Bartonian Fulra Limestone record δ13Corg in the range of -21.71 ‰ to -26.51 ‰, 

respectively (Table 1). The units overlying the Coquina Limestone of the Harudi Formation (~5 m) exhibit an increasing trend 

in δ13Corg values, which becomes more pronounced in the Fulra Limestone (Table 1). The stratigraphic layer containing P. 

kachchhensis and T. bulbiformis (18-22 m from base) has δ13Corg values around -23 to -24 ‰ (Table 1).  255 

Height (m) δ13Corg VPDB (‰) Height (m) δ13Corg VPDB (‰) 

Harudi Formation Harudi Formation 

0 -25.79 10.6 -24.90 

0.3 -25.58 11.3 -24.27 

0.6 -25.48 12 -24.62 

0.9 -25.49 12.7 -24.63 

1.2 -24.44 13.4 -24.73 

1.5 -23.94 Fulra Limestone 

2.1 -24.45 14.1 -23.42 

2.3 -24.63 14.8 -23.40 

3.4 -24.34 15.5 -23.18 

3.6 -23.25 16.2 -22.98 

3.8 -24.10 17.6* -23.33 

4.0 -23.91 18.3* -23.27 

4.2 -24.71 19* -23.74 

4.8 -26.51 19.7* -23.53 

5.6 -26.20 20.4* -23.86 

6.0 -25.09 21.1 -24.80 

6.8 -22.90 21.8 -23.85 

7.2 -25.32 22.5 -24.51 

8.0 -26.13 23.2 -23.72 

8.4 -22.02 28.8 -23.39 

8.6 -21.87 29.5 -22.68 

8.8 -21.71 31.6 -23.19 

9.2 -21.74 34.4 -22.53 

9.9 -25.14   

Table 1. δ13Corg values from bulk sediment samples from the basal Harudi Formation (early Bartonian) to Fulra 

Limestone (late Bartonian). P. kachchhensis horizon is marked by *. 
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Figure 2. (a-c) Cross-sectional photograph of Pycnodonte kachchhensis shells: (a) K/Pk/01 (b) K/Pk/02 and (c) K/Pk/03; 260 

(d-f) Thin section microscopic images: (d) Foliated calcite from the resilifer zone of K/Pk/02; (e-f) Foliated and vesicular 

calcite in (e) K/Pk/03 and (f) K/Pk/02; (g-i) SEM images of foliated and vesicular calcite zones from K/Pk/02; (j-l) µXRF 

scanning map of Ca, Si, Mn and Fe (colour coded, red lines indicate the µXRF line scanning profile) of (j) K/Pk/01, (k) 

K/Pk/02 and (l) K/Pk/03; (m) Elemental heatmap of Fe in K/Pk/03. 

4.2 Microscopy and µXRF elemental mapping of oyster shells 265 

Two distinct colour zones are visible in the polished Pycnodonte thick-sections under normal light (Fig. 2a-c). Thin, light 

brown layers extend from the edge of the resilifer, while thicker bands of light yellowish to white layer are nearly absent at the 

resilifer's edge but become progressively more prominent further to the interior of the shell (Fig. 2a-c). In thin-sections, the 

thin dark layers near the resilifer edge exhibit a tightly bundled, foliated calcite structure (Fig. 2d-f). In contrast, the pale layers 

display a vesicular, honeycomb-like calcite texture with noticeable voids (Fig. 2e-f). Scanning electron microscopy (SEM) 270 

reveals a shallow relief with earthy texture within the honeycomb like structures, giving them a spongy and porous appearance 

(Fig. 2g-h; de Winter et al., 2018). Very thin regions with relatively lower relief mark boundaries between the honeycombs. 
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The foliated layers lack internal features, exhibiting a bladed, elongated, and fibrous morphology, clustered together in a 

subparallel arrangement (Fig. 2i).  

Two shells of P. kachchhensis (K/Pk/01,02) are uniform in terms of relative abundance of Ca in the resilifer regions (Fig. 2j-275 

k). The μ-XRF elemental map reveals a narrow zone (2 mm) along the edge of the K/Pk/03 resilifer with relatively higher Ca 

concentration, while rest of the shell has higher Fe and Mn concentrations (Fig. 2l-m). Those thin bands of high Ca content 

consist of foliated calcite as revealed by normal and scanning electron microscopy, while the rest of the shell, characterized by 

higher Fe concentration, consist of vesicular calcite (Fig. 2e). 

Figure 3. (a) Cross-plot between Ca (wt%) and Si (wt%) of all the sample points from the µ-XRF line scans of the 280 

pycnodont specimens (K/Pk/01-03). (b-f) Box and whisker plots of elements (Mn and Fe) and elements/Ca ratios 

(Mg/Ca, Sr/Ca and La/Ca) constituting the sample points from LA-ICP-MS line scans of all the analyzed pycnodont 

transects; PK01_1, PK02_1, PK03_1 indicate the resilifer-edge transects, PK01_2, PK02_2, PK03_2 indicate the 

transects away from the resilifer edges. Box and whisker plots of all the elements are shown in supplementary file Fig. 

