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Abstract 

This is the first systematic high-resolution rock magnetic study complemented by mineralogical and 

petrological observations conducted on sediment cores representing shallow (active cold seep; SSD-

45/Stn-4/GC-01) and deep-seated  (NGHP-01-15A) gas hydrate systems in the Bay of Bengal which 

addresses two key questions: (i) how magnetic minerals respond to the geochemical environment at 

two different diagenetic settings experiencing variable fluid sequence, and (ii) elucidates the control 

on the magnetite and greigite authigenesis in sulfidic, methanic, and gas hydrate bearing sediments. 

Titanomagnetite is the dominant detrital magnetic mineral identified in the studied cores from the 

Krishna-Godavari (K-G) basin along with diagenetic (pyrite) and authigenic (magnetite, greigite) 

minerals. Large detrital titanomagnetite and silicate-hosted (fine-grained) magnetic inclusions 

survived diagenetic dissolution during high sedimentation events. Magnetic proxies (ARM/SIRM and 

SIRM/χlf) provided useful insights on the diagenetic and authigenic formation and preservation of 

magnetic particles in the studied cores. Preferential diagenetic dissolution of finer (detrital) magnetic 

particles in sulfidic and authigenic formation of magnetite in methanic environment is clearly evident 

in the ARM/SIRM record of cores from both sites. Elevated values of SIRM/ꭓlf in cores SSD-45/Stn-

4/GC-01 (sulfidic and hydrate bearing) and NGHP-01-15A (methanic) indicate formation and 

preservation of ferrimagnetic authigenic (SP) greigite particles. Based on the magnetic proxies, we 

demonstrated that the formation of authigenic magnetite in the methanic environment of both sites is 

tightly linked with the microbial iron-reduction process. Multiple occurrences of authigenic carbonate 

provided evidence on the episodic intensification of anaerobic oxidation of methane (AOM) at active 

seep and silicate weathering coupled to microbial methanogenesis at deep-seated gas hydrate site 

respectively. 

Keywords: Diagenesis, Magnetic Minerals, Active Cold Seep, Gas Hydrates, Authigenic Magnetite, 

Greigite, Bay of Bengal. 

Key Highlights: 

 Unravels the diagenesis and authigenesis of magnetic minerals in shallow and deep-seated gas 

hydrate systems from the Bay of Bengal. 

 Magnetite and greigite authigenesis is tightly linked with microbial iron reduction process. 

 Magnetic inclusion within host silicates shielded the magnetic particles from sulfidic pore 

fluids and survived diagenetic dissolution. 

 A schematic model explains the controls on the evolution of magnetic mineralogies in two 

diagenetic systems experiencing variable fluid sequences. 

 

 

 



2 
 

1. Introduction  

Marine sediments across large parts of the Krishna-Godavari (K-G) basin offshore, India contain 

abundant methane and gas hydrates. The K-G basin represents an ideal natural laboratory with its 

unique presence of shallow (active cold seep; SSD-45/Stn-4/GC-01; Mazumdar et al., 2019) and deep-

seated (NGHP-01-15A; Collett et al., 2008; Kumar et al., 2014) gas hydrate systems to obtain a 

comprehensive view of the methane-related diagenetic and authigenic processes in the two different 

marine gas hydrate systems. Magnetic minerals at active, paleo, and relict methane seep sites and in 

sediments influenced by past anaerobic oxidation of methane (AOM) processes are the potential 

archive of past fluid sequences and provide an important constraint on the methane-related diagenetic 

and authigenic processes (Dewangan et al., 2013; Musgrave et al., 2019; Greve et al., 2021; Gaikwad 

et al., 2021; Kars et al., 2021). Geochemical processes linked with fluid migration, gas hydrate 

formation/dissociation favour the growth of iron sulphides which induce a magnetic signature in the 

host sediments (Esteban et al., 2008). For example, sulfate-reduction driven by AOM generates 

hydrogen sulfide in the pore water via bacterial activities (Canfield and Berner 1987). The linkage 

between rock magnetism, pore-water geochemistry, methane-related magnetic mineral diagenesis, and 

authigenesis has been well-explored (Roberts, 2015). Authigenic formation of ferrimagnetic (greigite, 

magnetite) and non-magnetic (pyrite) iron sulfides in methanic sediments are influenced by the history 

of fluid sequence and gas hydrate dynamics (formation/dissociation) (Dewangan et al., 2013; Kars and 

Kodama, 2015; Roberts, 2015). Previous rock magnetic studies dealing with magnetic mineral 

diagenesis in methanic and gas hydrate bearing sediments has established the linkage between 

methane-related geochemical and microbial processes and sediment magnetism. For example, in 

Mackenzie Delta, Canada (Enkin et al., 2007), Mediterranean continental shelf (Amiel et al., 2020), 

North-western Weddell Sea (Reilly et al., 2020), South China Sea (Lin et al., 2021), Hikurangi Margin, 

New Zealand (Greve et al., 2021; Kars et al., 2021), Izu‐Bonin rear arc (Musgrave et al., 2019), Nankai 

Trough (Kars and Kodama, 2015; Shi et al., 2017) and offshore Shimokita Peninsula (Phillips et al., 

2017) Japan,  Bay of Bengal (Dewangan et al., 2013; Badesab et al., 2019; Gaikwad et al., 2021; 

Johnson et al., 2021), offshore Taiwan (Horng, 2018), Cascadia Margin (Musgrave et al., 2006; 

Larrasoaña et al., 2007), Arctic Vestnesa Ridge, offshore western Svalbard (Johnson et al., 2014), West 

Siberian Sea (Rudmin et al., 2018),  and offshore Taiwan (Horng, 2018). 

Detrital magnetic particles undergo a reduction process manifested by progressive diagenetic 

dissolution and subsequent transformation into intermediate ferrimagnetic iron sulfide (greigite) or 

stable non-magnetic (pyrite) minerals (Roberts, 2015). Magnetic methods bear the potential to rapidly 

characterize the detrital, diagenetic, authigenic magnetic minerals interms of their concentration, grain 
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size, and mineralogy (Esteban et al., 2008). Previous rock-magnetic studies dealing with magnetic 

mineral diagenesis in the K-G basin mainly focussed on elucidating the controls of structural and 

diagenetic (early vs. late) processes on the sediment magnetism in an active and relict seep sites 

(Gaikwad et al., 2021), unravelling the linkage between greigite magnetism, methane seepage 

dynamics, and evolution of active cold seep site associated with shallow gas hydrate system (Badesab 

et al., 2020a), developing a novel magnetic based approach for the exploration of gas hydrates 

(Badesab et al., 2019), magnetic mineral diagenesis in a paleo-cold seep site (Dewangan et al., 2013), 

constraining the formation and preservation of greigite in methanic sediments (Badesab et al., 2020b; 

Gaikwad et al., 2021), isolating detrital and diagenetic signals in methane-bearing marine sediments 

(Johnson et al., 2021), influence of high-energy depositional environment on the magnetic mineral 

diagenesis and formation of gas hydrates (Badesab et al., 2020b). However, a focused rock magnetic 

study directly dealing with the diagenetic analysis of two different (shallow versus deep-seated) marine 

gas hydrate systems in the K-G basin is still lacking. 

Sediment cores retrieved during Council of Scientific and Industrial Research (CSIR)-National 

Institute of Oceanography (NIO) gas hydrate discovery cruise (SSD-045 onboard R/V Sindhu 

Sadhana) and first Indian National Gas Hydrate Drilling Expedition (NGHP‐Exp‐01) provided an 

excellent opportunity to illuminate the multiple methane-influenced geochemical processes that impact 

sediment magnetization of the continental margin hydrate system (Collett et al., 2008; Kumar et al., 

2014). In this study, we conducted comprehensive rock magnetic investigations complemented by 

mineralogical and petrological observations on the sediment cores representing shallow (active cold 

seep) and deep-seated gas hydrate systems to examine (1) how magnetic minerals respond to the 

geochemical environment at two different diagenetic (shallow versus deep gas hydrate system) settings 

experiencing variable fluid sequence, and (2) elucidate the control on the magnetic mineral 

authigenesis in methanic sediments. 

2. Geological Setting 

The K‐G basin is a proven petroliferous basin situated in the central-eastern continental margin of 

India (ECMI) (Fig. 1a). The basinal area is about 28,000 km2 onshore and 145,000 km2 offshore (Rao, 

2001). A sediment thickness is about 3–5 km in the onshore and 8 km in the offshore region (Prabhakar 

and Zutshi, 1993; Bastia, 2007). The sediments in the basin are fed by two major river systems (Krishna 

and Godavari) and their tributaries. Both the rivers drain through the Late Cretaceous Deccan Basalts 

(DcB), Archean-Proterozoic Gneissic Complexes (APGC), and recent sediments (Ramesh and 

Subramanian 1988; Sangode et al., 2007) and deliver a large amount of detrital (magnetite-rich) 

sediments to the K-G basin (Ramesh and Subramanian 1988; Sangode et al., 2007). Geological and 
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geophysical studies have established the presence of active and paleo-cold seep associated with 

shallow and deep-seated gas hydrates in the K-G basin (Collett et al., 2008; Mazumdar et al., 2009; 

Mazumdar et al., 2019; Dewangan et al., 2021; Gaikwad et al., 2021). Several geomorphic structures 

such as mounds, shale diapirs, and faults are formed as a result of ongoing neo-tectonics in the K-G 

basin. Methane migration through the fault/fractures supported the formation of gas hydrate deposits 

in the K-G basin (Dewangan et al., 2010; Shankar and Riedel, 2010).  

Continental margins worldwide store immense quantities of methane gas (Kvenvolden, 1993). Cold 

seeps (active, relict, paleo) and gas hydrates (shallow and deep-seated gas hydrates) are characteristics 

of many active continental margins (Suess, 2014). Discovery of active cold seep associated with 

shallow (fracture-filled; Mazumdar et al., 2019; Dewangan et al., 2021) and deep-seated (massive and 

disseminated-type; Collett et al., 2008; Collet et al. 2014; Kumar et al. 2014; Collett et al., 2019) gas 

hydrates in the K-G basin, Bay of Bengal during a dedicated gas hydrate exploration cruises onboard 

R/V Sindhu Sadhana (SSD-45, 2018) and D/V JOIDES Resolution (NGHP Expedition-01, 2006) has 

placed India on a global gas hydrate distribution map. At shallow (active cold seep) hydrate site, gas 

chimneys and shale-tectonism driven by faults/fractures are the two main fluid migration pathways 

(Dewangan et al., 2010, 2021; Sriram et al., 2020). The occurrence of shallow gas hydrates (2-3 mbsf) 

and active methane seepage at this site is predominantly controlled by the migration of fluids along 

deep-rooted faults and the presence of deeper gas reservoir in the K-G basin (Mazumdar et al., 2019; 

Dewangan et al., 2021). Methane-rich fluid flow at this site is inferred by the presence of 

chemosynthetic biological communities and authigenic carbonates on the seafloor (Mazumdar et al., 

2019; Gaikwad et al., 2021). Gas hydrate at site NGHP-01-15 mainly occurs as pore-filling 

disseminated-type predominantly in sand-rich intervals (~75 to 81 mbsf) mostly as channel-levee 

deposits (Riedel et al., 2011; Collett et al., 2014). Deep sourced fluid and gas migration produced 

hydrate saturation up to 68% in a coarse-grained stratigraphic horizon at this site (Solomon et al., 

