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Methane hydrates in ocean sediments have been investigated across various timescales using a broad 
array of indicators to better understand hydrate dynamics and climate linkages. Here we report individual 
benthic and planktonic foraminiferal isotopic analyses at three sites from distinct oceanic environments 
in the northern Indian Ocean. The multi-species, multi-site analyses identify a unique δ13C response 
in Miliolida benthic foraminifera Pyrgo spp., Quinqueloculina spp., and Spiroloculina spp. suggesting that 
some species within these genera record the location and timing of past methane hydrate dissociation 
in the stable carbon isotopic composition of their skeletal (test) material. Our results document that 
dissociation occurred in the Mahanadi offshore basin, northwest Bay of Bengal, during glacial, transitional, 
and interglacial intervals of the past 1.5 million years. More negative test δ13C coupled with more positive 
δ18O supports the inference of interglacial-age dissociation, likely driven by increased intermediate water 
temperatures.

© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC 
license (http://creativecommons .org /licenses /by-nc /4 .0/).
1. Introduction

Methane (CH4) is a greenhouse gas (IPCC, 2021) for which 
the magnitude of its transfer from the global ocean to the atmo-
sphere over time remains unclear. Current estimates indicate that 
seafloor methane seepage contributes less than ∼2% of modern at-
mospheric methane (Ruppel and Kessler, 2017). Nevertheless, the 
contribution may have been greater at times in the geological past 
(Oppo et al., 2020), in particular when associated with gas hydrate 
dissociation (Dickens et al., 1995; Kennett et al., 2000; Kim and 
Zhang, 2022). The development of future global climate change 
scenarios will benefit from an enhanced understanding of past and 
present forcings governing oceanic methane dynamics {e.g. (Thiru-
malai et al., 2020)}.

Ongoing research seeks to identify locations and timing of hy-
drate dissociation activity, with the ultimate goal of better under-
standing mechanisms of hydrate instability and feedbacks related 
to climate change. Paleo-seep and -hydrate dissociation events 
have been identified in ocean sediment cores using several indi-
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cators, including sedimentological structures (Ma et al., 2021), au-
thigenic carbonate and barite precipitates (Babineaux et al., 2021; 
Dickens et al., 2003; Lein, 2004; Teichert et al., 2014), and in-
formation derived from macro- and micro-biotic data (Åström et 
al., 2020; Lobegeier and Sen Gupta, 2008; Mazumdar et al., 2018; 
Sasaki et al., 2010; Sibuet and Roy, 2003).

The dissociation of methane hydrate has been studied at nu-
merous locations worldwide, from equatorial to polar regions 
(Capozzi et al., 2012; Crutchley et al., 2013; Fang et al., 2019; 
Gieskes et al., 2011; Klaucke et al., 2010; Mazumdar et al., 2018; 
Melaniuk et al., 2022; Miller et al., 2015; Oppo and Hovland, 2019; 
Sassen et al., 1993; Wang et al., 2019). Methane input to the at-
mosphere is bio-regulated (Joye, 2020) by its microbial oxidation, 
including sulfate-driven anaerobic oxidation of methane (AOM) in 
the sediment column (Ruppel and Kessler, 2017) and aerobic oxi-
dation of methane (MOx) in both the sediment and water columns 
(Hanson and Hanson, 1996; James et al., 2016). These processes 
drive increased pore water alkalinity and dissolved inorganic car-
bon (DIC; HCO−

3 ) in which the carbon carries the strongly negative 
isotopic values of the methane from which it is derived; on the or-
der of −30 to −50� (Lorenson and Collett, 2018; Whiticar, 1999). 
This negative isotopic signal can be incorporated into the CaCO3
skeletal (test) material of foraminifera; single-celled protists liv-
ing in the surface waters (planktonic) as well as upon and within 
 under the CC BY-NC license (http://creativecommons .org /licenses /by-nc /4 .0/).
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the first few centimeters of seafloor sediments (benthic). While 
anomalously negative δ13C of benthic foraminifera tests is a key 
indicator of past methane dissociation, there has been much dis-
cussion as to whether the signal is primary, incorporated during 
biomineralization when the organism is alive, or secondary, in-
corporated as a function of postmortem diagenesis via authigenic 
carbonate overgrowth on the test (Melaniuk et al., 2022; Panieri 
et al., 2016, 2017). Both paths provide evidence for the location of 
hydrate activity and in some cases, the timing as well.

