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 51 
Abstract: Biogeochemical changes associated with Deccan volcanism and their potential link 52 

to the K/Pg extinction event are still debated in Palaeoclimate research. Contemporary 53 

terrestrial organosedimentary deposits are important archives for understanding the 54 

perturbation in the biogeochemical cycling during this critical episode in Earth's history. Here, 55 

we report an intertrappean lacustrine carbonate deposit from the Amba Dongar region in the 56 

northwestern part of the Deccan igneous province, formed during the terminal phase of Deccan 57 

volcanism. This sedimentary horizon contains two types of biologically induced carbonate 58 

deposits: (1) older Type I (fine and discontinuous laminae with uneven boundaries) and 59 

younger Type II (thick and regular laminae with well-defined boundaries). Our 60 

sedimentological and stable isotope investigation captures evidence of gradual eutrophication 61 

of the lake system associated with the Deccan volcanism. Based on the clumped isotope-based 62 

temperature estimates (33°-41°C), we propose a “hot and sour soup”-like condition promoting 63 

microbial carbonate precipitation.  64 

Keywords: Deccan, K/Pg extinction, Cretaceous, Microbial, Eutrophication, Lacustrine. 65 

1.Introduction:  66 

The Deccan traps represent a major continental flood basalt volcanism covering ~2 million 67 

Km3 area – the longest lava flows on Earth (Font et al., 2016; Fendley et al; 2019; Keller et al., 68 

2009; Tandon 2002). Studies suggest different phases of Deccan volcanic eruptions, while the 69 

main eruption took place around 66 Ma within a short time span (< 1 Ma or even less) close to 70 

the K/Pg boundary (Renne et al, 2015; Schone et al., 2015; Self et al., 2022 and references 71 

therein). It was estimated that around 4.14*1017 mol CO2 was released into the atmosphere 72 

during Deccan volcanism (Jay and Widdowson 2008; Tobin et al., 2017). The sudden increase 73 

in atmospheric CO2 concentrations and other gases due to the volcanism was considered to 74 

have played a key role in driving the K/Pg extinction event (Zhang et al., 2018; Ray and 75 



Ramesh, 1999).  On the contrary, several studies have suggested that Deccan volcanism played 76 

a minor role in extinction (Chiarenza et al., 2020; Dzombak et al., 2020). Terrestrial organo-77 

sedimentary deposits provide valuable information about the cause (volcanism) and effect 78 

(biogeochemical changes) relationships during critical events in Earth history. In the context 79 

of Deccan volcanism, intertrappean sedimentary records have shown potential as important 80 

archives for deciphering late Cretaceous terrestrial hydrological cycles (Ghosh et al., 2006). In 81 

this study, we identified an intertrappean lacustrine sedimentary deposit from the Amba Dongar 82 

region, Western India. The Amba Dongar region is well-studied as a carbonatite ring dyke 83 

complex representing the late phase of Deccan volcanism (Viladkar 2015 and references 84 

therein). For the first time, we report an intertrappean lake system between the basaltic and 85 

carbonatite lava flows from the Amba Dongar region. The intertrappean sedimentary horizon 86 

studied in this project provides critical documentation of bioinduced carbonate precipitation 87 

during the magmatism as seen in the modern-day African continent, where carbonatite 88 

magmatism is underway, analogues to the Deccan volcanic eruption at the Amba Dongar 89 

region (Figure 1). This intertrappean lake system, with the excess presence of alkaline 90 

conditions, was conducive for primitive oxygenic life to survive and grow during the final 91 

phase of Deccan volcanism. We documented two types of lacustrine carbonates capturing 92 

varying growth conditions at different stages of the lake evolution associated with the sequence 93 

of volcanic events. We used a combination of stable isotope techniques in carbonates and 94 

microscopic imaging of rock structures to reach a conclusion about the dynamic trophic level 95 

of the lake ecosystem at the terminal stage of Deccan volcanism.  96 

2.Geological settings:  97 

Amba Dongar carbonatite-alkaline complex has been a longstanding subject of interest for 98 

geoscientists as it is one of the best examples of a carbonatite ring dike complex emplaced in 99 

the western part of the Deccan Flood Basalts (Fosu et al., 2020 and references therein).  Over 100 



the last several decades, most of the studies from this region were related to the understanding 101 

of the origin, age and evolution of carbonatite magmatism (e.g., Viladkar 1981; Ray et al., 102 

2003; Simonetti et al., 1995; Singh et al., 2022; Banerjee and Chakrabarti 2019; Fosu et al., 103 