2014). The moussey texture formed due to gas hydrate dissociation was observed in the clean sand and 

this was further confirmed through pore water chloride (~28 mbsf, 60 mbsf, 79 mbsf, and 87 mbsf) 

and temperature (~79 mbsf) anomalies (Collet et al., 2008). The present-day sulfate-methane transition 

zone (SMTZ) depth at this site is at 31.5 mbsf (Fig. S7; Collet et al., 2008). The sulfate concentration 

profile of the uppermost 30 mbsf showed S-shaped pattern probably due to the influence of recent high 

sedimentation events (Fig. S7; Collet et al., 2008; Solomon et al., 2014). The entire recovered 

sedimentary sequence of core NGHP-01-15A was defined as one lithostratigraphy unit based on the 

physical and sedimentological properties. Sediment lithology comprised of nannofossil-bearing to -

rich clay, and silty clay that ranges in color from dark brown, dark grey, greenish black to black in the 
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uppermost intervals (Collet et al., 2008). Sand/silt laminae and beds are abundant and occur in discrete 

zones throughout the core. About 5–8 m thick sediment interval characterized by the highest sand 

content was found in this core (Riedel et al., 2014). High porosity and permeability offered by these 

coarse-grained sand layers favored gas hydrate formation and accumulation at this site (Collett et al., 

2008, 2014). Shell fragments, foraminifera, and authigenic carbonates (nodule, band, cement) occur 

throughout the core. The carbonate mineralogy is comprised of iron and calcium-rich carbonate and 

low and high magnesium calcite (Teichert et al., 2014). Clay mineralogy at this site is dominated by 

the higher content of smectite (36% to 76%) with appreciable amount of illite (10% to 29%), kaolinite 

(9% to 31%), and chlorite (3% to 11%) in the bulk sediment sample (Phillips et al., 2014). The total 

organic carbon (TOC) in core NGHP-01-15A ranges between 0.86 to 3.18%, except at 87 mbsf where 

TOC content is much higher (10.17 %). The calcium carbonate (CaCO3) content ranges from 0.38 to 

29.62 % (Johnson et al., 2014).  

2. Methods  

Room, low-and high-temperature magnetic measurements, FORC analysis, and SEM observations 

provide diagnostic features that can be used to identify and characterize the magnetic mineral 

assemblages in the studied sediment cores (Liu et al., 2012). 

2.1. Sediment core lithology, sampling, and measurements 

A short (2.23 m) gravity core (SSD-45/Stn-4/GC-01) was retrieved from active cold seep site (SSD-

45/Stn-4 (Lat: 15°43.0411’N, Lon: 82°04.0599’E, water depth = 1803 m, recovered core length: 2.23 

m) associated with shallow gas hydrates during a dedicated gas hydrate exploration cruise (SSD-45) 

of CSIR-NIO onboard R/V Sindhu Sadhana. The sediment core was sub-sampled at every 2 cm 

interval. After opening the core onboard, light gray to deep black colored sediments yielded strong 

smell of hydrogen sulfide. Multiple yellowish-brown colored authigenic carbonate layers were noticed 

in the uppermost (0 to 1.57 mbsf; Fig. 8a-g; Table. 1) sediment interval. Live chemosynthetic 

communities were observed on the seafloor at this site (Fig. 8h-k). Fracture-filled type gas hydrates 

were recovered from three (1.77 - 1.85 mbsf, 2.07 - 2.11mbsf, and 2.17 - 2.23 mbsf) sediment intervals 

in this core (Fig. 8l). To prevent the exposure of samples to atmospheric conditions, the sub-sampling 

of sediment core was carried out in the presence of high purity nitrogen flushing. A 196.45 m long 

drilled sediment core NGHP-01-15A (Lat: 16°05.6983’N, Lon: 082° 09.7467’E, water depth = 926 m, 

recovered core length: 200.0 m) was retrieved during the first Indian NGHP, Exp-01(Collett et al., 

2014, Riedel et al., 2014) onboard D/V JOIDES Resolution from high-energy sediment depositional 

site (NGHP-01-15) in the K-G basin (Fig. 1; Collett et al., 2008). The entire sediment core (NGHP-
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01-15A) was sub-sampled at intervals of 1.5–6 m on each 9.6 m long sections onboard. The sub-

samples were further transported and stored at ~ 5-6°C cold storage repository of CSIR-NIO, Goa, 

India. The bulk sediment sub-samples were dried, weighed, and packed in the 25 mm plastic sample 

bottles. Mass-dependent magnetic susceptibility was measured on these packed samples. The 

comparison between shipboard multi-sensor core logger (MSCL) derived magnetic susceptibility (in 

2006; Collet et al., 2008) and laboratory-based mass-specific magnetic susceptibility (in December 

2020; present study) showed the minimum alteration of the magnetic signals after core collection and 

storage (Fig. S5). Magnetic measurements were carried out in the Paleomagnetic Laboratory of CSIR-

NIO India. The specialized rock magnetic measurements on selective samples were carried out at the 

Centre for Advanced Marine Core Research (CMCR), Kochi University, Japan. 

2.2. Magnetic measurements 

Low-field low frequency (0.47 kHz) magnetic susceptibility (χ) was measured on a MS2B Bartington 

Instruments magnetic susceptibility meter. All remanent magnetizations were measured using an 

AGICO JR-6A spinner magnetometer. An anhysteretic remanent magnetization (ARM) was imparted 

using a 100 mT alternating magnetic field superimposed on a fixed direct current (DC) bias field of 50 

μT. An isothermal remanent magnetization (IRM) was applied in an inducing field of +2T in the 

forward direction and was demagnetized by DC backfields at −20, −30, −100, and −300 mT using a 

MMPM10 pulse magnetizer. Mass-normalized IRM acquired at a peak field of 2T is assumed as the 

saturation IRM (SIRM). S-ratio is calculated as the ratio between the IRM at −300 mT and SIRM 

(IRM−300mT/SIRM2T; Bloemendal et al., 1992). 

Thermomagnetic analyses were conducted on a Natsuhara Giken (Model NMB-89) magnetic balance 

(Range: Room temperature to 700°C) with a heating rate of 10°C/min in a 0.3-T field at the Paleo and 

Rock Magnetism Laboratory of CMCR. Magnetic hysteresis loops, first-order reversal curves (FORC), 

and back-field demagnetization curves were measured for nine selected dried sediment samples with 

a saturating field of 1T, field increment of 4 mT, slew rate limit of 1 T/s, and averaging time of 200 

ms at the CMCR. Processing of FORC diagrams were done using the FORCinel software (smoothing 

factor (SF) = 5; Harrison and Feinberg, 2008). 

Low-temperature magnetic measurements were made on five selected dried sediment samples with a 

Quantum Design Magnetic Properties Measurement System at CMCR. An RT-SIRM was applied at 

room temperature (300 K) in a 2.5 T. Samples were further cooled to 5 K and warmed back again to 

300 K in a zero magnetic field. A LT-SIRM was then imparted at 5 K in 2.5 T. Samples were further 

warmed up to 300 K in a zero magnetic field (“ZFC” for zero field-cooled). Samples were then cooled 



7 
 

to 5 K in the presence of a 2.5 T magnetic field. A LT-SIRM was again induced at 5 K, and samples 

were warmed to 300 K in a zero magnetic field (“FC” for field-cooled). 

2.3. Mineralogical analysis 

Magnetic particles were extracted from the bulk sediment samples using a magnetic mineral extraction 

method developed by Petersen et al. (1986). A scanning electron microscope (SEM; JEOL JSM-5800 

LV) at CSIR-NIO was used to capture the image of the magnetic particles in a secondary electron 

imaging mode at the energy levels between 15 and 20 keV. To determine the composition of magnetic 

particles, an energy dispersive X-ray spectroscopy (EDS) probe attached to the microscope was used. 

Sediment magnetic mineralogy was determined using a Rigaku X‐Ray Diffractometer (Ultima IV). 

The samples were allowed to run from 15° to 65° of 2θ at 1°/min scan speed using Cu Kα radiation (λ 

= 1.5414 Å). Optical microscopy on separated >63 μm fractions from different sediment intervals in 

both cores was carried out using Olympus microscope (BX41). 

2.4. Petrography of authigenic carbonates 

Methane-derived authigenic carbonate (MDAC) nodules at the active seep site (core SSD-45/Stn-

4/GC-01) were picked up from the split sediment cores during sub-sampling. The polished thin 

sections (26 x 46 mm) of MDAC were prepared and further examined using petrographic microscope 

Trinocular Microscope (Model No.-BX51TRF) in the Petrology Laboratory of CSIR-NIO, Goa, India. 

4. Results 

4.1. Rock magnetic record of sediment cores from shallow and deep-seated gas hydrate system 

Rock magnetic profile of sediment cores from active methane seep site associated with shallow (SSD-

45/Stn-4/GC-01) and deep-seated gas hydrate (NGHP-01-15A) systems are presented in Fig. 2. A 

magnetically enhanced and laterally extensive band (Fig. S1) is clearly evident in the sediment 

magnetic record of seven long drilled cores from the K-G basin (Badesab et al., 2019). Such band 

represents several events of rapid sediment deposition that eventually led to the quick burial and 

formation of a distinct magnetite-rich sediment interval in the NGHP drilled sediment cores (Fig. S1; 

Shanmugam et al., 2009; Shankar and Riedel, 2010; Dewangan et al., 2011; Ramprasad et al., 2011; 

Krishna et al., 2016; Badesab et al., 2019; Badesab et al., 2022). Based on the down-core magnetic 

susceptibility (χlf) trends, we have demarcated the entire magnetic profile of core SSD-45/Stn-4/GC-

01from active seep (AS) site into two distinct sediment magnetic zones (Z-I, Z-II, Fig. 2). The 

uppermost zone of core SSD-45/Stn-4/GC-01 (Z-I: 0.01to 1.6 mbsf) showed a general downcore 

decline in χlf, ARM, and SIRM indicating reduction in the magnetic mineral concentration (Fig. 2a-c). 

A magnetic (SIRM/χlf; Snowball and Thompson, 1990; Maher and Thompson, 1999; Peters and 
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Dekkers, 2003) proxy for iron sulfides showed a systematic downcore decrease suggesting the loss of 

fine and subsequent increase in coarse-grained magnetic particles except few intervals in Z-I and Z-II 

(Fig. 2e).  Anomalous drop in S-ratio (0.61 – 0.96) from 0.31 to 1.09 mbsf suggest the presence of 

ferrimagnetic iron sulfides (greigite, hexagonal pyrrhotite) (Fig. 2f; Peters and Dekkers, 2003; Roberts 

et al., 2011; Kars and Kodama, 2015; Horng, 2018). The bottom most zone (Z-II: 1.61to 2.23 mbsf) 

showed marked decrease in χlf, ARM, SIRM values suggesting drop in magnetite concentration (Fig. 