Several previous studies have used negative foraminifera δ13C 
anomalies (benthic and planktonic) as indicators of methane hy-
drate dissociation and incorporation of methane-derived carbon 
into the overlying water column. Kennett et al. (2000) reported 
anomalous δ13C in benthic (∼0.5 to −6�) and planktonic (∼0.5 
to −4�) foraminifera during interstadials of the past 60,000 
years. Citing the lack of evidence for diagenetic overprinting (scan-
ning electron microscopy; SEM), they inferred that temperature-
mediated methane release from the shallow flank of the Santa Bar-
bara basin (120 m) impacted both the sediments and the overlying 
water column. Hill et al. (2003) documented extremely negative 
planktonic (∼ −0.1 to −22�) and benthic (∼ −0.01 to −25�) 
δ13C values in glacial-age sediments of the Santa Barbara Chan-
nel. Citing the lack of evidence for diagenetic overprinting (SEM), 
these authors also inferred that methane release impacted both 
the sediments and the overlying water column. Keigwin (2002)
found planktonic (∼1 to −6�) and benthic (∼ −0.5 to −3�) 
δ13C anomalies in Holocene sediments in the Gulf of California 
(818 m), inferring methane oxidation within the water column. 
Rathburn et al. (2003) observed benthic δ13C anomalies (∼0.5 to 
−5.5�) in living specimens at a modern methane seep in Mon-
terey Bay (∼1000 m). Citing cleaning procedures and the unlike-
lihood of overgrowths on the skeletal components of living speci-
mens, they attributed these anomalies to methane-influenced pore 
water DIC. Zhou et al. (2020) report planktonic δ13C anomalies 
(∼1.5 to −4�) in an 808-cm piston core from the gas hydrate 
zone of the Nansha Trough (2796 m), South China Sea, inter-
preted as resulting from the assimilation of methane-derived DIC 
and indicative of methane emission events. Finally, Melaniuk et 
al. (2022) report values of −5.2� in live foraminifera tests and 
−6.5� in fossil tests recovered from aerobic and anaerobic sedi-
ments at Arctic methane hydrate seeps (1200 m). They inferred the 
incorporation of methane-derived carbon via feeding on methan-
otrophic bacteria and/or incorporation via methane-influenced DIC. 
In summary, these studies document methane-influenced benthic 
δ13C excursions of −4 to −6� (with some as low as −25�,) with 
overall low likelihood for diagenetic overprinting inferred via vari-
ous methodologies.

In contrast, similar anomalies in late Pleistocene tests (to 
−25�) have been attributed to post-depositional overgrowth of 
methane-derived authigenic carbonate (MDAC), associated with the 
sulfate to methane transition zone (SMTZ) (Day, 2003; Joshi et al., 
2014; Martin et al., 2004; Portilho-Ramos et al., 2018; Rathburn 
et al., 2003; Ussler and Paull, 2008; Wan et al., 2018). These con-
trasting interpretations are, in part, motivated by the recognition 
that it is difficult to detect the small amount of authigenic carbon-
ate (e.g., at −50�) sufficient to alter initial test δ13C (at ∼0�) 
by small but measurable amounts (Torres et al., 2010, 2003). In 
addition, studies of live benthic foraminifera at active methane 
seep environments indicate strong disequilibrium between the test 
δ13C (0.5 to −5�) and the strongly negative carbon isotopic val-
ues (−30 to −40�) of pore waters they inhabit (Bernhard et al., 
2010; Gieskes et al., 2011; Rathburn et al., 2003). Such observa-
tions have been used to infer that benthic foraminifera may calcify 
intermittently, possibly when methane venting is less active, or 
that calcifying individuals move to more ideal microhabitats, avoid-
ing methane-influenced waters (Bernhard et al., 2010; McCorkle 
2

Fig. 1. U1446 stable isotope time series (Clemens et al., 2021) showing bulk plank-
tonic (G. ruber) and benthic (C. wuellerstorfi) δ13C anomalies in Marine Isotope Stage 
13 (U1446A 10H 3 33.5 cm, 35.5 cm and U1446C 9H 4, 39.5 cm) as well as location of 
IFA samples (+). Benthic δ18O shown to indicate glacial and interglacial variability.

et al., 1990). These study sites are often in active seep envi-
ronments characterized by methane bubbling from the seafloor, 
abundant authigenic micro and macro carbonate precipitates with 
strongly negative δ13C values (∼ −30 to −60�), and endemic 
macro-fauna. Rathburn et al. (2003) recognized the difficulty in 
attributing anomalously low δ13C specifically to biomineralized 
δ13C, post-depositional overprinting with MDAC, or some combi-
nation thereof. They suggested that hydrate dissociation events in 
the sediment record can be identified by wide conspecific δ13C 
ranges.