2019,2020, 2021; Chandra et al., 2018; Srivastava 1997; Samal et al., 2021,).  104 

Geological, petrological and mineralogical investigations from the Amba Dongar region 105 

revealed the following sequence of events of intrusive volcanism (Viladkar and Sorkhtina 2021 106 

and the references therein):  (1) nephelinites and phonolites →  (2) carbonatite breccia → (3) 107 

coarse-grained calcite carbonatite → (4) fine-grained calcite carbonatite dykes in sandstone, 108 

basalts and carbonatite breccia → (5) ankerite carbonatite dykes and plugs within the calcite 109 

carbonatites → (6) thin veins of sideritic carbonatite in the ankerite carbonatite → (7) 110 

fenitisation of sandstones → (8) the final hydrothermal phase of fluorite mineralization. The 111 

carbonatite complex intrudes Bagh sandstone and limestone and the Deccan traps sequence. 112 

U-Pb apatite radiometric age revealed ages 62±22 and 63±19 Ma for carbonatites and 62.3 ±1.6 113 

Ma for nephelinites, representing the late-stage magmatic event during Deccan volcanism 114 

(Fosu et al., 2019). Here, we report an unnoticed intertrappean sedimentary deposits lying 115 

within the Deccan trap basalt and the carbonatite body at the northwestern periphery (near 116 

Mongra village) of the domal Amba Dongar complex, recording a coeval terrestrial 117 

biogeochemical change associated with CO2 outgassing and large-scale carbonatite 118 

magmatism.  119 

3. Description of the carbonate body: 120 

The sedimentary strata investigated in this study displayed a stratiform macrostructure with 121 

well-defined laminae. Hand specimens and thick sections of the carbonate show alternate dark 122 

and light-coloured laminations (Supplementary Figures S1 and S2). The light and dark-colored 123 

rhythmic alterations comprise carbonate and siliciclastic material. Based on the nature of the 124 

lamination, the limestone deposit can be divided into two categories: 125 



Type I: This type of carbonate is characterized by mm to micrometre-scale alternate bands of 126 

dark and light-coloured materials. We carried out 3D scanning of a 2.5x 2.5 cm block of this 127 

type of carbonate to reconstruct the lamina profile at 4X resolution (Supplementary Figure 128 

S3A). The tomographic image shows a wavy, gently convex laminae profile with undulatory 129 

boundaries in between. Regarding lateral continuity, most of the laminae are continuous, while 130 

some are irregularly spaced. 131 

Type II: This type of carbonate is characterized by cm-scale alternate bands of dark and light-132 

colored materials. A 3D tomographic reconstruction shows the presence of microbial chips 133 

(Supplementary Figure S3B). Petrographic investigation shows the presence of ooid structures 134 

in the Type II carbonates (Supplementary Figure S6), which showed microbial affinity. The 135 

BSE image shows detrital zircon grains (Supplementary Fig S4), which are bought by stream 136 

action, as evident from their rounded grain boundary, which demonstrates erosion and shape 137 

transformation before being incorporated in the carbonate matrix.   138 

A BSE study using a Tescon integrated mineral analyzer (TIMA) shows the presence of 139 

mineral phases like Calcite, Albite, Othoclase, Wollastonite, Actinolite, Oligoclase, Ilmenite, 140 

Magnetite, and Apatite in the microbialite sample (Supplementary Fig. S5). The presence of 141 

Wollastonite adjacent to Calcite indicates contact metamorphism overprinting the microbialite 142 

structure in the laminated carbonate.  143 

4. Methodology: 144 

4.1 δ13C, δ18O and ∆47 analyses of carbonates: Polished sample slabs were cleaned with DI 145 

water and treated with 30% H2O2 for 12 hours at room temperature to remove organic 146 

contaminants and then dried in a hot air oven at 60°C to remove the moisture. Sample powders 147 

from these slabs were drilled out from the white bands using microdrill. To determine the stable 148 

δ13C and δ18O of carbonate, we have followed the floating boat method as described in 149 



Rangarajan et al. 2021; the methodology followed for analysis, including sample-standard 150 

bracketing, is similar to other studies (Ghosh et al., 2021 and Banerjee et al., 2023). In this 151 

method, pyrex glass boats loaded with 50 ugs of carbonate powder are placed in a glass vial 152 

prefilled with 1 ml of 105% phosphoric acid. Then, these loaded vials were flushed with He 153 

(99.99%) at 100 ml/min flow 1 rate. It was followed by acid digestion of carbonate samples for 154 

a duration of 70 minutes in a water bath, maintained at a constant temperature of 70°C. 155 

