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Abstract:

The Early Miocene witnessed major tectonic, palaeoceanographic and climatological
reorganizations over the Asian realm. The Himalayan and Tibetan plateau upliftment
influenced monsoon intensity during this age. Contemporary high-resolution tropical
hydroclimate records are limited. Here, we present an early Miocene sub-annual stable isotope
record from the growth bands of well-preserved Turritella sp. from the Kachchh basin, Western
India. It showed &'3C and 520 variabilities from -4.83%o to -1.80%o and -7.06%o to -2.66%o (in
VPDB) respectively. Conventional oxygen isotope thermometry showed an apparent
temperature seasonality from 9.3° to 28.1°C. A comparison of the present early Miocene §*20
record with the modern §*80 records in the carbonates from coastal-estuarine environments of
the Indian Ocean confirmed a high freshwater influx into the NE Arabian Sea during the early

Miocene, similar to the modern-day freshwater plume events observed in the coastal region.

Keywords: Miocene, Stable isotopes, Monsoon, Arabian sea, Freshwater, Upwelling

1. Introduction:

The Cenozoic period is unique in Earth’s history, where tectonic rearrangement and freshwater
availability due to the modified hydrological setup in the equatorial region induced a major
climatic shift or cooling in the overall global ecosystem (Raymo and Ruddiman 1992, Yang et
al., 2022). The Early Miocene is an important time window in the Cenozoic era that set the
course of major oceanographic and climatological changes over the Asian landmass (Clift and
Webb 2018) as a consequence of the closure of the Paratethys and resultant
compartmentalization into the Mediterranean and Indian ocean (Bialik et al., 2019).

Palaeoclimate reconstruction studies suggest an intensification of the Asian monsoon during
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the early Miocene, which coincided with the process of tectonic upliftment of the Himalaya
and Tibetan plateau (HTP) complex (Clift et al., 2008; Clift 2020). Tropical records of early
Miocene precipitation on a sub-annual scale are either limited or inadequate to verify the
seasonal transformation of environmental conditions. However, a record of the seasonal pattern
of precipitation depicting the operation of the Asian monsoon does exist for the late Miocene
time from the continental interior, away from the marine settings (Dettman et al., 2001). There
are multiple studies covering the early Miocene to late Miocene time period focusing on the
long-term variability in the monsoon intensity over the East Asian summer monsoon region
(Guo et al., 2008; Wei et al., 2006; Zhang et al., 2018). A few studies highlighted the
importance of understanding the evolution of the South Asian monsoon (SAM) going back to
the mid-Miocene (Gupta et al., 2015; Bialik et al., 2020). The Miocene time period is
considered to be a “test bed” for exploring the future climate scenario as pCO2 conditions
approach values similar to modern day or more as projected for coming centuries (Levy et al.,
2016; Steinthorsdottir et al 2021; Zammit et al., 2022). The response of SAM to high CO; is
complicated but possible to understand through a combination of experimental observation
with model-based simulation. There exists a spatial heterogeneity (Qu et al., 2022) and
decoupling between SAM precipitation and circulation pattern (Sarr et al., 2022; Zhang et al.,
2023) in response to the atmospheric CO- level. In the context of modern and future climate
change scenarios, a clear understanding of the role of CO2 on the operation of SAM at a

seasonal time scale is crucial for the long-term socio-economic sustainability of the region.

Gastropods like Turritella sp. have been widely used as a suitable archive for deducing tropical
palaeoclimate and seasonal precipitation patterns (Scholz et al., 2020 and references therein).
The 580 variability recorded in their growth bands has been attributed to seasonal changes in
water isotopic composition and temperature (Waite and Allomon, 2013). Due to their optimal

longevity of 1.5-2 years and assuming relatively constant growth rates (Waite and Allomon,
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2013), they serve as an ideal sclerochronological archive for the seasonal reconstruction of
freshwater input in an estuary (Aharon 1991; Watanabe and Oba 1999; Elliot et al. 2009;

Batenburg et al. 2011; Waite and Allomon, 2013).