As indicated above, the definition of what constitutes ‘anoma-
lous’ varies among publications. Here ‘anomalously negative’ δ13C 
is defined as values lower than those commonly associated with 
epifaunal to deep infaunal microhabitats in non-hydrate-impacted 
marine settings; that is, values more negative than ∼ −2� {(Mc-
Corkle et al., 1990; Mulitza et al., 2022; Schneider et al., 2017) 
and references therein}. This threshold is also, in part, chosen on 
the basis of the clear anomalies revealed in the 1.46-million-year 
long time series of benthic and planktonic foraminifera δ13C at the 
location we investigate, IODP Site U1446 (Fig. 1). δ13C values are 
reported in permille (�) relative to the Vienna Pee Dee Belemnite 
(VPDB) reference frame.

Here we investigate Pleistocene-age hydrate dissociation events 
in the Mahanadi Basin, northwest Bay of Bengal, as well as the 
utility of fossil Miliolida foraminifera test δ13C as an indicator of 
the timing and location of hydrate dissociation. Our investigation 
conformed to the challenges described above; analysis of the best-
preserved individuals, based on visual inspection of the whole test, 
was not diagnostic of anomalous δ13C. This is confirmed by SEM 
observation of authigenic carbonate growth on the inner chamber 
relative to the outer test surface (Fig. 2a-c). Here, instead, we draw 
inferences using multi-species, multi-site individual foraminifera 
analyses (IFA). We present new benthic and planktonic δ13C and 
δ18O IFA results from three distinctly different environmental set-
tings, including two non-hydrate-influenced control sites, Ninety 
East Ridge (open ocean pelagic) and northwest Arabian Sea (high 
productivity upwelling), and one hydrate-influenced site on the 
northeast Indian Margin (Fig. 3a). IFA of multiple benthic and 
planktonic species at these sites document the unique response 
of three benthic genera within the Miliolida order, only at the 
hemipelagic hydrate-influenced Indian margin, Site U1446. With 
the exception of samples from marine isotopic stage (MIS) 13, the 
anomalously negative δ13C values within these three genera (to 
−17.5�) are not recorded in other planktonic or benthic species 
from the same discrete sediment samples. In addition, no anoma-
lies are found in foraminifera from the non-hydrate-influenced 
control sites within the upwelling and open-ocean pelagic regions. 
From these results we infer that species within these three Mil-
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Fig. 2. U1446 Miliolida foraminifera. SEM photographs of Quinqueloculina sp. from U1446C-1H-4-50-52 cm (MIS1; IFA = −6.79� δ13C VPDB) showing (a) the clean exterior 
test surface, (b) inner chambers of the broken test, and (c) authigenic carbonate overgrowths on the inner chamber wall. (d) Pyrgo spp. and (e) Spiroloculina sp. from 
U1446C-4H-5-145.5 cm (MIS 6). (f) Quinqueloculina spp., (g) Pyrgo spp., and (h) Spiroloculina sp. from U1446A-12H-3-6.5 (MIS 16). (i) Pyrgo spp. from U1446A-18H-7-81.5 
(MIS 38).

Fig. 3. Site locations and seismic sections. (a) Site locations. Inset shows site location bathymetry from ∼600 mbsl (red) to 2000 mbsl (blue), after (Mazumdar et al., 2014). 
(b) NGHP-01-18 dip profile after Collett et al. (2015). (c) Site U1446 strike profile and (d) dip profile after Clemens et al. (2016b). Asterix denotes locations of gas escape 
pipes, the high-amplitude negative anomalies at the upper ends indicate low seismic velocity gas hydrate.
iolida genera are sensitive recorders of short-duration, transient 
hydrate dissociation events in the Mahanadi offshore basin; events 
insufficient to precipitate authigenic carbonate crusts and develop 
macro-biological communities at the seafloor. We find that such 
3

events occurred during glacial, transitional, and interglacial inter-
vals within the past 1.4 million years. This is supported by higher 
test δ18O coupled with lower test δ13C during interglacial intervals, 
likely stemming from warming ocean temperatures.
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2. Oceanographic and sedimentological settings