Analyses were carried out using a Thermo MAT 252 mass spectrometer housed at the stable 156 

isotope laboratory at the Indian Institute of Science, Bangalore, India. Samples were bracketed 157 

with Carrara marble (MARJ1: δ13C value 1.96% and δ18O -2.01‰) reference material 158 

(Rangarajan et al., 2021; Ghosh et al., 2005). The reproducibility of δ18O and δ13C were 0.04 159 

and 0.05‰, respectively, based on replicate analysis of the reference carbonates.  160 

We have carried out clumped isotope analysis on the bulk samples. For the acid digestions of 161 

carbonates at 25°C, we used a break-seal method, as discussed in detail in Fosu et al., 2019. As 162 

the CO2 yield was less, we analyzed the samples at a relatively low voltage (at 6kV). The 163 

isotopic measurement was carried out at the Stable isotope laboratory at the Indian Institute of 164 

Science, Bangalore, using a Thermo MAT 253 mass spectrometer. From the ∆47 values, the 165 

temperature was obtained using a set of separate thermometry equations given by Ghosh et al. 166 

(2006); Zaarur et al. (2013); Petersen et al. (2019). We have used the temperature derived from 167 

Zaarur et al. (2013) equation for the interpretation and discussions since the acid digestion was 168 

done at 25°C. From the obtained temperature and δ18Ocarbonate information we calculated 169 

δ18Owater using Kim and O’Neil 1997 equation.     170 

4.2 δ13Corg analysis: To determine the carbon isotopic compositions of the bulk organic matter, 171 

samples were leached for the presence of inorganic carbonate fraction using 20% HCl, and the 172 

remaining organic fraction was rinsed with de-ionized water and kept in an oven (70 °C) 173 

overnight for drying. The protocol for the isotopic investigation is described in Kaushal et al., 174 



2019 and Paul et al., 2020. Around 170–180 μg of the dried sample powder was weighed and 175 

packed inside tin capsules and analyzed using elemental analyzer FLASH 2000 (Thermo 176 

Scientific) coupled with Conflo and isotope ratio mass spectrometer (IRMS) Delta V 177 

Advantage (Thermo Scientific, Bremen) at the stable isotope laboratory, Indian Institute of 178 

Science, Bangalore. Duplicate analyses of the samples were carried out to assign average 179 

values and understand the heterogeneity of the isotopic composition. The results are expressed 180 

as delta (δ) values per mil (‰) with respect to the Vienna Pee Dee Belemnite (VPDB) standard. 181 

Samples were bracketed with IAEA certified primary reference material, IAEA-CH-6, and in-182 

house laboratory working reference materials, Oasis_Glucose (δ13CVPDB = − 10.99 ± 0.03‰) 183 

and Oasis_Rice 1 (δ13CVPDB = − 27.67 ± 0.04‰) for the isotopic investigation.  184 

5. Discussions: 185 

5.1 Stable carbon and oxygen isotopic composition: 186 

For Type I carbonate, δ13C values varies in range, from -2.24 to -5.54‰, with an average value 187 

of -3.76‰; δ18O values varies in range from -1.43 to -8.10‰, with an average value of -4.31‰. 188 

For Type II carbonate, δ13C values varies in range, from -5.34 to -9.05‰ with an average value 189 

of -7.09‰; δ18O values varies in range, from -13.87‰ to -22.95‰ with an average value of -190 

20.85‰ (Figures 2 and 3A). 191 

Here, we compared our observation (Figure 2) with other available carbonate stable isotope 192 

compositions from late Cretaceous calcareous lithofacies recorded in the surrounding Narmada 193 

valley (Tandon et al., 1995 and Tandon and Andrews, 2001). The δ13C and δ18O values of 194 

palustrine limestone from the Saugar sub-region vary from -9.63‰ to -7.22‰ and -7.24‰ to 195 

-4.77‰, respectively. Intertrappean limestone beds registered δ13C values -10.72‰ to-9.4‰ 196 

and δ18O values -7.46‰ to -12.55‰. Nodular marine Bagh bed limestone recorded a range in 197 

δ13C values from 1.97‰ to 0.74‰, while it is characterized by a broad spectrum of δ18O values 198 



from -5.24‰ to -20.67‰. The microbial carbonates investigated here are isotopically distinct 199 

from the Proterozoic Vindhyan carbonates (Gilleaudeau et al., 2018; Banerjee et al., 2007).  200 