Here in this study, we have carried out high-resolution stable isotope analysis across the growth
bands of multiple well-preserved Turritella shells from early Miocene (Burdigalian ~20 Ma)
strata of Kachchh basin, western India. We described seasonality as the amplitude of periodic
fluctuation of 580 in shell growth bands, which define the extent of change in seawater
temperature or salinity during summer and winter time (Harzhauser et al. 2011). The study
provides the first seasonal record of hydrological conditions from the northeastern coastal

Arabian Sea during the early Miocene.
2. Geological Background:

The Early Miocene sedimentary record from the Kachchh basin is divided into two
stratigraphic formations, the lower Khari Nadi Formation and the upper Chhasra Formation.
Khari Nadi Formation is characterized by alternate occurrences of silty shale and siltstone at
the lower and middle part and a few limestone beds separated by silty shales at the upper
portion (Fig. 1). The contact between these two formations is gradational. The Chhasra
Formation is comprised of two members, the lower clay-rich member with discrete limestone
beds of 5 to 100 cm thickness, hosting a colony of fossil gastropod of Turritella sp., which is
intervened by silty shales and siltstone member at the top (Biswas, 1992). The ages of both
these formations were assigned based on biostratigraphy. The depositional environment for
sedimentation varies from tidal flat to littoral and shallow marine environment, featuring a
sequence favoured for a slowly transgressive sea (Biswas and Raju 1973). The Khari Nadi
Formation is assigned Aquitanian age based on the presence of larger foraminiferal species

Miogypsina (Miogypsina) tani and Miogypsina (Miogypsinoides) dehartii. The overlying
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Chhasra Formation is assigned Burdigalian age based on the presence of Miogypsina
(Miogypsina)globulina. Palynofloral assemblage assessment reveals the dominance of
angiospermous pollen grains over pteridophytic spores, suggesting an overall warm and humid
coastal climate with tropical rainforests in a lowland coastal setting (Verma et al., 2013). This
was consistent with earlier observations documenting the presence of extant species of the
Dipterocarpaceae family supporting the existence of tropical evergreen forests in this region

(Sukhla et al., 2012).

3. Materials and Methods:

Four well-preserved Early Miocene Turritella shells were selected from our collection for the
present study. Samples were collected from a field exposure along the Kankawati River near
the village of Vinjhan at N 23°50" 37.50", E 69°20" 57.20", and assigned biostratigraphy age
of Burdigalian (~ 20 Ma) (Catuneanu & Dave, 2017; Halder & Bano, 2015; Kumar and
Saraswati, 1997) with a probable 2 Ma age uncertainty. Visual and microscopic inspection of
specimens, including XRD analysis of carbonate powder, were carried out to screen the well-
preserved samples used for isotopic analysis (Supplementary S2). Shell exhibiting aragonitic
mineralogy (Supplementary S3) were selected and treated with 30% H2O for 12 h at room
temperature to ensure complete removal of organic matter (McConnaughey, 1989,
Weizerbowski 2007) and then dried in a hot air oven at 60°C for moisture removal. Carbonate
sample powder was drilled along the growth axis at 1mm intervals (Supplementary S4). We
have used the “floating boat” method for the stable isotope ratios determination from the
carbonates using Gasbench Il following the protocol described in Rangarajan et al., (2021).
The same analytical method was followed in other studies as well (Ghosh et al., 2021, Banerjee
et al., 2023). In this method, a floating boat made from Pyrex glass loaded with 50ug of

carbonate powder was introduced into the glass vial prefilled with 1 ml 105% phosphoric acid.
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These vials loaded with samples and acid were flushed with He (99.99%) at 100 mi/min flow
rate, and then samples were digested with acid for a duration of 70 minutes in a water bath,
maintained at a constant temperature of 70°C. The stable isotope ratios of the CO2 evolved
during the acid digestion of carbonates were measured in the Thermo Finnigan (Bremen,
Germany) MAT 253 isotope ratio mass spectrometer, coupled with a GasBench Il peripheral,
housed at the Stable Isotope Laboratory of Centre for Earth Sciences, Indian Institute of
Science, Bangalore, India. The reproducibility of &0 and §°*C were 0.04 and 0.05%o,
respectively, based on replicate analysis of Carrara marble (MARJ1: §*3C value 1.96% and
5180 -2.01%o) reference material (Rangarajan et al., 2021; Ghosh et al., 2005).