S2. 285 
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4.3 Major, Trace and Rare Earth Element concentrations in oyster shells 

Calcium exhibits an inverse relationship with silicon (Fig. 3a); thus, intervals characterized by lower Ca and elevated Si 

concentrations likely indicate structural defects and represent potential zones of diagenetic alteration (R2=0.99, Fig. 3a). Mn 

and Fe concentrations in K/Pk/03 are much higher than in the other two shells (K/Pk/01,02), though other elements to Ca ratios 

remain almost within the same range (Figs. 3, S2). In the resilifer edge, transects of specimens K/Pk/01 and K/Pk/02, Mn and 290 

Fe rarely exceed 150 µg/g, with mean concentrations of 113-115 µg/g for Mn and 41-58 µg/g for Fe, (Figs. 3b-c, 4a-b). In 

contrast, K/Pk/03 shows consistently higher Mn and Fe concentrations, averaging 192 µg/g and 725 µg/g, respectively, 

particularly near the ventral end of the resilifer where Ca falls below 38.0 wt% and Si exceeds 0.3 wt% (Figs. 3a-b, 4c). 

Elevated concentrations of Mn and Fe are observed in areas with high Si and low Ca levels (Fig. 4).  These datasets are included 

in Supplementary Table S2. 295 

 

Figure 4. Plots of Ca and Si wt%, manganese (Mn) and iron (Fe) concentrations along with trace element-to-calcium 

ratios, measured along the growth axes of the resilifers in P. kachchhensis shells: (a-c) resilifer edge transects of (a) 
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K/Pk/01 (b) K/Pk/02 and (c) K/Pk/03; (d-f) transects 2mm away from the resilifer edges of (d) K/Pk/01, (e) K/Pk/02 and 

(f) K/Pk/03. Only one representative trace element-to-calcium ratio profiles from each element category (light metal, 300 

large ion lithophile elements, transition metals and rare earth elements) are shown. All trace element-to-calcium profiles 

is shown in supplementary file Fig. S4. 

Periodic variations in trace element-to-calcium ratios are evident along the growth axes of the oyster specimens (Fig. 4; Table 

S2). In K/Pk/01, ratio profiles along both transects display either overall increasing or decreasing trends (Figs. 4a,d; S3-4). 

The trace element-to-calcium ratios can be grouped into three categories. Light elements (Na/Ca, Mg/Ca: LTE/Ca) show strong 305 

covariation in K/Pk/01 but weak correlations in K/Pk/02 (Figs. 4; S3). Transition metals (Ti/Ca, Ni/Ca, Cu/Ca, Zn/Ca: 

TMTE/Ca) constitute a second group characterized by strong internal covariation. A third group comprises large-ion lithophile 

elements (LILE: Sr, Ba) and REEs (La, Ce, Pr, Nd, Sm), clustered here as LRTE/Ca ratios, which shows the strongest 

correlations amongst them (Figs. 4; S3). Concentrations of Th, and U are too low to be considered for seasonal variability. 

4.4 Carbon, oxygen and clumped isotope analysis 310 

Stable isotope analyses of two P. kachchhensis specimens (K/Pk/01, K/Pk/02) yielded δ13Ccc values ranging from 0.79 to 1.60 

‰ and δ18Occ values from -2.82 to -4.21 ‰ (Table 2). The shell of K/Pk/03 is excluded for stable isotope analysis because of 

high Mn and Fe concentration which points on potential diagenetic overprinting (Sect. 5.1; Figs. 3b-c, 4c-f; Mitra et al., 2025). 

Specimen: K/Pk/01 Specimen: K/Pk/02 

Distance 

(mm) 

δ13Ccc 

VPDB (‰) 

δ18Occ 

VPDB (‰) 

Distance 

(mm) 

δ13Ccc 

VPDB (‰) 

δ18Occ 

VPDB (‰) 

0 1.6 -3.01 0 1.22 -3.01 

1 1.15 -4.21 1 1.3 -3.01 

2 1.32 -3.76 2 1.01 -3.33 

3 1.39 -3.38 3 0.96 -3.5 

4 1.28 -3.73 4 1.13 -3.32 

5 1.33 -3.7 5 1.04 -3.22 

6 1.57 -3.26 6 1.09 -3.04 

7 1.52 -3.13 7 1.01 -3.41 

8 1.33 -3.33 8 1.11 -3.28 

9 1.35 -3.5 9 1 -3.36 

10 1.38 -3.58 10 1.02 -3.24 

11 1.4 -3.49 11 1.22 -2.95 

12 1.49 -3.44 12 1.17 -2.82 

13 1.55 -3.3 13 0.85 -3.18 

14 1.42 -3.4 14 0.83 -3.12 

15 1.47 -3.18 15 1.05 -3.15 

16 1.44 -2.95 16 1.1 -3.33 

17 1.23 -3.14    

18 1.23 -2.85    

Table 2. Isotope (δ13Ccc and δ18Occ) data from two specimens of P. kachchhensis (K/Pk/01 and K/Pk/02). 