Site U1446 (19◦5.01′N, 85◦ 44.08′E) is located in the Mahanadi 
offshore basin at 1430 m below sea level (mbsl) (Fig. 3a) (Clemens 
et al., 2016b). U1446 is at approximately the same depth and prox-
imal to two sites drilled by the Indian National Gas Hydrate Pro-
gram (NGHP); U1446 is ∼8 km southwest of NGHP-01-18 (1374 
mbsl) and ∼14 km northeast of NGHP-01-19 (1422 mbsl) (Col-
lett et al., 2015; Lorenson and Collett, 2018). Results from these 
two sites provide context for regional hydrate characteristics, based 
on analyses not conducted at U1446 (e.g., pressure coring, thermal 
imaging during core recovery etc.). Pleistocene sediments at U1446 
are hemipelagic clays bearing nannofossils, foraminifera and mi-
nor amounts of biosilica, the same as at the NGHP sites but with 
more uniform seismic reflectors, selected for paleoclimate recon-
structions (Fig. 3c, d). Sedimentation rates average 28±18 cm per 
kiloyear (cm/ky) over the past 250 thousand years (kyrs; 0 to 55 
meters below sea floor - mbsf), decreasing to 13±4 cm/ky be-
tween 0.250 and 1.46 million years ago (55 to 204 mbsf). Each 
sample spanned two vertical cm, such that each one includes ap-
proximately 70 to 150 years of deposition, excluding bioturbation. 
Sedimentation rates at NGHP sites are poorly constrained; NGHP-
01-19 rates are estimated at 10 cm/ky over the top 8 m and less 
than 4 cm/ky over the prior 2 million years (to ∼ 75 mbsf) (Collett 
et al., 2015). Total organic carbon content at U1446 ranges between 
0.8 and 1.8 weight percent throughout the record (Clemens et al., 
2016b), similar to that at NGHP-01-19 which varies between 0.9 
and 1.3% over the 300 m long record (Johnson et al., 2014).

Reflection seismic sections at the three sites are characterized 
by seafloor-parallel or sub-parallel reflections down to ∼200 mbsf 
{∼0.2 seconds two-way travel time (TWT) with 2000 m/s average 
P-wave velocity}. Below this interval, there is an equal interval of 
high-amplitude reflectivity, the top of which likely represents the 
base of the gas hydrate stability zone (GHSZ), with free gas below 
(Collett et al., 2015). Seismic data shows vertical seismic anoma-
lies nearby U1446 and NGHP-01-18 (Fig. 3b-d). These anomalies 
are interpreted as gas escape pipes according to well-established 
criteria {see, for example, (Oppo et al., 2021)}. The pipes’ root zone 
is located below the inferred base of the GHSZ, and they terminate 
at various depths below the modern seafloor. The upper terminus 
is either a high-amplitude negative anomaly within the sediment 
{i.e., soft kick; (Brown, 2011)} indicating the presence of low seis-
mic velocity in-situ gas hydrate (Collett et al., 2015) or a pock-
mark on the seafloor indicating the presence of free gas within the 
sediment and its vertical migration and expulsion at the seafloor. 
Analyses at the NGHP sites identified infrared (IR) cold anomalies 
at 55, 65, 115, and 180 mbsf (Collett et al., 2015) as well as pore-
water freshening from 115 to 190 mbsf, suggesting the presence 
of disseminated, pore-filling gas hydrate at NGHP-01-18A (Collett 
et al., 2014). At NGHP-01-19A, IR measurements of the core liners 
at the time of recovery identified steadily decreasing temperature 
with depth to 205 mbsf, interpreted as indicative of disseminated 
gas hydrate (Collett et al., 2015). Analysis of well log resistivity 
data indicated hydrate presence in the 105-120 mbsf interval as 
well as gas hydrate estimated to occupy ∼15% of the pore space 
in 180-205 mbsf interval immediately above a bottom simulating 
reflector (BSR) (Collett et al., 2015, 2014). We infer broadly similar 
disseminated hydrates at U1446.