4. Results and Discussions:
4.1 $'3C variability

Previous studies documented an abundance of Turritella sp. in the region dominated by the
process of upwelling. The inverse relationship between *3C and 520 in the growth bands
signifies varying water conditions mostly encountered in upwelling processes (Geary et al.,
1992; Killingley and Berger, 1979; Tao et al., 2013). Cold upwelled waters promote
productivity and are characterised by isotopically heavier dissolved inorganic carbon, while
deep upwelled water is less saline and carries a signature of isotopically lighter oxygen isotopic
ratios (Kroopnick 1980; Tao et al., 2013). Carbon isotope ratios in the carbonate growth bands
record seasonal productivity in the environment. In an open ocean system, productivity
dominates over respiration, which enriches the carbon isotope ratios. Whereas in a river-
dominated system, respiration is pronounced and adds isotopically lighter carbon in the
inorganic reservoir. The 4 gastropod shells analysed in the study recorded periodically varying

513C values in the incremental growth chambers (Fig. 2). The shell designated as 1 showed

513C values ranging from -3.72%o to -2.01%o with an average value of -2.82%o. Similarly, shell
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2 recorded 8*3C values ranging from -4.30%o to -1.80%o with an average value of -2.87%o. Shell
3 registered §*3C values ranging from -4.83%o to -2.20%o with an average value of -2.93%o. The
shell 4 growth bands range in 5'3C values from -4.39%o to -2.66%o with an average value Of -
3.32%o (Fig 2). We have documented periodic variability of the §*3C values in all the shells,
marking the episodes of highest productivity (Fig. 2 and Supplementary section 5.B) and
seasonal ecological stress. Previous studies (Krantz et al., 1988; Jones and Allmon 1995) have
shown that mollusc shells capture signatures of isotopically lighter carbon coming from the
continent (depleted 83C) coupled with lighter oxygen isotopes (depleted §'®0) during
freshwater run-off. Whereas, they register lighter carbon released during the oxidation of
organic debris (depleted §!3C) along with heavier 580 (enriched §'80) during upwelling
events. In the present study, the stable isotope profiles of early Miocene Turritella sp. captured
evidence of probable freshwater run-off as well as upwelling events similar to the previous
studies (Krantz et al., 1988; Jones and Allmon 1995). The intensity of such events was not
uniform, as evident from the isotopic signals of the shells studied here. Repeated occurrences
of tropical cyclones and associated upwelling have been documented in the modern-day
Arabian Sea region (RoyChowdhury et al., 2020; Ganguly et al., 2020). Such upwelling events
can affect the isotopic signature of the coastal water of the west coast of India as well (Jacob
et al.,2016). More detailed investigation can further elucidate the paleo-upwelling dynamics in

this region during the early Miocene.

4.2 §'80vppg variability and freshwater influx

The factors responsible for the variation in the §'80 values of the gastropod shells are both
temperature and the 5'®0 of water. Higher temperature promotes evaporative enrichment of
5180, while freshwater flux due to excess rainfall or river water discharge determines the extent

of lighter 820 in the carbonate growth bands. A previous study on the seasonal growth bands
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of bivalve shells from fluvial sediments belonging to the late Miocene age (Dettman et al.,
2001) recorded 8'®QOcar variability and was related to the terrestrial $'®Owater Seasonality
assuming the temperature condition inferred from the palynological assemblages retrieved

from the sediments.

The 5'®0vepe values of growth bands in Miocene Turritella shells (Fig. 2) investigated in the
present study oscillate with a range from -7.06%o to -3.81%o and an average of -5.18%o for shell
1. Similarly, the 3*30vppg value in shell 2 ranges from -6.51%o to -3.20%o with an average of -
5.07%o. The 8*%0vppe value in Shell 3 ranges from -6.72%o to -3.34%o with an average of -
4.68%o. For shell 4 the 380 values range from -5.57%o to -2.66%o with an average of -4.97%o

(Fig. 2B).

Individual shells captured periodic oscillatory patterns with heavier isotopic values defining
the dry time, while seasonal wet period with excess freshwater discharge is characterized by
lighter 5180 values. The overall isotopic signatures obtained from the present study suggest a
tropical coastal climate with seasonal freshwater contribution being highest during monsoon,
confirming the interpretation of previous studies based on palynological assemblages (Verma
et al., 2013; Rao and Verma 2014). We defined apparent seasonality as a difference between

maxima and minima values of 380, representing the dry time and wet conditions.