Clumped isotope analysis of independent check standards ETH-4, IAEA C1, and IAEA C2  measured alongside the samples 315 

yielded mean Δ47 values of 0.465±0.016 ‰, 0.296±0.012 ‰, and 0.627±0.016 ‰, respectively (Supplementary Table S4) that 

were within uncertainty of their accepted values (ETH-4: 0.4505±0.0035; IAEA C1: 0.3018±0.0025; IAEA C2: 

0.6409±0.0030; see interlaboratory comparison study by Bernasconi et al., 2021). The Δ47 values of the unknown samples fall 
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in an overall range of 0.562±0.008 ‰ to 0.574±0.008 ‰, corresponding to an estimated temperature range of 31−2.1
+2.2 − 36−2.7

+2.8 

°C. Their calcuated δ18Ow varies between 0.6−0.4
+0.4 and 1.6−0.5

+0.6 ‰ (Table 3). 320 

Distance 

(mm) 

δ13Ccc 

VPDB (‰) 

δ18Occ 

VPDB (‰) 

δ18Occ 

VSMOW (‰) 

Δ47 I-DES90 Δ47-T (°C) δ18Ow 

VSMOW (‰) 

No. of 

replicates 

3 0.87±0.04 -3.26±0.1 27.56±0.11 0.562±0.007 35.8−2.7
+2.8 1.2−0.5

+0.5 11 

6 0.81±0.03 -3.04±0.06 27.79±0.07 0.574±0.006 31.3−2.1
+2.2 0.6−0.4

+0.4 9 

8 0.79±0.03 -3.24±0.06 27.58±0.06 0.568±0.010 33.5−3.6
+3.7 0.8−0.7

+0.7 9 

12 0.89±0.02 -2.84±0.03 27.99±0.03 0.562±0.008 35.6−2.9
+3.0 1.6−0.5

+0.6 11 

Table 3. Clumped isotope results with estimated temperature (Δ47-T) and δ18Ow from specimen K/Pk/02. 47-T 

calculated with temperature relationship of Anderson et al., 2021; 18Ow with temperature relationship of Kim and 

O’Neil, 1997; displayed uncertainties are 95% CI. 

5 Discussion 

5.1 Preservation of the shells 325 

Inferring seasonally resolved palaeoclimate and rapid environmental changes of Bartonian age, using fossil oysters requires 

verifying the preservation of the analyzed shells. The pycnodonts are composed of two types of calcite crystals: foliated calcite, 

which forms the inner surface (i.e cross-sectional edge) of the resilifer and extends inward as thin channels (Fig. 2d-f); and 

vesicular calcite, which occupies a larger portion of the shell interior as the oyster grows but is nearly absent near the resilifer 

edges (Fig. 2). The honeycomb-like vesicular calcite in pycnodonts is more prone to diagenetic alteration, as indicated by 330 

higher Fe incorporation, due to its porous structure compared to the more compact foliated calcite (Figs. 2-4; de Winter et al., 

2018). The transect away from the resilifer edge contains higher concentration of Mn and Fe in a wider zone with respect to 

the edge, which is observed in all the specimens (Fig. 4d-f). The area closest to the resilifer margin in pycnodonts contains the 

most pristine calcite, making it ideal for sclerochronological analysis due to its dominance of well-preserved foliated calcite. 

Although Fe concentrations are higher in K/Pk/03 and in transects taken away from the resilifer edges in K/Pk/01-02, the 335 

overall elemental distributions particularly for Mg, LILE and REEs remain largely consistent across samples (Figs. 4, S4). 

Notable exceptions include trace elements such as Na, Ti, Ni and Zn, which show some degree of variability which can be an 

effect of dissolution and reprecipitation (Brand and Veizer, 1980; Casella, 2019). Stable isotope values remained almost the 

same for both the K/Pk/01 and 02 (Table 2) despite the first specimen having relatively higher Fe concentration in the second 

transect (Fig. 4). Thus, only the shell of K/Pk/02 was used for clumped isotope and trace element-to-calcium analysis to avoid 340 

any potential diagenetic effect, which might alter the temperature and seasonal signal in the two other shells. 

5.2 Stratigraphic age correlation 

The Fulra Limestone, which hosts P. kachchhensis lacks precise chronological constraints beyond biostratigraphy i.e. SBZ17 

and E12 which broadly spans approximately four million years (41-37 Ma; Figs. 1, 5). In the underlying Harudi Formation, a 

sharp negative carbon isotope excursion (CIE: ~2 ‰) coinciding with the lowest taxon range zone of SBZ17 and E11 345 

biostratigraphic interval has been interpreted to reflects the MECO event at ~41 Ma (Fig. 5). Although the MECO is not 

typically marked by a major CIE from oceanic foraminiferal chemostratigraphy, records from terrestrial to marginal marine 

settings including the Kutch Basin, document excursions of ~1-2 ‰ in 13Corg (Khanolkar et al., 2017; Ma et al., 2024). The 

Fulra Limestone, conformably lying over Harudi Formation not only lacks any carbon isotope excursions (CIE) but also has 

relatively higher δ13Corg values comparative to early Bartonian units, consistent with the global trend of increasing δ13C during 350 
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the late Bartonian (Table 1; Fig. 5; Henehan et al., 2020; Ma et al., 2024). Consequently, the Alveolina wackestone interval, 

from where P. kachchhensis was collected, is interpreted to represents late Bartonian based on relative chemostratigraphic 

position and biostratigraphic correlation (Fig. 5). 