We have selected some of the carbonates from Type II carbonates and, leached out the 201 

carbonate fraction and carried out the δ13Corg analysis on them. These samples also registered 202 

a strong relationship (Supplementary Figure S8) between δ13Corg and δ13Ccarb, indicating a 203 

greater carbon isotopic discrimination in carbonate relative to organic matter in an elevated 204 

aqueous CO2-rich environment.  Our study suggests that CO2 released from the decomposition 205 

of organic matter was the source of carbon. This was incorporated into the inorganic carbonate 206 

deposited as a microbial mat.   207 

5.2 Binary mixing of carbon: 208 

The intertrappean lake would have had dissolved inorganic and organic carbon reservoirs 209 

similar to the modern-day volcanic lakes (Godfrey et al., 2021). Microbial carbonate 210 

precipitation captures a close coupling of two different carbon pools. We have carried out a 211 

two-component mixing model to determine the relative contribution of each of these pools to 212 

the carbonate precipitation in a close lacustrine system. In our model, we have used the 213 

following end members: 214 

F1 (inorganic carbonate pool): the most enriched δ13C composition of the carbonatite as 215 

reported in Fosu et al., 2019. 216 

F2 (organic carbon pool): the most depleted δ13C org composition as documented in the present 217 

study.  218 

We have assumed the δ13C composition of the Cretaceous microbially mediated lacustrine 219 

carbonate is driven by the differential mixing of the carbon coming from these two different 220 

reservoirs. 221 

F ir + F or =1 222 

F ir = fraction of mixture from inorganic carbonate reservoir source 223 



F or= fraction of mixture from organic carbon reservoir 224 

F ir = (δM-δor)/(δir-δor) 225 

δM= mean isotopic signature of the mixture (e.g., δ13C) 226 

δor= isotopic signature of the organic carbon reservoir source 227 

δir= isotopic signature of the inorganic carbonate reservoir source. 228 

For Type I carbonate, the relative contribution from the inorganic fraction (F1) varies from 229 

83.7 to 95.5% with an average of 90.1% (Figure 3B). The contribution of the organic carbon 230 

fraction varies from 4.5% to 16.3% with an average of 10%. For Type II carbonate, the 231 

contribution from F1 varies from 71.2% to 84.4%, with an average of 78.1%. The contribution 232 

of the organic carbon fraction varies from 15.6% to 28.2%, with an average of 21.9%. The 233 

increment in the relative proportion of the organic component in the Type II carbonate 234 

compared to the Type I was driven by the eutrophication of the lake ecosystem, which is 235 

justified based on the covariance of δ13C and δ18O values. 236 

5.3 Isotopic depletion in δ18O: 237 

As discussed in the previous section, Type II carbonates captured lighter δ13C and δ18O values 238 

than Type I carbonates. In this section, we explore the possible mechanism for this isotopic 239 

depletion in Type II carbonates. 240 

We have documented similarities in the stable isotopic compositions of Type II carbonates and 241 

the primary igneous carbonates (PIC). Some of the values also match with post-carbonatite 242 

volcanic tuff deposit’s stable isotopic composition (Viladkar et al., 2005). These observations 243 

lead to the following questions: What was the origin of these rocks (igneous vs sedimentary)? 244 

What caused the isotopic depletion in Type II carbonates than the Type I? All the field 245 

evidence, hand specimen and petrographic investigations in tandem with δ13Corg values indicate 246 

an authigenic sedimentary origin of the carbonates investigated in the present study. Thus, there 247 



must be some other mechanism controlling the above-mentioned isotopic depletion, as 248 

discussed in the following section. 249 

(a) The carbonatite and the Deccan basalt intruded the marine Bagh bed carbonates, which are 250 

much older than the lacustrine carbonates probed in the present study. During the basaltic and 251 

carbonatite volcanism, a certain amount of degassing would have happened from the 252 

underlying Bagh bed carbonate, which would have released lighter carbons. It could lead to the 253 

isotopic depletion in the δ13C values during the precipitation of the lacustrine carbonates. In 254 

order to test this, we carried out additional stable isotope analysis of travertine samples that 255 

formed subsequent to the updoming of the Bagh limestone bed during the Deccan volcanic 256 

eruption events (Viladkar, 1981, Galwani et al.,1993). These travertines are older than the 257 

lacustrine carbonates. The δ13C values of the travertine (Supplementary Figure S7) were more 258 

depleted than the Type I and II lacustrine carbonates. There is no systematic trend for the 259 

change in δ13C values from Travertine → Type I carbonate → Type II carbonate according to 260 

their chronology of formation. It indicates that the degassing of older Bagh bed carbonates 261 

might not be the sole controller of the isotopic signatures of the lacustrine carbonates. Based 262 

on the petrographic evidence on the possible microbial origin of rocks and, a high correlation 263 

between δ13Corg and δ13Ccarbonate values, we propose that microbial respiration played a 264 

significant role in controlling the isotopic values of the lacustrine carbonate deposits.  265 