2a-c). Three peaks of increase in SIRM/χlf and χlf in the gas hydrate bearing sediment intervals in Z-II 

suggest the presence of SP size ferrimagnetic iron sulfides (greigite, hexagonal pyrrhotite) (Fig. 2a,e; 

Snowball, 1991; Tarduno, 1995; Larrasoaña et al., 2007; Rowan et al. 2009). S-ratio profile showed 

two trends in Z-II (Fig. 2f). The beginning of Z-II is marked by higher values of S-ratio suggesting the 

dominance of ferrimagnetic iron oxides. The lower most interval (1.83 to 2.23 mbsf) showed 

significant drop indicating the presence of high coercivity minerals or ferrimagnetic iron sulfides. 

Rock magnetic profile of a deep-seated gas hydrate core (NGHP-01-15A) can be classified into five 

distinct sediment magnetic zones (Z-I, Z-II, Z-III, Z-IV and Z-V). A systematic downcore reduction 

in χlf, ARM and SIRM in Z-I (0.74 to 17.76 mbsf) indicates decline in concentration of magnetic 

particles (Fig. 2g-i). The lower part (14.02 to 25.86 mbsf) of Z-I is marked by higher values of 

ARM/SIRM suggesting the dominance of fine-grained detrital magnetic particles in this zone (Fig. 2j; 

Peters and Dekkers, 2003; Liu et al., 2012). A distinct minima in χlf, ARM and SIRM and drop in S-

ratio close SMTZ (Fig. 2, Fig. S7) indicate the presence of paramagnetic (pyrite) and high coercivity 

minerals is Z-II (30.86 to 41.91 mbsf) (Fig. 2g-i, l). The Z-III (42.57 to 72.57 mbsf) is characterized 

by higher χlf, ARM, SIRM and SIRM/χlf values reflecting the presence of fine-grained ferrimagnetic 

iron sulfides of diagenetic or authigenic origin (Fig. 2g-i,k; Rowan et al., 2009; Roberts et al., 2018). 

A magnetic enhancement manifested by increase in χlf, ARM, SIRM, S-ratio and relatively low 

ARM/SIRM indicates the presence of coarse-grained magnetic particles in Z-IV (112.85 to 140.35 

mbsf) close to the present BSR depth (Fig. 2g-j,l). The Z-V (149.9to 196.45 mbsf) is marked by a 

downcore rise in χlf, ARM, SIRM and high S-ratio suggesting the period of increase in the supply of 

magnetic minerals (Fig. 2g-i, l). A minor downcore rise in ARM/SIRM from end of Z-II to Z-V suggest 

gradual increase in the proportion of fine-grained authigenic magnetic particles (Fig. 2j; Dillon and 

Bleil, 2006). Similarly, a trend of noticeable increase in SIRM/χlf from Z-III i.e., below the gas hydrate 

occurrence zone till the bottom of the core (NGHP-01-15A) can be attributed to the increase in the 

growth of fine-grained ferrimagnetic iron sulfide (greigite) particles (Fig. 2k; Snowball, 1991; 

Larrasoaña et al., 2007; Rowan et al., 2009). 
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4.2. Temperature dependant magnetic Susceptibility 

The thermomagnetic curves (χ‐T) of all six analyzed samples from a shallow gas hydrate core (SSD-

45/Stn-4/GC-01) showed very similar pattern (Fig. 3a). A noticeable drop in ꭓ values between 522°C 

and 632°C in majority of the samples suggest that the bulk magnetic mineralogy is dominated by 

magnetite and titanomagnetite (Dunlop et al., 1997). A minor rise in ꭓ between 352°C to 452°C for 

most of the samples could be attributed to the presence of titanomagnetite exhibiting wide range of Ti-

contents (Lattard et al., 2006) or due to transformation of paramagnetic minerals into magnetite during 

heating process (Fig. 3a; Hirt and Gehring, 1991; Hirt et al., 1993; Passier et al., 2001; Philips, 2018). 

In a deep-seated gas hydrate core (NGHP-01-15A), χ‐T curves (Fig. 3b) show a gentle decline in 

magnetization from room temperature up to ~ 340.5 °C (average) and increases further suddenly to 

values close to the initial magnetization value. The noticeable increase at ~ 373.51 °C (average) is 

consistent with high-temperature oxidation of non-magnetic iron phases into magnetic phases (Passier 

et al., 2001). Increase in magnetization maintains a broad peak between ~ 403.5 °C and 520.8 °C 

(average) that ends with a sharp drop between ~ 572.0 °C and 635.3 °C (average) indicating that the 

bulk magnetic mineralogy in core NGHP-01-15A is dominated by magnetite and titanomagnetite (Fig. 

3b; Dunlop et al., 1997).   

4.3. Low-temperature magnetometry 

Results of low-temperature magnetic measurements of selective samples from core SSD-45/Stn-4/GC-

01 displays similar magnetic signatures and lacks a Verwey transition (Fig. 4; Verwey, 1939). The 

curves reflect the dominance of paramagnetic signal which hindered the minor changes in the 

magnetization. The first derivative magnetization curves are shown in Fig. 4b,d,f. A minor peak in the 

derivative curve near Verwey transition temperature was observed only in sample from Z-II (1.80 

mbsf), which is indicative for the presence of stoichiometric magnetite in low concentration (Fig. 4d). 

Rapid decrease in LT-SIRM from 5 to 30 K and nearly 55 – 60 % loss of the applied remanence is 

noticed (Fig. 4a,c,e). This indicates the presence of superparamagnetic (SP) magnetic (rapidly 

unblocked) particles in these samples (Tarduno, 1995; Passier and Dekkers, 2002). We did not observe 

any Besnus transition typical indicator for pyrrhotite (Besnus and Meyer, 1964; Dekkers, 1989; 

Larrasoaña et al., 2007) in the analyzed samples. 

4.4. FORC diagrams 

FORC diagrams provided important constraints on the domain states and type of magnetic minerals 

(Fig. 5; Roberts et al., 2000). Closed contours in all plots indicate that the magnetic particles in the 

analyzed samples displays vortex state to multidomain (MD) type behavior (Fig. 5a-i; Roberts et al., 
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2000; Roberts et al., 2017; Roberts et al., 2018; Lascu et al., 2018). FORC’s distribution in Fig. 5a-i 

also provide clues on the magnetic mineralogy which appears to be dominated by the ferrimagnetic 

iron oxides (vortex state-MD type magnetite) and sulfides (SP greigite) (Muxworthy and Dunlop, 

2002). 

4.5. Identification of magnetic mineralogy using SEM-EDS and XRD analyses 

SEM-EDS data of magnetic particles representing different sediment intervals of core SSD-45/Stn-

04/GC-01confirmed that titanomagnetite is the major magnetic mineral in the studied cores (Fig. 6a-f, 

Fig. S6a-f). Several ferrimagnetic iron oxides (detrital) and sulfides (diagenetic) of different sizes are 

noticed in both sediment magnetic zones (Z-I, Z-II). Well-preserved as well diagenetically influenced 

detrital titanomagnetite grains were found to be present throughout the core (Fig. 6a-f, Fig. S6a-f). 

EDS data for these grains indicate the presence of titanium, iron, and oxygen with minor amount of 

silicon, aluminium, calcium, manganese, chromium, and magnesium. Numerous diagenetically 

formed iron sulfides (pyrite) occur as framboid (Fig. 6b, Fig. S6b) as well as tiny individual (Fig. 6d-

e, Fig. S6d-e) grains are observed. Authigenically formed greigite particles are observed in association 

with larger titanomagnetite grains in Z-II (Fig. 6f, Fig. S6f). In sediment core (NGHP-01-15A) from 

deep-seated gas hydrates, fine as well as coarse-grained detrital titanomagnetites are found to occur 

throughout all sediment magnetic zones (Z-I to Z-V) (Fig. 6g-m, Fig. S6g-m). Iron sulfides were found 

to occur as tiny particles growing on a larger titanomagnetite grains in a magnetically reduced zone 

(Z-II) proximal to present-day SMTZ (Fig. 6h, Fig. S6h). High sedimentation rate interval (Z-IV) is 

marked by abundant coarse-grained detrital titanomagnetites (Fig. 6k-l Fig. S6k-l). 

XRD analyses on magnetic particles from all sediment magnetic zones in cores SSD-45/Stn-04/GC-

01 and NGHP-01-15A confirm that magnetic mineralogy is governed by titanomagnetite, greigite, and 

pyrite grains occurring in varying proportion (Fig. 7a-l). Dominant peaks of quartz are also noticed in 

all samples (Fig. 7a-l). In core SSD-45/Stn-04/GC-01, titanomagnetite, greigite, and pyrite grains are 

found to occur together (Fig. 7a-f). Samples from Z-II exhibiting high χlf and SIRM/χlf in cores SSD-

45/Stn-4/GC-01 (Fig. 2a,e, Fig. 7e-f) showed the presence of titanomagnetite, greigite, and pyrite. In 

core NGHP-01-15A, titanomagnetite and quartz are two dominant minerals noticed throughout the 

core (Fig. 7g-l). Few minor peaks of pyrite are seen in Z-II (Fig. 7h), Z-IV (Fig.7k), and Z-V (Fig.7l). 

4.6. Petrography of authigenic carbonates, chemosynthetic community and sand layers 

Abundant yellowish-brown color authigenic carbonates of different morphologies and sizes are found 

only in Z-I (upto 1.57 mbsf) of core SSD-45/Stn-4/GC-01 (Fig. 8a-g). Living chemosynthetic 

communities including Bathymodiolus sp., (Fig. 8h), Calyptogena sp. (Fig. 8i), Acharax sp. shell (Fig. 
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8j) and Decapod crustaceans (squat lobsters; Fig. 8k) were noticed at the active methane seep site 

(SSD-45/Stn-4/GC-01). Petrographic thin section analysis of methane-derived authigenic carbonates 

from shallow gas hydrate (active cold seep) bearing core (SSD-45/Stn-4/GC-01) showed dissolution 

structure with dominant mineralogy of micritic aragonite, calcite and magnesium calcite (Fig. 9a-b). 

Bryozoans of circular type structure and its preserved fossils are observed at 1.01 mbsf (Fig. 9c). 

Foraminiferal tests of different size and shape cast are found in the micritic aragonite (Fig. 9d). Several 

layers of fine-medium sand were observed in all sediment magnetic zones in core NGHP-01-15A (Fig. 

S2a-d). 

4.7. Rock magnetic properties of shallow (active cold seep) and deep-seated gas hydrate system. 

Based on the rock magnetic properties, we broadly classify the samples into three distinct groupings 

(Fig. 10a-c). Majority of the samples from shallow hydrate core (SSD-45/Stn-4/GC-01) exhibited both 

low and intermediate values of χlf, SIRM and SIRM/χlf and showed close groupings (Fig. 10a-b). 

Samples possessing higher values of SIRM/χlf and comparatively low values of χlf can be attributed to 

the presence of fine-grained ferri-and paramagnetic iron sulfides (Fig. 10b). Contrastingly, samples 

from core NGHP-01-15A showed relatively high and intermediate values of χlf, SIRM and SIRM/χlf 

values indicating the dominance of mixed-type (iron oxides, iron sulfides) mineral assemblages (Fig. 