Figure 5. (a) Atmospheric pCO2 estimates (symbols) with five-point moving average (after CenCO2PIP Consortium, 

2023) (b-c) Records from the Pacific Ocean cores with five-point moving average (after Miller et al., 2020): (b) Pacific 355 

δ18Occ stratigraphy of Eocene based on Cibicidoides spp., (c) Sea level and δ18Ow values; (d) Lithostratigraphic section 

of the Bartonian sequence in the Kutch Basin, with (e) bulk sediment δ13Corg stratigraphy with three point moving 

average from this study along with δ13Corg stratigraphy from Khanolkar et al., 2017, (f) estimated temperatures and (g) 

δ18Ow values from the respective stratigraphic horizons of early Bartonian Flemingostrea (Mitra et al., 2025) and late 

Bartonian and Pycnodonte (this study).  360 

5.3 Palaeoenvironment 

Sedimentological and paleoenvironmental analyses of the late Bartonian Fulra Limestone including facies, ichnology, 

foraminiferal assemblages, diagenetic features, and lithological associations indicate a lagoonal depositional setting at the 

stratigraphic level of P. kachchhensis (Srivastava and Singh, 2019; Banerjee et al., 2018; Das et al., 2024). Its occurrence 

within an Alveolina wackestone horizon further supports a low-energy inner-ramp habitats of alveolinids and pycnodonts 365 

(Ahmad et al., 2014; Kakemem et al., 2023; Moneer et al., 2024). 

5.3.1. MECO to post-MECO environmental shift 

Previous results from the MECO (Mitra et al., 2025) compared to the post-MECO data reported here sheds light on 

paleoenvironmental impact of this major climate event. The early Bartonian Harudi Formation of the Kutch Basin with shale-

dominated lithology is followed by the abrupt transition to a thick carbonate platform deposition in the late Bartonian Fulra 370 

Limestone (Figs. 1d, 5d; Biswas, 1992; Das et al., 2024; personal field observations). This shift is associated with contrasting 

δ13Corg, δ18Ow and δ18Occ signatures between the early and late Bartonian (Figs. 5, 6a; Mitra et al., 2025), the late Bartonian 

dataset reveals in average approximately 1 ‰ higher 18Ow (Fig. 5f-g). Based on benthic foraminifera Cibicidoides spp., which 

has a carbonate δ18Occ value of -0.5 to -1.5 ‰ (Fig. 5b, Lear et al., 2004; Cramer et al., 2011), the tropical seawater δ18Ow value 

during the Bartonian (0 to -1 ‰) was lower than in modern times (0.2-0.5 ‰) in a relatively much higher pCO2 condition (Fig. 375 

5a-b; Schmidt et al., 1999; Tripati et al., 2014). The relatively high δ18Ow values inferred from the P. kachchhensis shells (0.6-
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1.6 ‰) likely reflect local high evaporation within a shallow, semi-restricted basin with limited exchange with the open ocean 

(Chamberlayne et al., 2021), similar to present day highly evaporative conditions of restricted tropical environments 

(McConnell et al., 2009: 2‰) where evaporative conditions enrich the restricted water mass with the heavy 18O isotope (see 

Sect. 5.5.3). The relatively narrow δ18Occ range observed in our results (-2.82 to -3.5 ‰; Fig 6a) likely reflects the opposing 380 

effects of high temperatures (which lowers δ18Occ) and elevated δ18Ow (which increases δ18Occ) since δ18Occ depends on both 

water δ18Ow and temperature (Kim and O’Neil, 1997), resulting in dampened isotopic variability. However, before furthering 

these climate interpretations, other effects potentially affecting these isotopic values have to be considered, namely the depth 

of the preferred growth habitat and vital effects. 

An alternative explanation for the isotope shift could be distinct preferred growth habitats between Flemingostrea and 385 

Pycnodonte, where the latter in this study preferred shallower lagoonal conditions that were influenced by annual to 

multiannual flooding events in generally dry atmospheric conditions. Seasonal variability, captured by changes in seasonal 

temperature and δ18O values, decreases significantly with water depth; by approximately 2.9 °C per 1000 m in tropical regions 

(Xiao et al., 2023), and δ18Ow values differing by 0.3-0.4 ‰ between depths of 150 and 500 m (Sengupta et al., 2013). However, 

we argue that the temperature of the Pycnodonte shells habitat in the shallow mixed-layer above the thermocline is typically 390 

less affected and yields robust relative SST estimates (Hayami and Kase, 1992; Diedrich, 2008; Prasad and Bahulayan, 1996; 

Moneer et al., 2024). Indeed, modern vertical temperature profiles from the surface to depth in analogous mixed layers of 

equatorial to temperate regions show limited gradients (John et al., 2013). This suggest that the records from the early Bartonian 

Flemingostrea that also likely inhabited shallow water depths (Mitra et al., 2025) may be compared to Pycnodonte shell records 

from the late Bartonian (Figs. 5-6).  395 

Potential species-specific vital effects in element incorporation also have to be considered. Here, Principal Component 

Analysis (PCA) of trace element concentrations, including REE data further underscores the role of environmental factors 

(Fig. 6b). Three principal components (PC1, PC2 and PC3) explain 70.63% variance, of which the first component (PC1) 

solely explains 50.04% of the trace elements to calcium datapoints (Figs. 6b, S5). The plots exhibit distinct clustering, clearly 

differentiating pycnodonts (violet dots) from flemingostreas (red, blue and green dots) with PC1 in the x axis (Figs. 6b, S5; 400 

Mitra et al., 2025). Clustering of F. pseudoflemingi specimens by specific region (Mitra et al., 2025) points to environmental 

control of spatial variation, rather than vital effects (Piwoni-Piórewicz et al., 2017; Ricardo et al., 2017; Fig. 6b). 