(b) Observations from modern-day highly eutrophic lakes show oxygen isotope disequilibrium 266 

in calcite precipitation during high productivity events, causing δ18O depletion (Apolinarska et 267 

al., 2021; Fronval et al., 1995; Jinglu et al., 2004). In order to understand the involvement of 268 

possible disequilibrium effects, we examined the δ13C- δ18O variability in both the types of 269 

carbonates. We document no significant correlation in Type I carbonates, while Type II 270 

carbonates exhibit a significant correlation (Figure 3A) , similar to that of some modern 271 

eutrophic lake systems (Supplementary Figure S9). This indicates two distinct phases of 272 



carbonate precipitation driven by the primary productivity in lake system adjacent volcanic 273 

conduit feeding carbonate rich magma and rainwater flow contributing nutrient for the 274 

eutrophication to happen.  275 

Previous studies (Usdowski et al. 1991; Usdowski and Hoefs 1993) showed that pH plays an 276 

important role in controlling oxygen isotope fractionation factors between aqueous CO2 , 277 

H2CO3 , HCO3
-, and CO3

-2, with respect to H2O. At high pH conditions, hydroxylation of CO2 278 

(CO2+OH- ↔ CO3-2) is more dominant than hydration of CO2 (CO2+H2O ↔ H++HCO3-). 279 

Changes in the availability of CO3
-2 in surface water in tandem with an increase in primary 280 

productivity affect the carbonate-water oxygen isotope fractionation, leading to lighter δ18O 281 

signature in carbonate.  282 

In the case of the present study, increased precipitation after basaltic eruption enhanced nutrient 283 

supply to the lacustrine system through runoff. Enhanced nutrient supply could increase 284 

primary productivity and inhibit the growth of calcite. During this stage, Type I carbonate 285 

precipitated with thinner lamina thickness, higher δ13C and δ18O values, and a higher proportion 286 

of inorganic carbon fraction. As this stage continued, the available nutrients were consumed 287 

by the algal productivity. In the next stage, bio-induced calcification with changing pH 288 

conditions caused calcite precipitation at an accelerated rate. Type II carbonate with higher 289 

lamina thickness precipitated during this stage and thus captured signatures of isotopic 290 

disequilibrium and depleted δ18O values. 291 

5.4 Temperature and δ18O water variability retrieved from clumped isotopes: 292 

Our ∆47 based temperature reconstruction yielded a range between 33-41°C(±4°C) for the Type 293 

I carbonate. The obtained temperature values fall within the temperature range for the 294 

palaeoproterozoic carbonate mud associated with stromatolites (Banerjee et al., 2023). One of 295 

the Type II samples registered 38°C, similar to that of the Type I samples. However, another 296 



sample (Type II) retrieved from a zone near the contact metamorphism registered a higher 297 

temperature (60°C), indicating possible hydrothermal alteration. From the estimated 298 

temperature range, we hypothesized a “hot and sour soup” like condition in the lacustrine 299 

systems harnessing microbial life as the Deccan volcanism reached its terminal phase.   300 

Reconstructed δ18Owater varies from -2.03‰ to -4.14‰ for the Type I carbonate. Type II 301 

carbonate captured a much-depleted signature -16‰, indicating enhanced freshwater in the 302 

lake system. A triple oxygen isotope-based investigation also captured a δ18Owater signature as 303 

low as -12‰, driven by intensified regional precipitation during the late Cretaceous 304 

(Ghoshmaulik et al., 2023). Extreme rainfall could be one of the possible reasons for such 305 

isotopic depletion, as documented in the Type II carbonate. Our previous investigations also 306 

captured isotopic fingerprints of possible storm events under elevated CO2 scenarios causing 307 

abrupt isotopic depletion (Ghosh et al., 2018, Banerjee and Ghosh, 2024). 308 

In summary, our preliminary clumped isotope investigation on bulk samples suggests a warm 309 

temperature range of 33-41°C for the investigated late Cretaceous lacustrine system. The 310 

δ18Owater composition captures extreme depletion driven by intense precipitation. More high-311 

resolution clumped isotope analysis will depict seasonal hydroclimate variability over the 312 

region. 313 

5.5 Model scenario for the carbonate deposition: 314 

Based on the field evidence, microscopic, mineralogical, and stable isotope investigation, we 315 

propose a model scenario (Figure 4) that explains the different stages of lake formation. 316 