10a-b). A good covariation between concentration dependent (χlf) and mineralogy diagnostic (S-ratio) 

is noticed (Fig. 10c). Higher values of χlf coupled with the S-ratio > 0.9 in both the sediment cores can 

be attributed to the presence of ferrimagnetic (magnetite) particles. Samples from core SSD-45/Stn-

4/GC-01 exhibiting low S-ratio showed narrow range in χlf indicating the presence of high coercive 

ferrimagnetic magnetic minerals (hematite, goethite) or ferrimagnetic iron sulfides (greigite, 

hexagonal pyrrhotite) (Fig. 10c; Peters and Dekkers, 2003; Roberts et al., 2011; Kars and Kodama, 

2015; Horng, 2018). While samples from core NGHP-01-15A which showed low S-ratio exhibited 

wide range in χlf (Fig. 10c). The day plot showed that all the analyzed samples from shallow and deep-

seated gas hydrate sediment cores lie in the vortex state (Fig. 10d; Day et al., 1977). 

5. Discussion 

5.1. Origin of magnetic minerals and its fate in sulfidic and methanic environments. 

Rock magnetic and mineralogical methods provided suitable means to characterize magnetic 

assemblages in a complex active cold seep and methane-hydrate bearing marine sedimentary system 

with different sources (detrital, diagenetic, authigenic) of the magnetic particles.  It is pre-requisite to 

evaluate the factors contributing and affecting the magnetic signals for better interpretation of sediment 

magnetic record in context with primary (detrital) and secondary (diagenetic/authigenic) depositional 



12 
 

processes (Housen and Musgrave, 1996; Roberts, 2015). The sediment magnetism at sites representing 

shallow (SSD-45/Stn-4/GC-01) and deep-seated (NGHP-01-15A) gas hydrate system is carried by a 

complicated magnetic mineral assemblages comprised of detrital (titanomagnetite, magnetite, silicate-

hosted magnetic inclusions) diagenetic (pyrite), and authigenic (magnetite, greigite) origin as 

confirmed by rock magnetic, XRD, SEM-EDS and optical microscopy (Fig. 2-7, Fig. 10, Fig. S3, Fig. 

S4). In the studied sediment cores, the degree of influence of each magnetic mineral phase varied 

within sulfidic and methanic sedimentary zones as clearly evident in rock magnetic (Fig. 2) and 

mineralogical records (Fig. 6-7). Detrital magnetic particles occur as discrete vortex state-MD type 

magnetite (as confirmed through FORC and SEM-EDS; Fig. 5; Fig. 6, Fig. S6) as well as silicate-

hosted magnetic inclusions (Fig. S3, Fig. S4) in the both the sediment cores. Higher values of χlf in Z-

I of both cores can be attributed to the presence of fine and coarse-grained detrital titanomagnetite 

mainly sourced from Deccan trap basalts (Fig. 2, Fig. 6-7; Ramesh and Subramanian, 1988; Sangode 

et al., 2001; Badesab et al., 2019). Thermomagnetic curves (χ‐T) confirmed that the bulk magnetic 

mineralogy is dominated by titanomagnetite including magnetite (Dunlop et al., 1997). The data also 

showed the dominance of non-magnetic iron phase in samples from both sediment cores (Fig. 3a-b). 

The thermal transformation at 352°C (SSD-45/Stn-4/GC-01) and 373.5°C (NGHP-01-15A) is 

consistent with the high temperature oxidation of a non-magnetic iron phase into a magnetic phase 

(Fig. 3a-b; Passier et al., 2001). The broadness of the oxidation peak in the NGHP-01-15A samples 

could be attributed to the presence of two different morphologies of pyrite. Similar observations were 

reported from equatorial Atlantic (Itambi et al., 2010) and Mediterranean sediments (Passier et al., 

2000). Mineralogy diagnostic low-temperature magnetic data of core SSD-45/Stn-4/GC-01 revealed 

no distinct Verwey transition in the topmost sediment interval (Fig. 4a-b) and gas hydrate bearing 

layers (Fig. 4c-f). Such feature can be reconciled to the masking of transition due to increase in 

paramagnetic contribution (Verwey, 1947). Rapid loss of LT-SIRM between 5 and 30 k in these 

samples could be due to increased contribution from SP magnetic particles (Tarduno, 1995) or 

paramagnetic (e.g., silicates; Itambi et al., 2010). Non-stoichiometry, cation substitution and grain size 

can also supress the appearance of the Verwey transition (Kakol et al., 1992; Halgedahl and Jarrard, 

1995). Partial oxidation of magnetite followed by an increase in paramagnetic contribution exhibited 

by diagenetically formed pyrite (Fig. 6b,d-f) at several sediment intervals in core SSD-45/Stn-4/GC-

01 might have masked the transition and provide evidence for the claim. Titanomagnetite and SP 

greigite (Fig. 5; Muxworthy and Dunlop, 2002) particles are found to occur throughout in core SSD-

45/Stn-4/GC-01 (Fig. 2a,e, Fig. 6a-f, Fig. S6a-f). Increase in Ti-content (Moskowitz et al., 1998) and 

presence of SP (Itambi et al., 2010) particles might have also contributed to the masking of the Verwey 

transition.  



13 
 

Silicate hosted (fine-grained magnetic particles) inclusions were found to be spatially distributed 

throughout and remain survived through sulfidic, methanic and gas hydrate bearing zones in both the 

sediment cores (Fig. 2, Fig. S3, Fig. S4). Orange-brownish color coating over the surface of silicate 

grain is indicative of overgrowth of iron-sulfide previously formed during reductive diagenesis (Fig. 

S3b-c; Larrasoaña et al., 2007; Badesab et al., 2020a). It is clear that the finer magnetic particles 

occuring as inclusions within the silicate matrix remained protected and survived the reductive 

diagenetic dissolution and pyritization reactions throughout (Hounslow and Maher, 1996; Hatfield, 

2014; Chang et al., 2016). Enrichment of SP particles in sulfidic and methanic environment has been 

previously linked with the growth of fine-grained ferrimagnetic iron sulfides like greigite (Rowan et 

al., 2009; Kars et al., 2021). Elevated SIRM/χlf values (Fig. 2e,k) in core SSD-45/Stn-4/GC-01 (0.01– 

0.35 mbsf, 1.75 – 1.85 mbsf, 2.05 – 2.11 mbsf) and in core NGHP-01-15A (38.86 – 63.97 mbsf) 

indicates that the presence of authigenic SP greigite (Snowball, 1991; Larrasoaña et al., 2007; Blanchet 

et al., 2009; Lougheed et al., 2012). Similar observations of enhanced SIRM/ χlf linked with the 

presence of authigenic greigite particles were reported from Santa Barbara Basin (Blanchet et al., 

2009), North Central Baltic Sea (Reinholdsson et al., 2013), and Atlantic Ocean (Oda and Torii, 2004). 

Magnetic grain size proxy (ARM/SIRM) has been utilized as a valuable indicator to detect fine-grained 

magnetic particles in methanic sediments (Dillon and Bleil, 2006; Lin et al., 2021). Higher ARM/SIRM 

values in both sediment cores can be linked to authigenic formation of magnetite via microbial iron-

reduction process (Elmore et al., 1987; Lovely et al., 1987; Phillips et al. 2017; Vigderovich et al., 

2019; Lin et al., 2021). Magnetic mineralogy (S-ratio) proxy showed anomalous zones in both 

sediment cores. Low S-ratio intervals in shallow SSD-45/Stn-4/GC-01 (0.31 to 1.07 mbsf and 1.83 to 

2.23 mbsf; Fig. 2f) and deep-seated gas hydrate NGHP-01-15A (22.91 to 36.77 mbsf; Fig. 2l) bearing 

sediment cores is manifested by low χlf and can be linked with the authigenic formation of 

ferrimagnetic iron sulfides (greigite, hexagonal pyrrhotite). Such magnetic iron sulfides were probably 

no longer stable and got quickly transformed into pyrite (Jiang et al., 2001; Kars and Kodama, 2015; 

Badesab et al., 2017). Lack of distinct peaks of SP greigite particles in mineralogical record (Fig. 7) in 

both the sediment cores be explained by the fact that the presence of ample (Fe2+) and (S2−) in the 

porewater might have promoted pyrite formation without the complete preservation of intermediate 

ferrimagnetic iron sulfide i.e., greigite (Kao et al., 2004; Reilly et al., 2020). 

5.2 Constraints on the formation and preservation of diagenetic and authigenic minerals in the 

shallow and deep-seated gas hydrate sedimentary system. 

The K-G basin represents an ideal natural laboratory with its unique presence of shallow (active cold 

seep; SSD-45/Stn-4/GC-01; Mazumdar et al., 2019) and deep-seated (NGHP-01-15A; Collett et al., 
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2008) gas hydrate systems to elucidate the constraints on the formation and preservation of diagenetic 

and authigenic minerals in two different diagenetic settings experiencing variable fluid sequence. 

Diagenetic and authigenic processes linked with methane seepage and hydrate formation/dissociation 

processes enhances the growth of iron sulfides which induce a detectable magnetic signature in the 

host sediments (Esteban et al., 2008; Greve et al., 2021). Detailed rock magnetic and mineralogical 

analyses on the sediment cores complemented by the petrological observations on the authigenic 

carbonates helped in examining the diagenetic and authigenic processes in the studied cores. We 

briefly discuss how magnetic minerals responds to such processes prevailing in two different 

diagenetic settings. At active seeps, sudden shifting of SMTZ fronts due to changing methane flux and 

rates of sulfate reduction triggered the non-steady state diagenesis involving magnetite dissolution and 

authigenic formation of ferrimagnetic magnetite and iron sulfide (greigite, hexagonal pyrrhotite) 

(Larrasoaña et al., 2003; Phillips et al., 2017; Roberts, 2015; Lin et al., 2021; Reilly et al., 2020). At 

active site SSD-45/Stn-4/GC-01, gas hydrates occur as fracture-filling and tube-type within the host 

sediments (Mazumdar et al., 2019). Gas plumbing system created by fractures efficiently facilitated 

the upward methane migration from deeper sources (Dewangan et al., 2011; Sriram et al., 2013; 

Badesab et al., 2020c). In contrast, constant supply of higher methane fluxes from deeper reservoir, 

occurrence of deep-seated disseminated-type gas hydrates in sand horizons and well-developed SMTZ 

(Fig. S7) at site NGHP-01-15, favoured the steady-state diagenesis (Collett et al., 2008). The sediment 

magnetic signal interms of magnetic concentration, grain size and mineralogy in both type of gas 

hydrate system is strongly constrained by the history of fluid sequence. Progressive loss of detrital 

magnetic minerals via dissolution and pyrite formation is clearly evident in the upper most parts of 

both the sediment cores. Within the sulfidic zone (Z-I), the lowest values of χlf are observed where iron 

oxides have been reduced to paramagnetic pyrite (Fig. 2a,g). Such signature is typically observed in 

settings with high methane and sulphate or sulphide flux, for example at methane vents at Cascadia 

Margin (Esteban et al., 2008), southwestern Taiwan (Horng, 2018), Hikurangi Margin, New Zealand 

(Kars et al., 2021), Oman and North California margin (Rowan et al., 2009), Argentina continental 

margin (Garming and Riedinger, 2005), and Rio De Plata, South Atlantic Ocean (Riedinger et al., 

2005).  