The PCA results can be further interpreted in terms of paleoenvironmental changes, in particular to distinguish open marine 

vs. riverine input. The strongest contributors to PC1 include La/Ca, Ce/Ca, Nd/Ca, Pr/Ca, and Sm/Ca, indicating the importance 

of light REEs signatures in differentiating these groups (Fig. S6). REEs in seawater primarily originate from atmospheric 405 

fallout, riverine input via continental weathering, and hydrothermal activity (Mouchi et al., 2020 and references therein), and 

thus marine water generally has low REE concentrations (Nothdurft et al., 2004). REE concentrations in the Fulra Limestone 

are relatively low and typical to marine settings (Srivastava and Singh, 2019; Chaudhuri et al., 2022). In oysters, REEs may 

derive from pore water or resuspended sediments as well (Haley et al., 2004; Crocket et al., 2018), leading to fluctuating 

relative abundances without clear temporal cyclicity (Mouchi et al., 2020). The low variability and very low concentrations of 410 

REEs in the Pycnodonte shells strongly indicate a marine environment with minimal freshwater influence. The distinct 

clustering of the late Bartonian P. kachchhensis suggests a geochemically more homogeneous environment compared to the 

early Bartonian F. pseudoflemingi specimens. We thus suggest the study site (23°30′23.56″N, 68°41′02.51″E) likely 

experienced minimal surface runoffs during the late Bartonian, leading to persistently elevated δ18Ow values and limited 

seasonal hydrological variability in the restricted lagoon (Fig. 6c). These observations indicate a shift in Kutch from humid 415 
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conditions (Saraswati et al., 2018) to increasingly evaporative environments from the early to late Bartonian, with both 

organisms recording isotopic signatures of the shallow mixed layer. Whether this transition reflects an overall climatic shift or 

a local environmental change is further discussed below (Sect. 5.5.2) in light of the comparison with climate simulations and 

seasonality interpretations. 

 420 
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Figure 6. (a) Comparing Δ47-T and δ18Ow from the onset of MECO based on Flemingostrea shells (after Mitra et al., 

2025) to post-MECO, based on Pycnodonte kachchhensis shells (37-41 Ma) of the Kutch Basin. Temperature (Δ47-T) is 

plotted against δ18Occ.  (b) PCA plots based on trace element to Ca ratios from the analyzed specimens of P. kachchhensis 

(K/Pk/02) from lagoonal setting of Fulra Limestone and F. pseudoflemingi from shallow shelf setting of Harudi 425 

Formation. PCA plots with all the specimens are incorporated in the supplementary file. (c) Environmental model of 

the late Bartonian P. kachchhensis habitat in the lagoonal setting of the Fulra Limestone: (c1) evaporative conditions 

during the warmest months increased δ18Ow values in a restricted lagoon; (c2) seasonal rainfall triggered seawater 

influx into the lagoon, leading to reduced temperature and evaporation and a consequent decrease in δ18Ow values. 

5.4 Seasonal effect on trace element incorporation 430 

Clumped-isotope-derived SSTs can be compared to CESM simulated annual temperature variability to assign month-relative 

positions of the data points on the growth axis of K/Pk/02. This indicates that Δ47-T values peak during April-May and attain 

their lowest levels in August-September and December-January, showing close consistency between the model results and the 

proxy based estimated values, and suggesting a minimum lifespan of ~2 years in the likely absence of growth cessations (Fig. 

7). Accordingly, trace-element variability was evaluated along the growth axis using sub-annual climate model-based age 435 

estimates. Due to the small seasonal temperature variability in simulated Bartonian conditions for India, trace element 

variability in the shells may be interpreted as primarily influenced by the precipitation-evaporation cycle, which governed 

elemental concentrations in the water. The three elemental groups of light elements, transition metals, and large ion lithophiles 

and REE (LTE, TMTE and LRTE) exhibit consistent intra-group variability across all specimens transects, among which the 

LRTE/Ca pattern is consistent and the strongest (Fig. 7).  440 

The Na/Ca ratio profile exhibits clear annual cyclicity, slowly increasing from March to August, the warmest months, then 

rapidly declining (Fig. 7). It indicates elevated evaporation, supported by higher δ18Ow values in those months, raising Na⁺ and 

salinity (Golan et al., 2016) during the warmest phase of a year. Modern oyster and planktonic foraminifera Na/Ca ratios 

correlate with salinity rather than temperature, supporting their use as paleo-salinity proxies. For example, seasonal 

Crassostrea gigas shells show elevated Mg/Ca, Na/Ca, and Sr/Ca during warm, high-salinity periods (Higuera-Ruiz and 445 

Elorza, 2009), corroborated by planktonic foraminifera and oysters (Mezger et al., 2016; Hauzer et al., 2018; Rucker and 

Valentine, 1961). Rapid declining trend of Na/Ca profile conforms with decreasing Na+ concentration with freshwater influx 

by rainfall and decreasing salinity in parallel. Mg/Ca profiles, commonly interpreted as a paleotemperature proxy in oyster 

shells (Surge and Lohmann, 2008; Bougeois et al., 2014; Durham et al., 2017), does not covary in the pycnodonts with seasonal 

temperature and/or rainfall dynamics (Fig. 7). It is affected by salinity, water Mg/Ca ratio, growth, metabolism, and ontogeny 450 