Stage I: In the first stage, basalt eruption associated with the Deccan volcanism occurred, which 317 

overlies the Bagh sandstone and limestones. This resulted in an updoming and development of 318 

dome-saddle-type undulatory topographic features in the terrain. 319 



Stage II: It is well documented that Deccan volcanism intensified precipitation over the Indian 320 

subcontinent during the late Cretaceous (Ghosh et al., 2006, 2016; Ghoshmaulik et al., 2023). 321 

Such intense precipitation events would have created small lacustrine bodies in the low-lying 322 

(saddle) basins.  323 

Stage III: In the next phase, runoff from volcanic geysers started bringing nutrients to newly 324 

formed small lakes. Type I carbonate started precipitating during this stage of high 325 

productivity, as registered by higher δ13C values. The high-temperature environmental 326 

condition is supported by the inflow of DIC with a heavier composition similar to Bagh bed 327 

carbonate as a precursor. Alternate laminae with irregular boundaries are features developed in 328 

these carbonates. Such post-eruptive high-energy conditions could be documented in the 329 

present-day Tonga volcanic island (Liu and Tang, 2022), situated close to 30°S - the 330 

palaeolatitude for the Indian landmass during the late Cretaceous and also during Late 331 

Quaternary hydrological changes in Lake Natron -Magadi (Kenya), close to Olego lengai 332 

(Casanova and Hillaire MC, 2001).  333 

Stage IV: The following stage was marked by algal blooms in the lake, which caused 334 

eutrophication. Bio-induced calcification resulted in the deposition of Type II carbonate with 335 

isotopic enrichment in organic matter, denoting viable pCO2 condition. Rapid calcification 336 

yielded thicker laminae with depleted δ18O values, as discussed in the previous section. 337 

Stage V: This stage witnessed the phase of carbonatite magmatism. The contact between Type 338 

II microbial carbonate and carbonatite body carries the signatures of Wollastonite formation at 339 

the zone of contact metamorphism (Supplementary Figure S5). Viladkar et al. 2001 also 340 

reported the presence of subaqueous tufa in small lacustrine bodies after the carbonatite 341 

volcanism in the Amba Dongar region. 342 

5.5 Implications for the life underneath the Deccan:  343 



Recent investigations (Dutta et al., 2018; Bose et al., 2020; Mandal et al., 2022 and Sahu et al., 344 

2022) focused on the characterization of microbial diversity and function through scientific 345 

deep drilling project at Koyna provided valuable insights into deep biosphere hosted within 346 

65Ma  Deccan basalt and Archean granitic basement. However, the origin of these microbial 347 

populations thriving in the deep subsurface is enigmatic.  348 

A number of studies have reported the abundance of aquatic and semiaquatic flora in nutrient-349 

rich palaeolakes from the Deccan volcanic province (Samant et al., 2020a,b; Samant et al., 350 

2022; Khosla et al., 2022). For example , fossils of aquatic and semiaquatic flora, such as 351 

algae (Pediastrum, Lecaniella), dinocysts (Pierceites deccanensis), diatoms (Aulacoseira), 352 

aquatic ferns of Salvi niaceae (Azolla), Marsileaceae (Crybelosporites), and pollen grains of 353 

Sparganiaceae/Typhaceae (Sparga niaceaepollenites) were found near the Jamsavli section 354 

from the central India (Samant et al., 2022). Different fossilized diatom taxa were found in 355 

the Bagwanya palaeolake section (Samant et al., 2020b). Charophyte algae were reported 356 

from the Jhilimili intertrappean beds (Khosla et al., 2022). We hypothesize that the 357 

intertrappean lakes are the cradles of nutrient-rich soup that potentially seeded life into the 358 

dark, narrow passage of the Deccan subsurface. Our geochemical investigations and fossil 359 

evidence from intertrappean lakes from other localities (Samant et al., 2022) suggest these 360 

water bodies were rich in microbes. These nutrient and organic-rich fluids might have 361 

percolated through the fractures and seepages of the tectonically active region and reached 362 

the deeper parts of the crust. It would have contributed to promoting life in the deep 363 

biosphere in three ways (Figure 5):  364 

(a) These fluids might have brought new microbial life forms to the deeper crust through 365 

fractures and faults (Templeton and Caro, 2023), gradually adopting the local environment and 366 

enriching biodiversity. 367 



 (b) The nutrient supply by these fluids might have fed and reactivated (Rajala and Bomberg, 368 