“Apart from temperature, the hydrological condition of the basin also controls the oxygen
isotope composition of shell carbonates. In case of more freshwater influx, the %0 would be
lighter /negative. A higher extent of evaporation would lead to a more positive 580 value or
heavier composition. We have compared early Miocene Turritella-based §'80 record (Fig.3
and Supplementary section 6) from the Kachchh basin (eastern Arabian Sea) with the coeval
5180 records from the Quilon formation (south-eastern Arabian Sea from Prasanna and Kapur

2022) and exceptionally well-preserved planktonic foraminifera from coastal Tanzania
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(western Arabian sea from Stewart et al., 2004). We have further compared the early Miocene
5180 records with the modern-day mollusc shell-based §*20 records from the western Indian
coastal locations — Mandvi beach of Bhuj (Present study), MZ estuary (Ghosh et al., 2021),
Cochin estuary of Southern India (Ghosh et al., 2018) and Hooghly estuary (Banerjee et al.,
2018). This comparison shows the Kachchh basin, situated in the north-eastern part of the
Arabian Sea was receiving more freshwater influx than the coeval basins at the south eastern
(Quilon formation) coastal Arabian Sea and Tanzania representing the eastern coastal Indian
Ocean. Early Miocene freshwater influx at the Kachchh basin was higher than the present-day
coastal and estuarine environment of western (MZ estuary, Mandvi beach) and southern India
(Cochin estuary). However, it is more similar to that of the Hooghly Estuary, located in eastern
India. We consider this excess freshwater influx as a freshwater plume-like condition as
documented in the modern coastal Indian Ocean (Rao et al., 2009; Joshi et al., 2021). We have
estimated around 21 psu change in the apparent salinity (Supplementary section 7) due to the
enhanced freshwater influx for the early Miocene Kachchh basin, comparable with the modern

estimates (Seena et al., 2019).

We also noted that the 580 record from the early Miocene molluscs from Quilon formation is
similar to that of the nearby modern estuarine record from the Cochin estuary. Our observation
confirms a similar mode of ITCZ dynamics (Prasanna and Kapur, 2022) during the early
Miocene, which controls the monsoonal precipitation (Banerjee et al., 2020). Given the
similarity in the ITCZ dynamics, the more negative values in the 330 from the Kachchh basin
imply contribution from an additional source of moisture during the early Miocene or
involvement of moisture recycling probably due to thicker vegetation cover. Extreme events
like cyclones, storms, etc., can also modify the salinity of the shelf region (Singh et al., 2000;
Kumar et al., 2018). The §*0 composition of mollusc shells can record the changes in the

hydrological conditions related to such extreme events (Strauss et al., 2012; Leng and Lewis,
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2016). Occurrences of tropical cyclones in the Paratethys region during the early Miocene have
been documented by EI-Shazly (2011). Some of the data points in our record may represent
such extreme events. Also, the role of palaeogeography controlling the monsoonal precipitation
dynamics (Tardif et al.,, 2023) over this region is poorly understood. A more detailed
investigation involving clumped isotope thermometry will provide valuable insights into the

driving mechanisms for the freshwater plume-like condition in the past.

4.3 Temperature variability:

Le cuyer et al. (2004) have shown that the oxygen isotope composition in mollusc is a reliable
recorder of the ambient water temperature. In order to estimate temperature using oxygen
isotope thermometry, 580 waer should be either measured or precisely assumed. Miocene
temperature in the present study is calculated from the measurement of shell carbonates
assuming an offset value for the $*80 water. We defined the seasonal variability of 880 water from
modern-day observation of seasonal water isotopic values measured in the coastal water of

Kachchh and accounted for the additional offset for Miocene 880 water.

Previous studies (Lear et al., 2002; Stewart et al.,2004) have used a correction factor of 0.4 %o with
respect to the modern-day open ocean value and estimated temperature with an assumption of the
early Miocene mean 5'®0sy = -0.4%o. However, such assumptions may not be exact if considered
globally but vary spatially. It has been documented that the coastal region of the modern
Arabian Sea is relatively less saline and recorded lighter 5'80 than its open ocean counterpart
(Deshpande et al., 2013). The average §*30sw composition of such less saline coastal water is -
0.09%o. Thus, in our study, we have used a correction factor of 0.31%. (modern coastal Arabian
Sea 80 - early Miocene mean §*0sy) to deduce the isotopic composition of the early
Miocene coastal-estuarine water of the northeastern Arabian Sea sector. The estuarine water of

river Narmada, which discharges into the Arabian Sea, varies from -5.27%o0 to -2.67%o



239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

seasonally (Kubota et al., 2015). We corrected the early Miocene 580, composition at the
coastal-estuarine Kachchh basin, accounting for a 0.31%. shift in the seasonal 52O, i.e., -
5.58%o 10 -2.98%0 with an average of -4.36%o.