Magnetic grain size diagnostic (ARM/SIRM) proxy has been effectively used to determine the 

presence of fine-grained authigenic magnetite in methanic sediments (Peters and Dekkers, 2003; 

Dillon and Bleil, 2006; Lin et al., 2021). Two distinct pattern in ARM/SIRM profile is noticed in cores 

from the shallow (Fig. 2d) as well as deep-seated (Fig. 2j) gas hydrate system. Initial (0.01 – 0.19 

mbsf) decrease in ARM/SIRM in the uppermost sediment intervals of shallow hydrate core (SSD-
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45/Stn-4/GC-01) could be attributed to preferential diagenetic dissolution of fine-grained detrital 

magnetic particles (Fig. 2d; Peters and Dekkers, 2003). Downcore increase in ARM/SIRM from 0.21 

to 1.69 mbsf within Z-I can be linked with the authigenic formation of fine-grained magnetite via 

microbial iron reduction process (Fig. 2d; Karlin et al., 1987; Lovely et al., 1987; Phillips et al., 2017; 

Vigderovich et al., 2019; Lin et al., 2021). Similar observations linking the rise in ARM/SIRM to the 

authigenic growth of SD magnetite in methanic were reported from the Bay of Bengal (Gaikwad et al., 

2021), Niger deep-sea fan (Dillon and Bleil, 2006), South China Sea (Lin et al., 2021), and Southern 

Eastern Mediterranean continental shelf (Amiel et al., 2020). A marked shift of decrease of 

ARM/SIRM in the Z-II from 1.71 to 2.23 mbsf suggest significant reduction in the growth of 

authigenically formed fine-grained magnetite possibly due to decline in microbial activity coupled to 

iron-reduction process (Fig. 2d; Lovely et al., 1987; Egger et al., 2015; Phillips et al., 2017; Rodelli et 

al., 2018; Rodelli et al., 2019; Lin et al., 2021). In deep-seated gas hydrate core NGHP-01-15A, initial 

reduction in ARM/SIRM from 0.74 – 13.23 mbsf in sulfidic (Z-I) is due to magnetite reduction linked 

with reductive diagenesis (Fig. 2j). A systematic gradual increase in ARM/SIRM from 14.02 to 25.86 

mbsf in sulfidic (Z-I) i.e., just above SMTZ can be attributed to the presence of fine-grained detrital 

magnetite which survived the dissolution fronts due to rapid burial in the uppermost sediment intervals. 

A minor downcore rise in ARM/SIRM below the present-day SMTZ (at 31.5 mbsf) followed by a slow 

gradual increase further till the bottom of the core (i.e., from 32.36 – 196.45 mbsf) suggest increase in 

growth of fine-grained authigenic magnetite (Fig. 2j; Elmore et al., 1987; Karlin et al., 1987; Phillips 

et al., 2017; Lin et al., 2021). A similar steady increase of ARM/SIRM in sediment cores from methanic 

zone of Niger deep-sea fan (Dillon and Bleil, 2006) and Southern Eastern Mediterranean continental 

shelf (Amiel et al., 2020) was attributed to the gradual authigenic growth of SD-magnetite. A general 

trend of gradual downcore increase in greigite diagnostic SIRM/ꭓlf (Larrasoaña et al., 2007) in the 

methanic zone below present-day gas hydrate interval (i.e, from Z-II to Z-V) suggest increase in 

authigenic growth of fine-grained (SP) greigite particles (Fig. 2k; Snowball, 1991). 

Stable SD authigenic greigite and magnetite linked with AOM has been widely documented within 

sediments in methanic environments (Musgrave et al., 2006; Enkin et al., 2007; Larrasoaña et al., 2007; 

Kars and Kodama, 2015; Phillips et al., 2017; Shi et al., 2017; Badesab et al., 2019). Rock magnetic 

and mineralogical records confirmed the presence of authigenic greigite and magnetite in both cores 

(Fig. 2, Fig. 6, Fig. 7). We make an attempt to elucidate their formative mechanism and underlying 

controls in the sulfidic and methanic zones. We put forward two scenarios to unravel the mechanism 

of authigenic formation of magnetite and greigite in shallow and deep-seated gas hydrate system in the 

Bay of Bengal. At active seep site, sulfate-driven AOM induced by higher methane results in the 
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formation of authigenic carbonates and iron sulfides at SMTZ (Housen and Musgrave, 1996; Suess, 

2014; Liang et al., 2017). Changes in the methane flux might have created SMTZ fronts induced by 

multiple AOM. Subsequently, hydrogen sulfide produced at SMTZ fronts will cause the dissolution of 

iron oxides, followed by successive precipitation of iron sulfides (Pulton et al., 2004; Riedinger et al., 

2014; Kars and Kodama, 2015; Xie et al., 2019; Greve et al., 2021). Fluctuations in ꭓlf and occurrence 

of authigenic carbonates throughout in Z-I provides evidence on the multiple AOM fronts at active 

seep site (SSD-45/Stn-4). Lin et al (2021) reported that oxidation of iron-sulfides at SMTZ is enhanced 

during the periods of lower methane seepage and generates secondary iron (oxyhydr) oxides. As 

methane seepage increases, such iron (oxyhydr) oxide serves as a reactive iron source for magnetite 

authigenesis linked with microbial iron-reduction resulting in the authigenic formation of magnetite. 

Previous studies provided rock magnetic and geochemical evidence for authigenic magnetite formation 

via iron reduction in sediments (IODP Site C0020) offshore Shimokita Peninsula, Japan (Phillips et 

al., 2017) and eastern equatorial Pacific (Karlin et al., 1987). Overall, high ARM/SIRM and ꭓlf from 

0.21 to 1.69 mbsf in methanic zone (Z-I) of core SSD-45/Stn-4/GC-01 can be attributed to the presence 

of fine-grained authigenic magnetite and provides compelling evidence on the magnetite authigenesis 

occurring in this zone probably due to rapid change in diffusive methane fluxes controlled by 

opening/closing dynamics of underlying fault/fracture system at this site (Fig. 2a,d).  

In the methanic zone, AOM seems to be a major biogeochemical process that affects magnetic mineral 

assemblages in marine sediments (Roberts et al., 2018). Sulfate-reduction via AOM utilizes pore water 

methane and sulfate to near depletion at the SMTZ and provides a secondary source of hydrogen 

sulfide (Niewöhner et al., 1998; Kasten and Jørgensen, 2000) that drives reductive dissolution of 

detrital iron oxides and formation of secondary ferrimagnetic iron sulfides. A marked shift of decrease 

in ꭓlf and ARM/SIRM values in methanic zone (Z-II; 1.71 to 2.23 mbsf) of core SSD-45/Stn-4/GC-01 

revealed significant decline in the growth of authigenic magnetite (Fig. 2a,d).  It is quite possible that 

either bulk of newly formed authigenic (fine-grained) magnetite were preferentially removed by 

diagenetic dissolution because of intense AOM itself or decline in methane flux due to hydrate 

accumulation in Z-II might have not supported the authigenic formation of fine-grained magnetite. 

Fracture-filled gas hydrates were recovered from Z-II of core SSD-45/Stn-4/GC-01 (Mazumdar et al., 

2019). Presence of high reactive iron and limited sulfide concentration rather favoured the formation 

of authigenic greigite in Z-II of core SSD-45/Stn-4/GC-01. This observation suggests that greigite 

might have started forming only after hydrate formation in Z-II. High SIRM/ꭓlf in the gas hydrate 

bearing sediment intervals in Z-II of core SSD-45/Stn-4/GC-01 confirmed the presence of authigenic 

greigite (Fig. 2e; Snowball, 1991; Blanchet et al., 2009; Lowgheed et al., 2012). SEM-EDS and XRD 
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data confirmed the presence of detrital coarse-grained titanomagnetite (which survived dissolution), 

diagenetic pyrite and authigenic greigite in Z-II (Fig. 6e-f, Fig. S6 e-f, Fig. 7e-f). The sustenance of 

high methane flux in Z-II of core SSD-45/Stn-4/GC-01 most likely inhibited the oxidation of 

previously formed diagenetic iron sulfides and constrained the production of reactive iron source 

needed/required for magnetite authigenesis in Z-II (Elmore et al., 1987; Karlin et al., 1987; Phillips et 

al., 2017; Lin et al., 2021). A noticeable drop followed by consistent lower ARM/SIRM values reflect 

significant reduction in the growth of fine-grained authigenic magnetite in the methanic environment 

(Z-II; 1.69 to 2.23 mbsf) of core SSD-45/Stn-4/GC-01 (Fig. 2d). High SIRM/ꭓlf  (0.1 to 0.25 mbsf) in 

the uppermost sediment interval of Z-I suggests that the interplay between downward migrating sulfate 

and upward rising methane probably favoured greigite authigenesis just below the near-surface sulfidic 

zone (Fig. 2e; Kars and Kodama, 2015; Larrasoaña et al., 2007). A systematic decrease of SIRM/χlf 

within Z-I (Fig. 2e) can be attributed to slow conversion of ferrimagnetic greigite to pyrite in Z-I of 

core SSD-45/Stn-4/GC-01 (Snowball, 1991; Larrasoaña et al., 2007; Musgrave et al., 2019). Similar 

observations were reported from Izu‐Bonin rear arc, Japan (Musgrave et al., 2019), Blake Ridge (ODP 

Site 997; Shipboard Scientific Party, 1996b), Nankai Margin (IODP Site C002; Shi et al., 2017). More 

recently, Musgrave et al. (2019) suggested that downcore decrease in SIRM/χlf could also be due to 

the shift in coercivity of the magnetic particles, as fine-grained detrital magnetite gets selectively 

dissolved downcore due to authigenic formation of SD/SP greigite particles which can exhibit 

significantly low S-ratio (Peters and Dekkers, 2003; Dillon and Bleil, 2006; Larrasoaña et al., 2007; 

Roberts et al., 2011; Kars and Kodama, 2015; Horng, 2018). A shift in the coercivity of magnetic 

particles (Fig. 2f) is seen through a broad and distinct interval exhibiting low S-ratio values in Z-I (0.31 

to 1.07 mbsf) and Z-II (1.83 to 2.23 mbsf) in core SSD-45/Stn4/GC-01. This observation provide 

compelling evidence on the authigenic formation of SP greigite in core SSD-45/Stn-4/GC-01 (Fig. 5; 

Muxworthy and Dunlop, 2002) during magnetite reduction process and validates the interpretation of 

Musgrave et al. (2019). A magnetic mineral diagenetic study on the sediment core from Perseverance 

Drift, North-western Weddell Sea by Reilly et al. (2020) made similar observations. They attributed 

that the high coercivity layers (marked by low S-ratio) below SMTZ in core JKC36 were formed due 

to porewater transition, where downward diffusing sulfate is limited, but the iron (Fe2+) concentration 

still exist which provided favourable conditions for the growth of greigite and hexagonal 3C pyrrhotite. 