2017) the pre-existed dormant cells of the deeper biosphere. 369 

 (c) Microbes could have moved towards nutrient-rich percolating fluids using their flagella 370 

and germinated in a favorable environment.   371 

Further geomicrobiological and geochemical investigations on surface exposures, as well as 372 

subsurface intertrappean horizons and culture experiments, will elucidate more insights into 373 

the microbial response to the changing physicochemical condition during extinction events. 374 

6. Conclusions: 375 

This study documented microbial carbonates deposited in a lacustrine intertrappean 376 

sedimentary horizon from the Amba Dongar region, India. Based on the laminae thickness and 377 

stratigraphic positions, they are of two district types, representing two generations of 378 

carbonates. Stable carbon and oxygen isotope investigations on the carbonate and bulk organic 379 

matter of these rocks revealed syngenetic growth of microbial carbonate in association with 380 

organic matter as an algal colony in a eutrophic lake similar to modern-day lake system  African 381 

continent adjacent to an active carbonatite body near Oldonyo lengai. Clumped isotope study 382 

reveals “hot and sour soup” like condition with 33-41°C temperature range promoted the 383 

microbially induced carbonate precipitation. Our study suggests a potential link between 384 

nutrient-rich intertrappean beds within the Deccan trap and its resemblance with the deep life 385 

form detected within drill core samples from the Koyna region. 386 
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Table 1| Results from carbonate clumped isotope investigation 409 

 410 

 411 

 δ13C 
(‰VPDB) 

δ18O 
(‰VPDB) 

∆47 

(‰) 
Temperature 
(°C) 
Equation 1 

Temperature 
(°C) 
Equation 2 

Temperature 
(°C) 
Equation 3 

δ18Owater 
(‰VSMOW) 

Type I 
carbonate 

       

Sample 1 -3.73 -8.10 0.67 33.04±2 33.80±2 31.75±2 -4.14±0.5 
Sample 2 -3.96 -7.50 0.64 41.10±4 40.86±4 43.49±4 -2.03±0.8 
Sample 3 -4.12 -6.95 0.66 35.66±2 36.10±2 35.51±2 -2.49±0.5 
Type II 
carbonate 

       

Sample 1 -7.62 -21.64 0.65 38.34±2 38.45±2 39.43±2 -16.75±0.5 
Sample 2# 
 

-5.4 -18.2 0.57 62.71±4 59.42±4 77.22±4 -9.14±0.8 



Temperature was reconstructed using three different thermometry equations: Equation 1 412 
(Zaarur et al., 2013); Equation 2 (Ghosh et al., 2006) and Equation 3 (Petersen et al., 2019). 413 

δ18O was calculated from the obtained temperature (equation 1) and δ18Ocarbonate information 414 
using Kim and O’Neil 1997 equation. 415 

# Hydrothermally altered sample. 416 

 417 

 418 

 419 

 420 

 421 

 422 
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 426 

 427 

 428 

 429 
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                                                                    Figures 677 
 678 

 679 
 680 
Figure 1| Graphic representation of the regional geological and geomicrobiological background 681 
(“Known”) and highlighting the motivation of the project (“Unknown”). Previous 682 
investigations showed that the Deccan volcanism peaked around 66 Ma (Self et al., 2022 and 683 
references therein). U-Pb dates yielded a mean age of 63 Ma for the carbonatite magmatism 684 
from the Amba Dongar region (Fosu et al. 2019). Oxygen isotope investigation on the 685 
intertrappean bole bed clays captured evidence of the intensification of rainfall related to the 686 
Deccan volcanism (Ghosh et al., 2004). Geomicrobiological investigations on the samples 687 
retrieved from the Koyna deep scientific drilling project provided insights into the subsurface 688 
microbiome from the Deccan basalt (Dutta et al., 2018) and Granitic basement (Sahu et al., 689 
2022).  690 
 691 
 692 
 693 
 694 
 695 
 696 
 697 



 698 
 699 

 700 

Figure 2| Stable carbon and oxygen isotopic compositions of Type I (blue circle) and Type II 701 
microbial? carbonates investigated in the present study. A comparison of stable isotope record 702 
of cretaceous carbonate of multiple origin documented from the region nearby and also 703 
intertrappean carbonates (Tandon et al., 1995) together with average Cretaceous seawater 704 
composition at 30S palaeolatitude (Ghosh et al., 2018) showed a district compositional shift 705 
in case of oxygen isotopes recording a large change in environmental condition from marine 706 
to continental settings (shown by arrow). 707 
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 715 

 716 

Figure 3| (A) δ13C vs δ18O cross-plot for different types of carbonates analysed in this study. 717 
(B) Results from the two-component mixing model denoting contribution of dissolved 718 
inorganic carbon from the oxidation of organics present in the environment. 719 
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 745 

 746 Figure 4| Schematic representation of different stages of lake evolution and formation of both types 
of carbonates accordingly. 