Headspace methane (CH4) gas concentrations at U1446 in-
crease between 30 and 80 meters, peaking at 1000 ppmv at 50 
mbsf; (Clemens et al., 2016b). Similar peaks occur in the same 
depth range at NGHP-01-18 and NGHP-01-19 (Collett et al., 2015). 
Methane to ethane ratios and CH4 δ13C indicate the gas is of mi-
crobial origin, with CH4 δ13C ranging between −71 and −87�
(mean of −74� VPDB) at the NGHP sites (Lorenson and Collett, 
2018). Similarly, at U1446, the CH4 δ13C ranges between −70 and 
4

Fig. 4. Carbon isotope ratio of U1446 DIC indicating the current location of the 
SMTZ. After Peketi et al. (2020).

−98�, with a mean of −78� VPDB (Peketi et al., 2020). δ13C DIC 
at U1446 is −12.2� in the shallowest porewater sample measured 
(1.45-m below sea floor), decreasing to a minimum of −34.5� at 
16.75 m (within the SMTZ at a sediment age of ∼74 Ka) and then 
increasing to ∼5� by 100 mbsf (Fig. 4).

Pore-water profiles of sulfate, methane, alkalinity, ammonium 
and calcium from three nearby cores collected by R/V Marion 
Dufresne (MD; Fig. 3a) in the Mahanadi Basin between 1429 and 
1691 m water depth are remarkably similar and are interpreted as 
dominantly influenced by anaerobic oxidation of methane (AOM) 
via AOM-induced sulfate consumption (Mazumdar et al., 2014). 
The SMTZ in these three cores occupy three- to four-meter thick 
zones centered on depths between 14 and 18 m below the sea 
floor (U1446 SMTZ is centered at 16.75 m). The pore-water pro-
files and shallow SMTZ, combined with hydrocarbon ratios and 
methane δ13C analyses suggest that the methane is microbial in 
origin, with a high diffusive flux likely originating from the base 
of the gas hydrate stability zone (Mazumdar et al., 2014); we infer 
similar conditions for U1446.

Smear-slide analysis showed variable amounts of authigenic 
carbonate within the cored sediment at the NGHP sites. NGHP-01-
18 showed trace-level to 4% authigenic carbonate in 6 of 49 sam-
ples dispersed throughout the core, none in the 43 coarse fraction 
(>63 microns) samples. Two authigenic carbonate nodules were 
documented; one in core 11H-2 at 85-95 cm (Collett et al., 2015) 
and one in 12H 4 85-87 cm (Babineaux et al., 2021; Dickens et 
al., 2003; Lein, 2004; Teichert et al., 2014). At NGHP-01-19, trace-
level to 7% authigenic carbonate occur in 27 of 113 samples with 
one additional smear slide indicting 82% authigenic carbonate in 
core 10H-1, at 2 cm (Collett et al., 2015). Three carbonate nodules 
were identified and isotopically analyzed at NGHP-01-19, indicat-
ing clear methane-derived origins (Babineaux et al., 2021; Dickens 
et al., 2003; Lein, 2004; Teichert et al., 2014). The three nodules 
ranged from −28.5 to −41.9� δ13C. Smear slide analysis of U1446 
identified authigenic carbonate ranging between 1 and 4% in 26 of 
67 samples, with one sample reaching 10% in U1446A-17H-2, 4 
cm (Clemens et al., 2016b). No authigenic carbonate nodules were 
identified in U1446.

On the basis of results described above at the nearby NGHP and 
MD sites, we infer the cored interval at U1446 to be within the 
modern gas hydrate stability zone with a high diffusive methane 
flux, of microbial origin, with the possibility of hydrates dissemi-
nated in low-concentrations within fine-grained sediments {Type-1 
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of You et al. (2019)}. We seek to assess the past variability in this 
system.

In this study, aside from the Indian Margin site, we also per-
formed multi-species IFA at two other sites in the Indian Ocean, 
neither of which are hydrate influenced and serve as ‘control’ sites 
for comparison with U1446. ODP Site 722 lies atop the Owen 
Ridge, northwestern Arabian Sea (16◦ 37.312’ N, 59◦ 47.755’ E) at 
a water depth of 2028 m (Prell et al., 1989) (Fig. 3a). This site 
is characterized by strong upwelling and high productivity in re-
sponse to summer-season southwest monsoon winds that drive 
upwelling of nutrient-rich waters into the photic zone from several 
hundred meters depth. Pleistocene sediments are composed of al-
ternating light (interglacial) and dark (glacial) layers of foraminifer-
bearing nannofossil ooze with sedimentation rates averaging ∼4.5 
cm/ky. ODP Site 758 lies atop the Ninetyeast Ridge (5◦23.05′N, 
90◦21.67′E) at a water depth of 2924 m (Pierce et al., 1989). The 
location was recently drilled again, as Site U1443 (Clemens et al., 
2016a). We analyzed Site 758 samples. Pleistocene sediments at 
this open ocean pelagic site are characterized by nannofossil ooze 
with varying proportions of foraminifers, clay, and volcanic ash 
with sedimentation rates averaging ∼1.2 cm/ky.