(Putten et al., 2000; Schöne et al., 2010; Freitas et al., 2009; Mouchi et al., 2013). This highlights Mg/Ca profiles limitations 

in restricted, evaporative or freshwater-influenced environments (Tynan et al., 2017). Transition metals such as Cu are 

incorporated into shells from suspended and dissolved phases, modulated by physiology and environment (Huanxin et al., 

2000).  Because Cu uptake into oyster shells is generally favoured in lower salinity conditions (Huanxin et al., 2000), we 

interpret elevated Cu/Ca ratios during monsoon and post-monsoon months to indicate a strong salinity control on Cu 455 

incorporation. In contrast, enhanced summer evaporation increases salinity, resulting in the lowest Cu/Ca concentrations (Fig. 

7). Increased Ba/Ca ratio is commonly associated with blooms of specific phytoplankton species, typically occurring in modern 

spring (Goodwin et al., 2013; Poitevin et al., 2020; Fröhlich et al., 2022). In this study, lower values of Ba/Ca are noticed 

during the warmest months and reach their highest values in the preceding periods, conforming to the modern observations 

(Fig. 7). Co-variation of Ba/Ca and Sr/Ca with REEs such as La, Ce, Pr, Nd, and Sm suggests that the REEs are also influenced 460 
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by phytoplankton dynamics. Seasonal influences are evident, with peak concentrations of a few trace elements typically 

observed during the spring to summer months in modern oysters as well, likely due to increased phytoplankton productivity 

and/or enhanced fluvial input enriched in trace metals (Liu et al., 2021). While REE incorporation is generally minimally 

affected by seasonality within a 5-20 °C range (Mouchi et al., 2020), the significantly higher temperatures (30-36 °C) during 

the late Bartonian India likely influenced REE uptake.  465 

 

Figure 7. Trace element-to-Ca ratio profiles along the growth axis of K/Pk/02 are plotted together with stable isotope 

data, estimated Δ47-T and δ18Ow values, and CESM-simulated annual temperature and rainfall variations. The Δ47-T 

temperatures along the growth axis are compared with the model-simulated temperature variability, and the trace-

element profiles are subsequently evaluated to assess the presence of seasonal signals. 470 
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5.5 Palaeoseasonality 

Clumped isotope thermometry reveals a relatively narrow temperature range of 31−2.1
+2.2 − 36−2.7

+2.8 °C (Figs. 6a, 7). By sampling 

aliquots from the higher and lower extreme points of δ18Occ curve, we interpret the estimated palaeotemperatures to capture 

both the warm and cool seasonal extremes as recorded in the shell.  

The limited seasonal temperature variability and the estimated δ18Ow (range of ~1‰: 0.6−0.4
+0.4 − 1.6−0.5

+0.6 ‰) explain the minimal 475 

seasonal fluctuations observed in δ18Occ (range of 0.5‰: 0.79 - 1.3‰), suggesting suppressed seasonality during shell growth 

(Fig. 7). The colder temperatures coincide with depleted δ18Ow, which we interpret as a result of increased freshwater input or 

sea-water influx with relatively lower δ18Ow (-0.5 to -1 ‰; Cramer et al., 2011), and/or decreased evaporation. However, 

palaeoenvironmental reconstructions (Sect. 5.3) showing very low concentrations of trace elements and REEs (Fig. 6b) suggest 

limited terrestrial freshwater input, thereby pointing to a dominant influence of direct rainfall in the region and marine water 480 

exchange during periods of precipitation exceeding evaporation (Fig. 6c). The warmer season recorded in the oyster shell 

shows enrichment in δ18Ow, probably due to a higher rate of evaporation than precipitation (Fig. 7).  

 

Figure 8. CESM monthly outputs. The inset shows model topography (km) and coastlines defined by the 0.5 land-

fraction contour; the pre-industrial (PI) coastline is indicated by the dotted line. The solid box denotes Bartonian Kutch 485 

(7-17° N, 65-75° E) simulated under 2x (late Bartonian) and 4x (MECO, early Bartonian) pre-industrial pCO2 (PIC) 

and CH4, while the dotted box denotes modern Kutch (15-25° N, 68-78° E) under pre-industrial and simulated 2,4×PIC 

conditions (following Baatsen et al., 2020). Panels show (a) 2 m surface air temperature, (b) precipitation, (c) sea-surface 

temperature, and (d) wind speed and direction at 925 hPa. 