We have assumed the early Miocene water composition of the Kachchh basin (at the
confluence of freshwater and seawater mixing) as -4.36%o for estimating of the seasonal
temperature variability. The uncertainties in the temperature estimation are calculated using
the 5*80Omax and min information ~ -2.98%o and -5.58%o respectively (Fig. 4A and Table 1). The
temperature estimates for Shell 1 range from 12.9°C to 26.7°C with an average of 18.5°C. For
Shell 2, it varies between 10.5°C to 24.2°C with an average of 18.0°C. Shell 3 grew in a
temperature range of 11.4°C to 25.1°C with an average value of 16.4°C whereas for Shell 4 it
varies from 8.4°C to 20.1° C with an average value of 17.6°C. We have compared the early
Miocene temperature estimates with the modern-day water temperatures values from the Gulf
of Kachchh and estuaries of some of the major west-flowing river systems- Narmada, Mahi
River, Savarmati river estuaries (Fig. 4B). Considering the uncertainties in the early Miocene
temperature estimates; the Temperature max is similar to that of the present day. However, we

noted that the Temperature min in the early Miocene is cooler than that of the present day.
5. Conclusions:

The present study on isotopic investigation of the early Miocene Turritella sp. growth bands
revealed a variability in carbon isotopic values ranging from -4.83%o to -1.80%o with an average
0f -2.99%o + 0.23%o on the VPDB scale. For oxygen isotopes, it varies from -7.06%o to -2.66%o.
with an average of -4.83%0+0.21%o on the VPDB scale. The overall isotopic signatures from
the present study suggest an enhancement of freshwater discharge into the northeastern part of
the coastal Arabian Sea during the early Miocene. We suggest this enhancement of freshwater

input was driven by the intensification of Asian monsoon during this age as documented in
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other studies as well. Modern-day observations have also documented the presence of low
salinity plumes in the north-eastern part of the Arabian Sea during post summer monsoon time
period (Rao et al., 2009). The temperature reconstruction using conventional oxygen isotope
thermometry registered a temperature variability of 9.3° to 28.1°C with an assumption of water
isotopic values in the environment at seasonal time scales. The uncertainties in the temperature
estimates of about 5°C can be reduced upon application of modern tools of clumped isotopes

in the future.
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509  Figure 1: Geological map of the Kachchh Basin and Cenozoic lithologies (modified after
510 (Biswas, 1992)). The sampling location of the present study is indicated by a red asterisk.
511 Laterally, in the display, we provided lithostratigraphic information summarizing the
512  sedimentation in the Kachchh Basin during the early-mid Miocene time period. We showed
513  here the litho-units of Khari Nadi and Chhasra Formations and their faunal assemblages
514  (Biswas, 1992; Kumar & Saraswati, 1997). The red asterisk indicates the position of the
515  Turritella bed.
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Figure 2: Stable carbon (triangle) and oxygen (circle) isotope profiles for the early Miocene
Turritella sp. from the Kachchh basin investigated in this study. The purple arrows in the §3C
profile indicates periods of highest productivity. The green bars with the depletion in both §'3C
and 580 represent the episodes of freshwater run-off; the blue bars with depletion in 5*C and
enrichment in $*80 represent episodes of upwelling.
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549  Figure 3: Comparison of §'30can record of the Kachchh basin from the present study with
550 the other coeval records from Quilon formation, Kerala basin (Prasanna and Kapur 2022),
551  tropical coastal Indian ocean (Stewart et al., 2004) and modern Indian coastal-estuarine

552  environments. For the modern &80 records, we have taken data from Ghosh et al., 2021 (MZ
553  estuary), Ghosh et al., 2018 (Cochin estuary) and Banerjee et al., 2018 (Hooghly estuary).
554  Rationale for comparison of different §'8Ocan record across genera is given in the

555  supplementary document S6.
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Figure 4 A: Temperature estimates for the early Miocene northeastern Arabian sea retrieved
from the Turritella sp. growth bands based on conventional oxygen isotope thermometry. We
have used Arthur and Anderson 1982 equation to retrieve the temperature from the §*®Oghei.
Uncertainties (shaded region) were calculated based on different 53Owater compositions (see
text for the explanations).
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Table 1: Summary of the temperature estimated from Turritella shell carbonate §'®0
compositions assuming different §*3Owater compositions (% VSMOW scale). We have used the
oxygen isotope thermometry equation given by Arnold and Arthur 1983 for estimating the

temperature.