 



 747 

Figure 5| Conceptual model explaining the possibilities for nutrient-rich intertrappean lake 748 
water to promote deep microbial biosphere within the Deccan trap. 749 
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 754 

 755 
 756 
Supplementary Figure S1: (A) Geological map of Amba Dongar carbonatite complex 757 
(modified from Viladkar 2015). The red star marks the location for lacustrine carbonate 758 
occurrences investigated in the present study. Generalized stratigraphy for the region 759 
constructed based on the Geological Survey of India and SPG reports (Gopinath 1970, Ray 760 
1981) is schematically shown in the stratigraphic column. (B) Panel B shows outcrop 761 
photographs of the microbial carbonates. (D) Petrographic thin section image of the carbonate. 762 
(E) BSE image of the section showing distinct laminations. 763 
 764 
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 768 
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 770 
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 776 
Supplementary Figure S2: Field and thick section photographs of Type I (A) and Type II 777 
microbial carbonates (B) investigated in the present study. 778 
 779 
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3D imagery of microbialites: 809 
 810 
An X-ray-based μCT scanning method has been demonstrated to be an important tool for the 811 
3D reconstruction of microbially induced sedimentary deposits and for interpreting 812 
environment-biota interactions (Howard et al., 2024). In our study we have used this technique 813 
to understand the microbialite taphonomy.  814 
 815 
 816 

 817 
Supplementary Figure S3 (A): Micro-computed tomography (μCT) of the laminae from Type 818 
I microbial carbonates obtained using ZEISS XRADIA. 819 
 820 
 821 
 822 

 823 
 824 
Supplementary Figure S3 (B): Micro-computed tomography (μCT) of the laminae from Type 825 
II microbial carbonates obtained using ZEISS XRADIA. The section was taken near the contact 826 
metamorphic zone (Fig. S5) where calcite was transformed into the wollastonite. The 3D 827 
tomographic reconstruction shows the presence of microbial chip (white arrow) originating 828 
from the destabilization of the mat environment with the pulses of carbonatite volcanism. 829 
 830 
 831 
 832 
 833 
 834 
 835 
 836 



 837 
 838 
Supplementary Figure S4: BSE image and EDS analysis showing the presence of detrital zircon grains 839 
suggesting riverine mode for the transportation and deposition into the environment  and 840 
accommodating in the microbial carbonate growth. 841 
 842 
 843 
 844 



 845 
 846 
Supplementary Figure S5: Different mineral phases present in Type II carbonate were revealed using a 847 
TIMA-based investigation. Here we found presence of metasomatic minerals suggesting fluid action 848 
and hydrothermal input.   849 
 850 

 851 
Supplementary Figure S6: (A) Photomicrograph of Ooid with relict radial fabric at the rim with 852 
evidence of micritization. The dark patches probably resulted from the activity of endolithic algae. (B) 853 
and (C) Flagella(/tail)- like structures, possibly indicating the motility of microorganisms. (D) Micrite 854 
with clotted texture capturing evidence of microbially induced precipitation. (E) BSE image of the 855 
section showing distinct laminations. (F) BSE image showing the presence of peloid microspar-856 
like structure developed by heterotrophic bacterial activity. 857 
 858 
 859 



 860 
 861 
Supplementary Figure 7: Stable isotope composition of the lacustrine carbonates (Type I and 862 
II) are compared with the other contemporary local carbonate bodies: Primary Igneous 863 
carbonate field (Fosu et al., 2020 and references therein); Bagh bed carbonates (Tandon et al., 864 
1995; Ruidas and Zijlstra 2023); local Proterozoic carbonate -Vindhyan carbonate (Banerjee et 865 
al., 2007); travertine from Amba Dongar (present study); post carbonatite subaqueous tufa from 866 
Amba Dongar (Viladkar et al., 2001). Average cretaceous seawater composition at 30°S 867 
palaeolatitude (Ghosh et al., 2018) was also marked by the purple line. 868 
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 881 

Supplementary Figure S8: δ13Corg vs δ13Ccarb correlation for the Type II carbonates investigated 882 
in this study. 883 
 884 
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 890 
 891 
Supplementary Figure S9: δ13C vs δ18O cross plots showing a high correlation for the bio-892 
induced carbonate precipitated in modern Lake Kierskie (Apolinarska et al., 2021) and Lake 893 
Arresù (Fronval et al., 1995) during eutrophication. 894 
 895 
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 900 
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