 490 
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5.5.1 Comparison with CESM simulations  

We interpret the seasonal patterns in our records compared to the climate simulations. Our reconstructed late Bartonian 

palaeoequatorial SSTs of ~31-36 °C were consistently 2-3 °C lower than those simulated in 4xPIC CESM simulations (~35-

38 °C) and falls in the range of 2xPIC simulations (32-35.5 °C; Figs. 8-9, S7; Baatsen et al., 2020). Both the model and proxy 495 

records indicate similarly low seasonal temperature variability (Figs. 7, 8a,c). Proxy-based reconstructions show higher δ18Ow 

values during the warmest months (i.e ~ May), suggesting enhanced evaporation relative to precipitation (Fig. 8a-c). Although 

evaporation is influenced by multiple factors such as temperature, wind speed, specific humidity, dew point, and cloud cover 

(Su et al., 2015; Zhang and Emanuel; 2016), the combination of high atmospheric temperature and decreasing sea-level 

pressure during March-May months (Figs. 9; S7) implies elevated latent heat flux and, therefore, maximum evaporation (Fig. 500 

8). Moist winds from the western coast reached central India, resulting in relatively higher summer precipitation there 

compared to the west coast (Figs. 9c-d; S7). According to the model, precipitation peaks in the modern monsoon to post-

monsoon months (July-October), coinciding with the influx of strong moisture-rich south-westerly winds over the Kutch 

region, very similar to modern monsoon (Figs. 8b,d, 9f). Outside the summer and monsoon interval, CESM simulations 

indicate moderate precipitation even in modern winter months (November-February) in Bartonian Kutch (Figs. 8b, 9). The 505 

northern seaway between India and Eurasia, which have served as a probable source of moisture contributing to precipitation 

till early Eocene (Tardif et al., 2023; Meijer et al., 2024), remained open till the middle Eocene and was likely closed by the 

late Eocene (Akhmetiev et al., 2012; Wadood et al., 2021; Montheil et al., 2026). CESM simulations indicate moisture transport 

from the northern relic-Tethys seaway and promoted rainfall in the Kutch region during post-monsoon to modern winter 

months of Eocene by northeasterly flowing wind (Figs. 9a-b, S7). Despite the absence of a pronounced low-pressure system 510 

in late Bartonian western India, rainfall persists during post-monsoon (Figs. 8, 9a-b), indicating that precipitation was not 

solely controlled by ITCZ dynamics. Proxy-derived lower δ18Ow values (0.6-0.8‰) during September-December (Fig. 7) 

indicates sustained precipitation during monsoon and post-monsoon periods, consistent with model results. Rainfall was thus 

likely influenced by palaeogeographic factors, including Tibetan Plateau uplift (Farnsworth et al., 2019; Abhik et al., 2026) 

and open seaways in northern India (Figs. 1a, 9; Montheil et al., 2026) that enabled sustained moisture supply independent of 515 

classic monsoonal forcing (Figs. 9, S7), consistent with a nascent monsoonal regime with low temperature variability. Later 

tectonic events like the Paratethys Sea retreat, along with the Arabian platform emergence, East African and Anatolian-Iranian 

landforms strongly contributed to the intensification of the South Asian Monsoon evident today (Tardif et al., 2023; Sarr et al., 

2022). 

5.5.2 Comparison with early Bartonian 520 

Our proxy records indicate limited change in seasonal temperature variability that remain weak from the early to late Bartonian, 

with comparable temperature ranges (29-36 °C and 31-36 °C, respectively; Fig. 5f) and minor cooling during peak rainfall 

months (Figs. 7, 8a-b; Mitra et al., 2025). While post-monsoon rainfall signals are not prominent in the early Bartonian, they 

become more evident in the late Bartonian (Figs. 7, 8). This is consistent with CESM simulations indicating little difference 

in annual climate variability, aside from a modest (~2 °C) warming during the MECO (Fig. 8). Despite atmospheric pCO2 525 

being substantially higher during the MECO (~4xPIC) compared to post-MECO (~2-3xPIC; Fig. 5a; Henehan et al., 2020; 

CenCO2PIP Consortium, 2023), model simulations from earlier studies further show that a reduction in pCO2 from 1120 to 

560 ppm had minimal influence on northward summer ITCZ migration and monsoon-like seasonality during the Eocene (Tardif 

et al., 2023). This is consistent with proxy evidence indicating that pCO2 primarily affects northern hemisphere mid to high 

latitude seasonality and monsoons but exerts little control in equatorial India (Toumoulin et al., 2022; Meijer et al., 2024). The 530 
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limited changes in our proxy records also suggest that the paleogeographic configuration, another major driver of South Asian 

climate, has remained relatively stable despite the fast Indian plate motion and its ongoing collision with Asia (Westerweel et 

al., 2025). This is consistent with the paleogeographic reconstruction, in particular the persistence of an open Tethys to its 

north until the latest Eocene (Montheil et al., 2026; Fig. 8). Rather than global pCO2 fluctuations or paleogeographic 

reorganisations, the observed increase in δ18Ow values from the early to late Bartonian (Fig. 5g) more likely reflects a transition 535 

from shallow shelf to restricted lagoonal environments with enhanced evaporative influence (Sect. 5.3.1).  

 

 

Figure 9. CESM outputs for the south Asian region at ~38 Ma under 2×PIC conditions in the months of January (post-

monsoon rainfall month), May (peak summer) and August (monsoon): Left panels (a,c,e) show surface atmospheric air 540 

temperature at 2 m (shading) and mean sea level pressure (MSLP at 2.5 hPa intervals, white if <1000 hPa, thick black 

line at 1000 and 1020 hPa); Right panels (b,d,f) indicate precipitation (shading) and wind speed (length of arrows) and 

direction at 925 hPa. 