Shell 3'80water =-4.36%0 | 8'80water = -5.58%0 380water = -2.98%0 | 8*8Owater = -0.4%o

number

Shell 1 Tmin = 13.75°C Tmin =9.07°C Tmin = 19.51°C Tmin = 31.58°C
Tmax = 28.13°C Tmax = 22.41°C Tmax = 35.06°C Tmax =49.27°C

Shell 2 | Tmin=9.34°C Tmin =5.02°C Tmin = 14.69°C Tmin = 26.00°C
Tmax = 21.21°C Tmax = 15.96°C Tmax = 27.60°C Tmax = 40.83°C

Shell 3 Tmin = 12.31°C Tmin=7.74°C Tmin = 17.94°C Tmin =29.77°C
Tmax = 26.48°C Tmax = 20.87°C Tmax = 33.28°C Tmax = 47.28°C

Shell 4 Tmin = 11.36°C Tmin =6.87°C Tmin = 16.90°C Tmin = 28.57°C
Tmax = 25.51°C Tmax = 19.97°C Tmax = 32.24°C Tmax = 46.10°C
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600 Table 1: Stable isotope data of the early Miocene gastropod shells investigated in this
601  study:

Distance
from Apex
Shell (inmm) | 8%C (%0 VPDB) | &0 (%0 VPDB)
Shell 1 1 -2.28 -4.81
2 -2.99 -5.18
3 -3.15 -4.97
4 -2.86 -5.57
5 -3.34 -5.46
6 -2.81 -5.39
7 -3.35 -4.73
8 -2.89 -4.91
9 -2.86 -5.17
10 -3.27 -5.24
11 -3.33 -4.87
12 -3.36 -7.05
13 -2.71 -7.06
14 -2.11 -6.71
15 -2.95 -6.80
16 -3.29 -6.35
17 -2.94 -5.23
18 -2.84 -4.84
19 -3.45 -4.29
20 -3.72 -5.01
21 -2.94 -4.85
22 -2.18 -4.59
23 -3.13 -4.94
24 -2.64 -4.78
25 -2.01 -3.81
26 -2.18 -4.28
27 -2.55 -4.75
28 -2.01 -4.80
29 -3.14 -4.99
30 -3.04 -4.71
31 -2.64 -4.73
32 -2.24 -4.91
33 -2.62 -5.43
34 -2.55 -5.15
35 -2.17 -4.81
Shell 2 1 -4.39 -5.57
-3.22 -4.94




3 -2.81 -4.75
4 -2.77 -4.98
5 -3.20 -5.06
6 -2.66 -4.88
7 -2.80 -4.85
8 -3.07 -5.02
9 -3.72 -2.66
10 -3.98 -5.24
11 -3.51 -5.39
12 -3.47 -5.16
13 -4.13 -5.50
14 -3.18 -5.44
15 -2.80 -5.00
16 -3.65 -4.67
17 -3.16 -5.33
Shell 3 1 -4.19 -4.44
2 -3.07 -5.17
3 -2.59 -4.92
4 -2.42 -4.62
5 -2.27 -3.97
6 -2.41 -3.96
7 -2.95 -3.85
8 -2.67 -5.19
9 -2.74 -5.34
10 -2.82 -4.64
11 -2.64 -4.79
12 -2.41 -4.53
13 -2.40 -5.26
14 -2.66 -4.81
15 -2.20 -4.61
16 -2.46 -3.95
17 -2.54 -4.10
18 -3.48 -6.11
19 -3.18 -4.13
20 -3.60 -6.08
21 -3.37 -4.08
22 -4.83 -6.72
23 -3.21 -3.44
24 -3.14 -4.67
25 -3.28 -4.49
26 -2.66 -3.86
Shell 4 1 -3.45 -4.22
2 -3.16 -5.25
3 -2.31 -3.79
4 -3.04 -5.49
5 -2.02 -3.20
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605