Greigite is well-known to occur in methane-rich sediments, methane hydrates or in consortium with 

methane diffusion (Housen and Musgrave, 1996; Musgrave et al., 2006; Larrasoaña et al., 2007; 

Roberts, et al., 2018; Kars et al., 2021). More recently, a high-resolution rock magnetic study on a 

sediment core from IODP Site U1518 at Hikurangi Margin, offshore New Zealand reported the 
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formation of authigenic greigite linked to methane diffusion and disseminated-type methane hydrate 

within sediments (Kars et al., 2021). In methanic zone (Z-II) of core SSD-45/Stn4/GC-01, enhanced 

microbial activity in the presence of gas hydrates might have favoured the formation and preservation 

of greigite (Musgrave et al., 2006; Kars et al., 2018, 2021). High SIRM/ꭓlf peaks within three gas 

hydrate intervals in Z-II of core SSD-45/Stn4/GC-01 support the interpretation (Fig. 2e). Similar 

observations were reported from Blake Ridge (Wellsbury et al., 2010) and Hydrate Ridge (Larrasoaña 

et al., 2007), Santa Barbara Basin, California (Blanchet et al., 2009), Atlantic Ocean (Oda and Torii, 

2004), Baltic Sea (Lowgheed et al., 2012). At active seep site (SSD-45/Stn-4), methane seepage 

dynamics controlled the precipitation of authigenic carbonates (Mazumdar et al., 2019; Dewangan et 

al., 2021). Recently Mazumdar et al. (2019) emphasized that high flux of hydrogen sulfide across the 

sediment–water interface at active cold seep site (SSD-45/Stn-4) supported the existence of AOM 

close to the sea floor. Abundant occurrence of MDAC (almost in all samples) within Z-I (only) of 

SSD-45/Stn-4/GC-01 indicate that enhanced methane flux from deeper reservoir triggered multiple 

and strong AOM’s which resulted in the formation of thick carbonate layers. Dissolution structure and 

cavity (Fig. 9a,b,d) within the carbonates provide convincing evidence on the high methane seepage 

at this site (Aloisi et al., 2000). Lack of authigenic carbonates in the methanic environment (Z-II) of 

core SSD-45/Stn-4/GC-01 could be either due to weak AOM caused by decline in the supply of rising 

methane flux from deeper reservoir, closure of underlying fractures/fault (Gaikwad et al., 2021), or 

due to hydrate accumulation underneath (Housen and Musgrave, 1996).  

In a sediment core (NGHP-01-15A) from the deep-seated gas hydrate system, detrital (discrete and 

inclusions - titanomagnetite, magnetite), diagenetic (pyrite) and authigenic (magnetite, greigite) 

minerals of varying concentration and grain size controlled the bulk sediment rock magnetic properties 

(Fig. 2, Fig. 3, Fig. 6, Fig. 7, Fig. S6). Downcore decline in ꭓlf from the uppermost 0.74 mbsf to 17.76 

mbsf in core NGHP-01-15A is linked with preferential loss of fine-grained detrital magnetic particles 

due to diagenetic dissolution (Roberts, 2015). A sharp increase in ꭓlf (19.86 – 28.07 mbsf) coupled 

with high ARM/SIRM just above the present-day SMTZ (Fig. S7) in Z-I of core NGHP-01-15A can 

be reconciled to the presence of fine-grained detrital magnetite which survived the dissolution fronts 

in the uppermost sediment intervals due to increase sedimentation. A trend of gradual rise in 

ARM/SIRM downcore from Z-II to Z-V just below present-day SMTZ in core NGHP-01-15A can be 

reconciled with the slow growth of authigenic magnetite in these zones (Fig. 2j, Fig. S7; Elmore et al., 

1987; Lovely et al., 1987; Karlin et al., 1987; Phillips et al., 2017; Vigderovich et al., 2019; Lin et al., 

2021). The mineralogy of authigenic carbonate in core NGHP-01-15A is mainly composed of Fe-rich 

carbonate mineral with minor amount of low-magnesium calcite (LMC) (Teichert et al., 2014). Deep-
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sourced fluid and gas migration generated high gas hydrate saturations within the sand-rich sediment 

interval at site NGHP-01-15 (Collet et al., 2008: Riedel et al., 2011). Similarly, several sand layers 

were also found to occur in different sediment intervals (15.83 mbsf to 192.48 mbsf, Fig. 2, Fig. S2; 

Table. 3; Collett et al., 2008) in core NGHP-01-15A. A comprehensive pore-water geochemical and 

isotope ratio study in core NGHP-01-15A revealed that the carbon dioxide (CO2) produced through 

microbial methanogenesis got effectively neutralized by silicate weathering. This process resulted in 

generation of excess alkalinity which got further sequestered in Ca and Fe-carbonates (Solomon et al. 

2014; Teichert et al., 2014). The mineral composition of authigenic carbonates suggest that formation 

of Fe-rich carbonates in core NGHP-01-15A are predominantly related to the silicate weathering 

reactions coupled to microbial methanogenesis (Solomon et al., 2014; Torres et al., 2020). We propose 

that a highly porous environment created by several layers of coarse-grained sand and discrete 

authigenic carbonates might have facilitated the efficient percolation of downward diffusing oxidizing 

fluids, which preferentially favoured iron sulfide oxidation. This led to the subsequent generation of 

secondary iron (oxyhydr) oxides required for authigenic formation of magnetite via microbial iron-

reduction process in methanic zone in core NGHP-01-15A (Elmore et al., 1987; Lovely et al., 1987; 

Karlin et al., 1987; Phillips et al., 2017; Vigderovich et al., 2019; Lin et al., 2021). Similar to our 

observations, microbial iron-reduction in the methanic zone of SE Mediterranean continental shelf 

(Vigderovich et al., 2019) and Bothnian Sea sediments (Egger et al., 2015) was unravelled based on 

the geochemical pore water profiles and isotopic records. A gradual rise in ARM/SIRM from Z-II to 

Z-V in core NGHP-01-15A reflect the slow growth of authigenic magnetite and provide support to our 

hypothesis (Fig. 2j). 

In core NGHP-01-15A, two trends of rise in SIRM/χlf from 38.86 to 63.97 mbsf (uppermost- below 

SMTZ) and 91.85 to 196.45 mbsf (lowermost- gas hydrate and methanic zone) confirmed the presence 

of authigenic greigite in Z-III, Z-IV, and Z-V (Fig. 2k; Snowball, 1991; Tarduno, 1995; Larrasoaña et 

al., 2007). Two scenarios have been proposed to explain the authigenic growth of greigite below SMTZ 

(Fig.11). High concentration of hydrogen sulfide produced at the present-day SMTZ front might have 

been completely utilized during pyritization as seen through distinct minima in ꭓlf just below SMTZ 

(Fig. 2g, Fig. S7). Consequently, sulfide deficient zone was created in the deeper sediment intervals 

below SMTZ which led to the formation and preservation of greigite (Badesab et al., 2020c). Reduction 

in rising methane flux due to hydrate accumulation in the underlying sediments might have constrained 

the sulfide production and preferentially favoured greigite formation and preservation above the 

present-day gas hydrate occurrence zone (~ 75 - 91 mbsf) in this core. We do not completely rule out 

the possibility that SP greigite particles (as marked by high SIRM/χlf from 38.86 mbsf to 63.97 mbsf; 
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Fig. 2k) observed below the present-day SMTZ represent the previously formed greigite particles near 

the base of the paleo-SMTZ position, when the favourable porewater conditions supported their 

formation. Late greigite formation linked with deeper diagenetic processes such as gas hydrate 

formation and AOM has been reported from Neogene marine sediments from New Zealand (Rowan 

and Roberts, 2006, 2008), North-western Weddell Sea (Reilly et al., 2020) and Nankai Trough (Kars 

and Kodama, 2015). The gas hydrate occurrence (~ 75 to 81 mbsf; Collett et al., 2008) zone in core 

NGHP-01-15A lies just below the upper most greigite interval (38.86 mbsf to 63.97 mbsf; Fig. 2k). 

The sulfide deficient zone created by weakened AOM might have supported the greigite formation and 

preservation in these intervals. We propose that weakened AOM could be attributed to decline in 

methane flux either because of reduction in supply of rising methane flux from deeper reservoir or due 

to trapping during hydrate crystallization underneath (Housen and Musgrave, 1996). More recent 

magnetic study on sediments from Pāpaku fault, Hikurangi Subduction Margin, New Zealand reported 

that pyritization of authigenic greigite can produced different generations of pyrite formed during late 

diagenesis in methanic zone (Greve et al., 2021). Absence of greigite in SEM-EDS and XRD data of 

Z-II and Z-III of core NGHP-01-15A can be explained by the fact that ferrimagnetic authigenic greigite 

which was formed earlier might have got converted into more stable pyrite (Fig. 6, Fig. 7; Fig. S6; 

Jiang et al., 2001; Kao et al., 2004; Larrasoaña et al., 2007; Kars and Kodama, 2015; Badesab et al., 

2017).  

A rock magnetic study on hydrate-bearing sediments of the Hikurangi Margin, New Zealand by Kars 

et al. (2021) suggested that hydrate dissociation could also result in the secondary diagenesis of 

previously formed greigite to pyrite.  In similar lines, Badesab et al. (2020b) identified two magnetic 

iron sulfide bearing sediment intervals below SMTZ representing the fossil (disseminated-type) gas 

hydrate zones in core NGHP-01-14A (proximal to core NGHP-01-15A; present study) from the K-G 

basin. They linked iron-sulfide formation to the microbially-mediated diagenetic reactions fuelled by 

the presence of gas hydrates. Dedicated rock magnetic studies dealing with authigenesis of magnetic 

minerals in the gas hydrate-bearing sediments in the Nankai Trough, offshore Japan (Kars and 

Kodama, 2015) and Cascadia Margin, offshore Oregon (Larrasoaña et al., 2007) also identified the 

fossil gas hydrate horizons based on magnetic proxy (SIRM/ꭓlf) and pore water anomalies. We propose 

that high SIRM/ꭓlf interval (38.86 to 63.97 mbsf) above the present-day gas hydrate occurrence zone 

(Fig. 2k) in core NGHP-01-15A represent the fossil gas hydrate interval considering the fact that slow 

diffusion of methane after dissociation might have enhanced the microbial activity and favoured insitu 

formation of ferrimagnetic iron sulfides (greigite). Below the gas hydrate layer, a gradual downcore 

rise in SIRM/ꭓlf i.e. from Z-III to Z-V (Fig. 2k) of core NGHP-01-15A suggest the presence of fine-
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grained authigenic greigite (Fig. 2k; Snowball, 1991). It is highly possible that gas hydrate layer above 

(~ 75 to 81 mbsf) might have restricted the flow of downward moving oxidising fluid required for the 

pyritization process and favoured the gradual growth of authigenic greigite in Z-III to Z-V of core 

NGHP-01-15A (Fig. 2k, Fig. 11; Kao et al., 2004; Luff et al., 2005; Badesab et al., 2020a; Lin et al., 

2021; Gaikwad et al., 2021). In Z-IV, high magnetic susceptibility interval (112.85 – 140.35 mbsf) in 

core NGHP-01-15A is manifested by the presence of coarse-grained detrital titanomagnetite particles 

supplied during higher sedimentation events and subsequently survived the diagenetic dissolution 

fronts due to rapid deposition and burial, thereby creating a magnetite-rich sediment interval (Fig. 2g, 

Fig. S1; Esteban et al., 2008; Kumar et al., 2014; Shankar et al., 2014; Badesab et al., 2019). A 

magnetically enhanced and laterally extensive band representing several rapid sedimentation events is 

clearly evident in the sediment magnetic record (Fig. S1; Shanmugam et al., 2009; Shankar and Riedel, 

2010; Dewangan et al., 2011; Ramprasad et al., 2011; Krishna et al., 2016; Badesab et al., 2019). A 

noticeable increase in ꭓlf and minor rise in SIRM/ꭓlf below the high sedimentation rate interval i.e., 

from 149.95 mbsf to 196.45 mbsf is indicative of presence of ferrimagnetic greigite (Fig. 2g,k). 