5.5.3 Comparison with modern seasonality 

We investigate how to explain the observed elevated δ18Ow values relative to typically lower values in modern monsoons. 545 

While δ18Ow of the Arabian Sea, Bay of Bengal and the Indian Ocean today remain higher than river water throughout the year, 

coastal and lagoonal systems on the eastern India show strong monsoonal δ18Ow depletion linked to freshwater influx (Fig. 10; 

Singh et al., 2010; Colonese et al., 2017). The monsoonal rainfall in India exhibits significantly lower δ18Ow (-6 to -10 ‰) 
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values compared to precipitation during other seasons, and distinctly lower than those of freshwater and marine sources (Rai 

et al., 2014; Jeelani et al., 2018). By analogy, the elevated δ18Ow values observed in our study reflect climatic conditions 550 

comparable to the highly evaporative modern Gulf of Kutch with ~1 ‰ depletion during rainfall (Fig. 10). Moreover, the 

values suggest an even more restricted environment, as they exceed both present-day and contemporaneous marine δ18Ow 

levels comparable to modern lagoons where δ18Ow is higher than surrounding ocean water (Blamart et al., 2002). We explore 

why our records yield low δ18Ow variability relative to expected modern monsoons. Comparison with modern temperatures 

from the arid Kutch Basin of western India (the study site) and the southern Bengal region of eastern India (at comparable 555 

latitudes) reveals that both regions exhibit stronger seasonal temperature contrasts (SAT: ΔT ≈ 12 °C; SST: ΔT ≈ 5-6 °C), with 

both summers and winters cooler than Eocene estimates, and modern winters showing a particularly pronounced cooling 

relative to the coolest Eocene months (Fig. 10). A pronounced SST-SAT gradient characterizes modern Kutch, particularly 

during summer (Fig. 10a), whereas Bartonian India exhibits a much weaker gradient (Fig. 8a,c), implying reduced land-sea 

thermal contrast, which limits the large-scale advection of the ITCZ in late spring and early summer (Tardif et al., 2023). In 560 

contrast, a modern latitudinal analogue for Eocene Kutch in Kerala, India (6-10° N), exhibit Eocene-like small seasonal 

temperature variation with smaller SST to SAT gradient (Fig. 10b,e). Modern Kutch, Kerala and southern Bengal exhibit ~2 °C 

SST declines during the monsoon, a pattern mirrored in our Eocene records where temperature drops coincide with lower 

δ18Ow values (Fig. 10).  

 565 

Figure 10. Late Bartonian sea-surface temperature (SST) and δ18Ow are compared with modern SST, surface air 

temperature (SAT), and δ18Ow of river water (below 80 m altitude) and marine water. Panels (a-c) show comparisons 

of Bartonian SST with modern SST and SAT from (a) Kutch, (b) Kerala, and (c) southern Bengal. Late Bartonian δ 18 

O w values are compared with seasonal marine and river-water δ18Ow, from(d) Kutch, (e) Kerala, and (f) southern 

Bengal India: regions that experience the modern monsoon with differing intensity and timing. Source: Modern rivers- 570 

Kirkels, 2020; Modern Ocean: LeGrande and Schmidt, 2006. 

We explore the significance of observed precipitations outside of typical monsoon season. In modern Kutch, as well as during 

the pre-industrial period, monsoon rainfall is largely confined to July-September and is substantially lower in magnitude 

compared to Eocene conditions (Figs. 8b, 10; Funk et al., 2015). A more open ocean configuration around the Indian 
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subcontinent, combined with higher global temperatures and a lower latitudinal position relative to today, likely promoted 575 

enhanced and year-round rainfall during the Eocene. In contrast, southern Bengal receives precipitation during both the 

summer and the post-monsoon season in recent times. Bartonian Kutch, however, exhibits a rainfall regime comparable to that 

of modern Kerala, characterized by prolonged annual precipitation (Figs. 8b,9,10e). Thus, although a proto-monsoon was 

likely present in late Bartonian Kutch, it lacked the modern four-month confinement and had substantially weaker seasonal 

temperature differences than today as indicated by the reduced seasonal temperature variability record.  580 

6 Conclusions 

The Kutch Basin's palaeoequatorial climate during the late Bartonian is characterized by persistent warm temperature, with a 

shift towards evaporative conditions relative to early Bartonian, demonstrating remarkable temperature stability despite major 

Eocene climate events. This stable, warm climate, coupled with Tethyan Carbonate Ramp expansion, fostered formation of 

lagoon with the Alveolina wackestone at the basal Fulra Limestone. The basin's environmental evolution, from an early 585 

Bartonian shallow shelf with open marine and fluvial influence to a late Bartonian restricted lagoonal setting, is reflected in 

lower amount of trace element signatures of the oyster shells and exceptionally higher δ18Ow with respect to Bartonian marine 

water.  

Multi-year archives of the shells, supported by model simulations, reveal sustained year-round rainfall with peaks during 

summer monsoon months, without the pronounced seasonal temperature difference characterized by modern winter. Instead, 590 

the region likely maintained generally more extreme sea-surface temperatures than the present Gulf of Kutch, with rainfall-

driven cooling events associated with typical reduced evaporation during monsoon and post-monsoon periods. Another 

difference with modern-like monsoonal patterns is rainfall during October-February outside the main monsoon season that 

may have been facilitated by the advection of moist air from the Tethys Seaway between India and Eurasia remaining open 

from the early to the late Bartonian. Overall, a nascent monsoon characterized by lower than modern persisted in equatorial 595 

India despite substantial CO2 perturbations and the ongoing India-Asia collision during the late-middle Eocene. 
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