606
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608

609

610

611

6 -2.63 -5.87

7 -2.71 -6.09

8 -2.57 -6.06

9 -2.66 -5.88
10 -2.61 -4.47
11 -3.30 -6.51
12 -3.30 -4.97
13 -3.18 -5.74
14 -3.33 -5.16
15 -3.08 -4.93
16 -3.02 -5.04
17 -1.80 -5.02
18 -2.56 -5.24
19 -2.75 -5.17
20 -2.67 -5.42
21 -2.81 -4.65
22 -2.66 -4.93
23 -2.28 -4.87
24 -3.15 -4.84
25 -2.75 -4.93
26 -3.59 -5.00
27 -3.21 -4.95
28 -4.30 -4.98
29 -2.85 -4.88
30 -2.74 -4.82
31 -2.77 -5.04
32 -3.01 -4.93
33 -2.46 -4.92
34 -2.44 -5.01
35 -3.31 -5.06
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S2: Mode of preservation of the samples:

Fig S2: In the field, we documented three different modes of preservation for the Turritella
samples in three different strata: Type (A) well-preserved samples with white shining lustre;
Type (B) poorly preserved samples with greenish-yellow dull lustre; Type (C) Poorly
preserved with a reddish yellow dull lustre. Only Type (A) samples with well preservation
were screened for the isotopic investigation.
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632  S3: XRD spectra of the shell:
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635 Fig S3: (A) XRD spectra of the aragonite sample investigated in this study for the isotopic
636 investigations. (B) XRD spectra of the samples showing aragonite mineralogy mixed with
637  calcite. These were not considered for the isotopic investigations.
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S4: Sampling protocol

Fig S4: Schematic representation of the sampling method along the center of each whorl
following the growth axis of the Turritella sp. shell. The same protocol was followed for each
of the samples investigated in this study.
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Correlation between 63C-5180 for the shells:
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Fig S5.A: Correlation between 3C and 580 for all the Turritella shells investigated in this

study.
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SS. B: 613C variability
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Fig S5. B: Figure showing periodic variability in the **Cmax values (bold arrows) and

amplitude of $*3C change from the nearest base level.
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S6 :Comparison of early Miocene Turritella 880 record from Kachchh basin with other

co-eval as well as modern records:

S6. A: Sample locations:

\\I/// Arabian
Sea

a

\Lindi bay area

cliff section

INDIAN OCEAN

Tanzania

@ Modern sample location

. Miocene sample location

\?>

Map showing the sample locations from the part of the Indo-African sector of the Indian
ocean, as discussed in this study (Section 4.2 of the main text). Early Miocene samples
investigated in this study was collected from the Kachchh basin.

S6. B: The rationale for comparing oxygen isotope records from different archives:

a) All the mollusk shells are aragonitic in nature, retaining their primary mineralogy. The
foraminifera investigated by Stewart et al., 2004 are exceptionally well-preserved
glassy forams. Thus, all the archives used for the comparison have shown no effect of

alteration.

b) The stable isotope data used for the comparison are from already published literature

that documented negligible kinetic effects in respective cases.
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c) All the organisms grew in equilibrium with the ambient water condition of the coastal
shelf region. Thus, their shell carbonate stable isotope profile would capture changes in
the hydrological conditions of the shelf region.

d) Previous investigations have also shown that the oxygen isotope records from different
mollusc species living in the same environment could be used for reconstructing
hydrological conditions (Le cuyer et al., 2004; Latal et al., 2006; Toth et al., 2010;
Clauzel et al., 2020).

e) A study by Bice et al., 2003 has shown the stable isotope record from glassy forams is
comparable to that of the mollusc shells from nearby locations.

S7: Estimation of the change in the palaeosalinity

Assuming different 5'®Owaer compositions (Section 4.3 of the main text), we obtained an
overall temperature range varying from a minimum 5.02°C to a maximum of 35.06°C with an
average 19.13°C. We have calculated salinity (S) at three different temperatures Tmin 5.02°C,
Tmax 35.06°C and Taverage 19.13°C. First, we calculated the fractionation factor at each of these
temperatures and then calculated 5'®Owater from &%Ocaronate. Three different 5'®Owater -S
relationships were used in order to calculate the salinity from the calculated §'®Owater. These
equations are: 3O0water -S relationships at the Northern Indian Ocean given by Kumar et al.,
2018; summer and winter time relationship at the coastal Arabian sea given by Deshpande et
al., 2013. We have taken an average of the salinities calculated using each of these equations
and derived AS (Smax-Smin) in order to estimate the change in the salinity due to freshwater
influx. The AS is around 21 psu for the NE coastal Arabian sea (west coast of India) during
early Miocene. Model based study suggested change in the salinity of comparable magnitude

for the modern SW coastal India driven by freshwater discharge (Seena et al., 2019).
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