Numerical simulation study on Nyegga pockmark field (Karsten et al., 2018) and geochemical 

modelling (Riedinger et al., 2005) of diagenetic processes on continental margin sediment off 

Argentina and Uruguay revealed that rapid changes in sedimentation can strongly impact the gas 

hydrate systems by affecting fluid flow and gas seepage activity, authigenic carbonate formation and 

magnetic mineral diagenesis. One could imagine that increased supply of reactive iron during rapid 

sediment deposition events in the K-G basin might have significantly altered the pyritization process 

and rather favoured the greigite formation and preservation (Riedinger et al., 2005; Badesab et al., 

2019; João et al., 2021). Authigenic carbonate were mostly found to occur below the present-day 

SMTZ i.e., from 47.2 to 195.2 mbsf (Fig. 2, Fig. S7, Table. 2). Geochemical data indicate that the 

present-day SMTZ at this site (NGHP-01-15) is at 31.5 mbsf (Fig. S7; Collet et al., 2008). Lack of 

authigenic carbonates above SMTZ at this site could be attributed to decline in alkalinity production 

(Z-I; Solomon et al., 2014) either due to reduction in silicate weathering process driven by microbial 

methanogenesis (Aloisi et al., 2004; Wallmann et al., 2008; Torres et al., 2020) or weakened AOM 

constrained by decline in methane flux rising from deeper sources and/or hydrate accumulation 

underneath. 

6. Conclusions 

Sediment cores SSD-45/Stn-4/GC-01 and NGHP-01-15A provided records of magnetic mineral 

diagenesis and authigenesis in a shallow (active cold seep) and deep-seated gas hydrate system from 

the Bay of Bengal. The findings are summarized below: 
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(i) Detailed rock magnetic measurements complemented by mineralogical and petrological 

observation on sediment samples revealed that titanomagnetite (detrital) is the dominant magnetic 

mineral along with diagenetic (pyrite), authigenic (magnetite, greigite) minerals in both sediment 

cores. Coarse-grained detrital titanomagnetite particles survived diagenetic dissolution along with 

silicate- hosted fine-grained magnetic inclusions that protected the magnetic particles from sulfidic 

pore fluids. 

(ii) Magnetogranulometric proxies (ARM/SIRM and SIRM/χlf) provided useful insights on the 

diagenetic dissolution and authigenic formation of magnetic minerals in the sulfidic, methanic and gas 

hydrate bearing zones. Rock magnetic data revealed that authigenic magnetite formation within 

methanic zones of both the cores was linked with microbial iron-reduction process. 

(iii) A close linkage between presence of authigenic greigite and fracture-filled gas hydrates in 

Z-II of shallow hydrate core (SSD-45/Stn-4/GC-01) demonstrate that the greigite formation is 

governed by the microbially-mediated diagenetic reactions fuelled by the presence of gas hydrates in 

this zone. In deep-seated gas hydrate core (NGHP-01-15A), greigite bearing sediment intervals 

(marked by high SIRM/χlf and χlf) just below the present-day gas hydrate occurrence zone probably 

reflect the fossil gas-hydrate (disseminated-type) horizons at this site. Multiple occurences of discrete 

authigenic carbonate throughout the sulfidic and methanic zones provided evidence on the episodic 

intensification of AOM at active seep and silicate weathering coupled to microbial methanogenesis at 

deep-seated gas hydrate site respectively. 

(iv) Present work is the first systematic rock magnetic study which makes a new observation 

on how magnetic minerals respond to the geochemical environment at two different diagenetic settings 

experiencing variable fluid sequence controlled by shale-tectonism in the Bay of Bengal. Our findings 

are summarized into a conceptual model (Fig. 11) explaining the constraints on the formation and 

preservation of diagenetic and authigenic minerals in two different diagenetic systems. Future work 

integrating rock magnetism, geochemistry and microbiology is required to gain deeper insights into 

the mechanism by which microbial activity linked to AOM control the magnetite and greigite 

authigenesis. 
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Figures: 

 

Fig. 1: (a) Map showing the sediment core location of shallow (active seep, Core ID: SSD-45/Stn-

4/GC-01, marked by red star) and deep-seated (Core ID: NGHP-01-15A, marked by blue star) gas 

hydrate site. The location of proximal and distal sediment cores (NGHP-01-20A, NGHP-01-10D, 

NGHP-01-3B, NGHP-01-5C, NGHP-01-14A, NGHP-01-15A, and NGHP-01-7B) collected during 

National Gas Hydrate Expedition -01 (modified from Collett et al., 2014) from the Krishna-Godavari 

(K-G) basin, Bay of Bengal are shown. High resolution seismic profile of active seep site (SSD-45/Stn-

4/GC-01) (P-1) is highlighted in purple color and deep-seated gas hydrate site (NGHP-01-15A) (P-2) 

is highlighted in light blue color (b) High resolution seismic profile highlighting the normal faults 

(green dashed lines), subsurface chimney like feature (solid blue lines) and gas flares (purple). 

Regional toe-thrust fault (yellow dashed line), feasible BSR (white dashed line), and subsurface 

horizons (solid black lines) are marked on the seismic section from active cold seep location (Core ID: 

SSD-45/Stn-4/GC-01) (modified from Dewangan et al., 2021) (c) High resolution seismic profile of 

site NGHP-01-15 highlighting the sediment core location and bottom simulating reflector (BSR) with 

blue color arrow (modified from Kumar et al. 2014). 
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Fig. 2: Depth variations of selected rock magnetic data for sediment cores (a–f) shallow (active cold 

seep, Core ID: SSD-45/Stn-4/GC-01), and (g–l) deep-seated (Core ID: NGHP-01-15A) gas hydrate 

site. Based on the variation in magnetic susceptibility (χlf), two sediment magnetic zones (Z-I, Z-II) of 

shallow (active cold seep) and five sediment magnetic zones (Z-I, Z-II, Z-III, Z-IV, Z-V) of deep-

seated gas hydrate site in the Krishna-Godavari (K-G) basin, Bay of Bengal are marked. (Please note 

that χlf = low frequency magnetic susceptibility; ARM = anhysteretic remanent magnetization; and 

SIRM = isothermal remanent magnetization). 
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Fig. 3: Thermomagnetic heating curves (ꭓ-T) for selected samples from sediment cores (a) shallow 

(active cold seep, Core ID: SSD-45/Stn-4/GC-01) and (b) deep-seated (Core ID: NGHP-01-15A) gas 

hydrate site in the Krishna-Godavari (K-G) basin, Bay of Bengal. 
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Fig. 4: Low-temperature (<300 K) magnetization curves (a–f) for representative samples from the two 

sedimentary magnetic zones identified in the shallow (active cold seep) gas hydrate core (Core ID: 

SSD-45/Stn-4/GC-01) in the Krishna-Godavari (K-G) basin, Bay of Bengal (Please note that, FC = 

field-cooled; RTSIRM = saturation isothermal remanent magnetization at room temperature; ZFC = 

zero field-cooled).  
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Fig. 5: First-order reversal curve (FORC) diagrams (a–i) for selected representative samples from the 

sediment core (Core ID: SSD-45/Stn-4/GC-01) from shallow (active cold seep) gas hydrate site in the 

Krishna-Godavari (K-G) basin, Bay of Bengal.  
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Fig. 6: Scanning electron microscope (SEM) images on magnetic extracts from different sediment 

magnetic zones of cores (a–f) from shallow (active cold seep, Core ID: SSD-45/Stn-4/GC-01) and (g–

m) deep-seated (Core ID: NGHP‐01‐15A) gas hydrate site in the Krishna-Godavari (K-G) basin, Bay 

of Bengal. Energy dispersive X‐ray spectroscopy (EDS) spectra of the respective images presented in 

the supplementary Fig. S6. Iron (Fe), titanium (Ti), sulfur (S), oxygen (O), calcium (Ca), silicon (Si), 

carbon (C), aluminium (Al), magnesium (Mg), potassium (K), and vanadium (V) peaks are indicated. 
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Fig. 7: X‐ray diffraction spectra for extracted minerals from different sediment zones of cores (a–f) 

from shallow (active cold seep, Core ID: SSD-45/Stn-4/GC-01) and (g–l) deep-seated (Core ID: 

NGHP‐01‐15A) gas hydrate site in the Krishna-Godavari (K-G) basin, Bay of Bengal. TM = 

titanomagnetite, G = greigite, Py = pyrite, Qz = quartz. 
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Fig. 8: Photographs showing methane-derived authigenic carbonates from different depth intervals of 

shallow (active cold seep, Core ID: SSD45/Stn-4/GC-01) gas hydrate core: Z-I (a) 0.02 mbsf, (b) 0.18 

mbsf, (c) 0.25 mbsf, (d) 0.77 mbsf, (e) 1.01 mbsf, (f) 1.25 mbsf, (g) 1.57 mbsf,  chemosynthetic 

communities from sea floor (h) Bathymodiolus Sp., (i) Calyptogena Sp., (j) Acharax Sp., (k) Decapod 

crustaceans (Squat lobster), and (l) fracture (vein) filled gas hydrates (2.23 mbsf)  recovered from 

active cold seep site in the Krishna-Godavari (K-G) basin, Bay of Bengal. 
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Fig. 9: (a–d) Petrographic thin sections of methane-derived authigenic carbonates from shallow (active 

cold seep, Core ID: SSD-45/Stn-4/GC-01) gas hydrate site in the Krishna-Godavari (K-G) basin, Bay 

of Bengal. The thin sections were observed under plane-polarized light (Please note that arrow used to 

highlight the structures and mineral types). 
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Fig. 10: (a–c) Bivariate scatter plots of magnetic parameters: magnetic susceptibility (χlf), saturation 

isothermal remanent magnetization (SIRM), SIRM/χlf, S-ratio, and (d) Day plot for samples from 

shallow (active cold seep, Core ID: SSD-45/Stn-4/GC-01) and deep-seated gas (Core ID: NGHP‐01‐

15A) hydrate site in the Krishna-Godavari (K-G) basin, Bay of Bengal. (Please note that the gray arrow 

is used in plot (c) to highlight the trend). 
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Fig. 11: Conceptual model explaining the diagenetic and authigenic controls on the evolution of 

magnetic mineralogies at (a) shallow (active cold seep, Core ID: SSD-45/Stn-4/GC-01) and (b) deep-

seated (Core ID: NGHP-01-15A) in the Krishna-Godavari (K-G) basin, Bay of Bengal. 
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Fig. S1: (a-g) Downcore variations of magnetic susceptibility (χlf) in the sediment cores (NGHP-01-

20A, NGHP‐01‐10D, NGHP‐01‐03B, NGHP‐01‐05C, NGHP-01-14A, NGHP-01-15A, and NGHP‐

01‐07B) from the Krishna-Godavari (K-G) basin, Bay of Bengal. Enhanced χlf is highlighted by a color 

(light blue) band. The distance between the core locations, depth of the bottom simulating reflector 

(BSR) and the position of the sulfate‐methane transition zone (SMTZ) are also marked. (Magnetic 

susceptibility plots of core NGHP-01-20A is modified from Badesab et al., 2022, NGHP‐01‐10D is 

modified from Badesab et al., 2017, NGHP-01-3B, NGHP-01-5C and NGHP-01-7B are modified 

from Badesab et al., 2019, and NGHP-01-14A is modified from Badesab et al., 2020b). 
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Fig. S2: (a-d) Photograph showing fine to medium grained sand layers from different sediment 

magnetic zones of a deep-seated (Core ID: NGHP‐01‐15A) gas hydrate site in the Krishna-Godavari 

(K-G) basin, Bay of Bengal. 
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Fig. S3: (a–g) Optical microscopic images of the representative (>63 μm) fraction from shallow (active 

cold seep; Core ID: SSD-45/Stn-4/GC-01). Magnetic inclusion within host quartz (>63 μm) fractions 

are marked (see black circles and white arrows).  
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Fig. S4: (a–k) Optical microscopic images of the representative (>63 μm) fraction from deep-seated 

(Core ID: NGHP‐01‐15A) gas hydrate site in the Krishna-Godavari (K-G), Bay of Bengal. Magnetic 

inclusion within host quartz (>63 μm) fractions are marked (see black circles and white arrows). 
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Fig. S5: Bivariate plot of volume-specific shipboard MSCL magnetic susceptibility (2006) and 

laboratory-based mass-normalized magnetic susceptibility (χ) of core NGHP-01-15A. 
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Fig. S6: (a-f) Energy dispersive spectroscopy (EDS) data of respective scanning electron microscopy 

(SEM) images of the sediment core SSD-45/Stn-4/GC-01 (active seep , shallow gas hydrate site), and 

(g-m) NGHP-01-15A (deep-seated gas hydrate site) presented in Fig. 6. 
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Fig. S7: Pore-water sulfate concentration and methane (headspace gas) profile of sediment core 

NGHP-01-15A (modified from Collet et al., 2008). 
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Table- 1: Depth-wise distribution of authigenic carbonates in a sediment core from shallow (active 

cold seep; Core ID: SSD-45/Stn-4/GC-01) gas hydrate site in the Krishna-Godavari (K-G) basin, Bay 

of Bengal. 

Depth 

(mbsf) 

No. of 

Carbonate 

Pieces 

Carbonate Size Depth 

(mbsf) 

No. of Carbonate 

Pieces 

Carbonate Size 

0.01 4-5 Pieces Small + Medium Pieces 0.73 3 Pieces Medium to Large 

0.03 4-5 Pieces Small Pieces 0.75 4 Pieces Medium to Large 

0.05 3-4 Pieces Small Pieces 0.77 6 Pieces Medium to Large 

0.07 3-4 Pieces Small Pieces 0.79 4 Pieces Medium to Large 

0.09 3-4 Pieces Small+ Medium Pieces 0.81 5 Pieces Medium to Large 

0.11 4 Pieces Small Pieces 0.83 3 Pieces Medium to Large 

0.13 4 Pieces Small Pieces 0.85 2 Pieces Medium to Large 

0.15 3 Pieces Small Pieces 0.87 2 Pieces Medium to Large 

0.17 3 Pieces Small Pieces 0.89 3 Pieces Medium to Large 

0.18 4 Pieces Medium to Large 0.91 3 Pieces Medium to Large 

0.21 3 Pieces Medium to Large 0.93 4 Pieces Medium to Large 

0.23 2 Pieces Medium to Large 0.95 3 Pieces Medium to Large 

0.25 4 Pieces Medium to Large 0.97 3 Pieces Medium to Large 

0.27 3 Pieces Medium to Large 0.99 3 Pieces Medium to Large 

0.29 5 Pieces Medium to Large 1.01 More than 10 Pieces Medium to Large 

0.31 3 Pieces Medium to Large 1.03 4 Pieces Medium to Large 

0.33 4 Pieces Medium to Large 1.05 -- -- 

0.35 5 Pieces Medium to Large 1.07 3 Pieces Medium to Large 

0.37 5 Pieces Medium to Large 1.09 3 Pieces Medium to Large 

0.39 5 Pieces Medium to Large 1.11 4 Pieces Medium to Large 

0.41 3 Pieces Medium to Large 1.13 2 Pieces Medium to Large 

0.43 5 Pieces Medium to Large 1.14 2 Pieces Medium to Large 

0.45 4 Pieces Medium to Large 1.17 2 Pieces Small Pieces 

0.46 6 Pieces Medium to Large 1.19 1 Piece Small to Medium 

0.49 4 Pieces Medium to Large 1.21 1 Piece Small to Medium 

0.51 3 Pieces Medium to Large 1.23 1 Piece Small to Medium 

0.53 4 Pieces Medium to Large 1.25 3 Pieces Small to Medium 

0.55 2 Pieces Medium to Large 1.27 2 Pieces Small to Medium 

0.57 2 Pieces Medium to Large 1.29 3 Pieces Small to Medium 

0.59 3 Pieces Medium to Large 1.31 1 Piece Small to Medium 

0.61 3 Pieces Medium to Large 1.33 2 Pieces Small to Medium 

0.63 3 Pieces Medium to Large 1.35 -- -- 

0.65 1 Piece Large 1.37 3 Pieces Small to Medium 

0.67 2 Pieces Medium to Large 1.39 1 Piece Small to Medium 

0.69 2 Pieces Medium to Large 1.41 -- -- 

0.71 4 Pieces Medium to Large 1.43 1 Piece Small to Medium 

1.45 1 Piece Small to Medium    

1.47 1 Piece Small to Medium    

1.49 1 Piece Small to Medium    
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1.51 -- --    

1.53 1 Piece Small to Medium    

1.55 - -    

1.57 4 Pieces Small to Medium    

1.59 -- --    

1.61 -- --    

1.63 -- --    

1.65 -- --    

1.67 -- --    

1.69 -- --    

1.71 -- --    

1.73 -- --    

1.75 -- --    

1.77 -- --    

1.79 -- --    

1.81 -- --    

1.83 -- --    

1.85 -- --    

1.87 -- --    

1.89 -- --    

1.91 -- --    

1.93 -- --    

1.95 -- --    

1.97 -- --    

1.99 -- --    

2.01 -- --    

2.03 -- --    

2.05 -- --    

2.07 -- --    

2.09 -- --    

2.11 -- --    

2.13 -- --    

2.15 -- --    

2.17 -- --    

2.19 -- --    

2.21 -- --    

2.23 -- --    
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Table-2: Depth-wise distribution of authigenic carbonates in a sediment core from deep-seated (Core 

ID: NGHP‐01‐15A) gas hydrate site in the Krishna-Godavari (K-G) basin, Bay of Bengal (modified 

after Teichert et al. 2014). 

 

Depth(mbsf) Lithology Carbonate composition 

47.2 Nodule Fe-rich-carbonate 

47.8 Nodule Fe-rich-carbonate 

55.9 Nodule Fe-rich-carbonate 

58.4 Nodule Fe-rich-carbonate 

60.2 Nodule Fe-rich-carbonate 

62 Nodule Fe-rich-carbonate 

63.9 Nodule Fe-rich-carbonate 

64.1 Nodule Fe-rich-carbonate 

72.9 Nodule Fe-rich-carbonate 

73 Nodule Fe-rich-carbonate 

73.1 Nodule Fe-rich-carbonate 

87.2 Nodule Fe-rich-carbonate 

108.5 Nodule Fe-rich-carbonate 

111.1 Nodule LMC 

113.6 Nodule LMC 

116.6 Nodule Fe-rich-carbonate 

117.4 Nodule Fe-rich-carbonate 

119.3 Nodule Fe-rich-carbonate 

128.5 Nodule Fe-rich-carbonate 

128.6 Nodule Fe-rich-carbonate 

129.4 Nodule Fe-rich-carbonate 

130.3 Nodule Fe-rich-carbonate 

146.8 Nodule Ca-rich dolomite/ankerite 

157.3 Nodule HMC 

157.3 Nodule Fe-rich-carbonate 

158.3 Nodule LMC 

163.7 Nodule LMC 

167.4 Nodule Fe-rich-carbonate 

167.7 Nodule Fe-rich-carbonate 

179 Nodule low calcium-carbonate 

195.3 Nodule Fe-rich-carbonate 
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Table-3 Depth-wise distribution of sand layers in sediment core from deep-seated (Core ID: NGHP‐

01‐15A) gas hydrate site in the Krishna-Godavari (K-G) basin, Bay of Bengal (modified after Collett 

et al., 2008). 

Depth 

(mbsf) 

Type of 

occurrence 

Depth 

(mbsf) 

Type of 

occurrence 

Depth (mbsf) Type of  

occurrence 

15.83 sand bed 31.42 sand bed 92.61 sand laminae 

15.84 sand bed 35.34 sand bed 92.7 sand laminae 

25.95 sand bed 35.54 sand bed 92.83 sand laminae 

25.98 sand bed 36.27 sand bed 92.86 sand laminae 

27.27 sand bed 36.46 sand bed 90.4 sand pocket 

27.3 sand bed 36.485 sand bed 90.45 sand pocket 

27.81 sand bed 36.555 sand bed 100.33 sand bed 

28.44 sand bed 36.805 sand bed 100.4 sand bed 

35.31 sand bed 36.82 sand bed 110.63 sand burrow fill 

31.63 sand bed 39.28 sand bed 109.08 sand laminae 

34.42 sand bed 38.13 sand bed 132.47 multiple silt/sand laminae 

31.29 sand bed 39.08 sand bed 132.17 multiple silt/sand laminae 

36.32 sand bed 56.21 sand bed 131.43 multiple silt/sand laminae 

36.4 sand bed 56.25 sand bed 130.47 sand bed 

30.75 sand bed 56.3 sand bed 178.12 sand bed 

30.97 sand bed 56.35 sand bed 179.42 sand bed 

31.2 sand bed 67.61 sand bed 181.7 sand bed 

31.23 sand bed 67.5 sand bed 178.18 sand bed 

34.73 sand bed 70.57 sand bed 178.23 sand bed 

36.35 sand bed 70.67 sand bed 178.315 sand bed 

29.09 sand bed 70.84 sand bed 179.11 sand bed 

29.23 sand bed 71.56 sand bed 183.36 sand bed 

29.27 sand bed 72.09 sand bed 186.83 sand bed 

29.8 sand bed 73.01 sand bed 191.95 sand bed 

29.9 sand bed 77.4 sand bed 191.99 sand bed 

30.14 sand bed 78.17 multiple Sand bed 192.12 sand bed 

30.16 sand bed 77.24 multiple Sand bed 192.17 sand bed 

30.19 sand bed 76.9 multiple Sand bed 192.23 sand bed 

30.21 sand bed 79.63 multiple Sand bed 192.28 sand bed 

30.23 sand bed 79.88 multiple Sand bed 192.45 sand bed 

30.28 sand bed 77.37 multiple Sand bed 192.48 sand bed 

30.65 sand bed 76.15 multiple Sand bed   

30.67 sand bed 79.98 multiple Sand bed   

30.71 sand bed 80.06 multiple Sand bed   

30.91 sand bed 78.23 sand bed   

31.16 sand bed 78.3 sand bed   

 

 

 



46 
 

Data availability statement 

The data used in this study is available on CSIR-NIO repository. The link to access data online is 

https://publication-data.nio.org/s/mGsfeYt2RN3eQo5 
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