3. Methods

Foraminifera stable carbon and oxygen isotope analyses were 
conducted on 290 samples from hemipelagic margin Site U1446, 
39 from upwelling Site 722, and 52 from open ocean pelagic Site 
758; all Late Pleistocene in age and including both glacial and in-
terglacial intervals (Table S1). Samples were selected for analysis 
on the basis of the relatively high abundance of Pyrgo spp. in the 
>355 μm size fraction, having identified this genus as recording 
anomalously light δ13C in interglacial MIS 13 of the time series 
record (Fig. 1). Given the limited supply of individuals large enough 
for IFA, we analyzed all species present, both pristine (visual as-
sessment via binocular microscope) and visually degraded individ-
uals (yellow tinted, sugary texture). In hindsight, it would have 
been useful to identify the individuals to the species level prior to 
analysis but this was not done in most cases. Sample preparation 
consisted of freeze-drying, wet-sieving (with 10% Calgon solution 
and sonification where necessary to move sediments through the 
sieves), rinsing in de-ionized water, and drying at 50 ◦C. IFA was 
conducted on the >355 μm fraction while bulk analysis (2 to 6 in-
dividuals) was conducted on the 250-355 μm fraction to test for 
differences in isotopic composition as a function of test size.

Analyses were conducted on either a MAT252 coupled to a Kiel 
III Carbonate Device (Brown University) or on a MAT 253+ cou-
pled to Kiel IV Carbonate Device (Brown University and University 
of Arizona). Results are reported relative to � VPDB with uncer-
tainties of ±0.02 for δ13C and ±0.04 for δ18O of in-house BYM 
standard (n=16, 1σ ) and ±0.03 for δ13C and ±0.05 for δ18O of 
in-house Carrara standard (n=34, 1σ ).

4. Results

In the course of generating bulk planktonic and benthic for-
aminiferal stable isotope records for the reconstruction of U1446 
seawater δ18O (Clemens et al., 2021), two interglacial age δ13C in-
tervals within MIS 13 stood out as anomalously negative, in excess 
of 5 standard deviations from the mean (Fig. 1). These intervals 
were further investigated by 93 IFA on multiple species from MIS 
13 (Fig. 5, Table S1). Anomalously negative δ13C values are evi-
dent across both planktonic (to - 5.2�) and benthic species (to 
−17.48�), with anomalously wide conspecific δ13C ranges (e.g. 
7.1� for Groborotalia menardii, 2.24� Neouvigerina proboscidea, 
2.08� Globigerinoides sacculifer), well beyond that expected for 
glacial- and interglacial-age variability. Notably, the carbon isotopic 
5

Fig. 5. U1446 MIS 13 IFA results documenting anomalously large ranges and anoma-
lously negative δ13C values of both benthic and planktonic species. MIS 13 samples 
are identified as anomalous in the time series records from Fig. 1. Refer to Table S1 
for full genus names.

composition of Pyrgo spp. stands out, indicating strongly negative 
values extending to −17.1�; far in excess of the most negative 
planktonic (−5.2�) and benthic (−5.7�) δ13C values from other 
species in these MIS 13 samples.

An additional four glacial-age samples (from MIS 6, 14, 16, and 
38), two transitional-age samples (from MIS 22-23 and 46–47), and 
13 interglacial-age samples (from MIS 1, 3, 5, 7, 11, and 35) were 
investigated by 197 IFA of planktonic and benthic species to fur-
ther assess the prevalence and timing of anomalous δ13C events 
beyond those associated with MIS 13 (Table S1). Samples were 
chosen based on the abundance of Pyrgo in the >355-micron size 
fraction, allowing assessment of the range of anomalous IFA δ13C. 
Intrasample Pyrgo δ13C ranges from as large as 7.37� (MIS 46-47; 
n=13) to as small as 0.89� (MIS 6; n=6).

In addition to Pyrgo, we also assessed benthic species com-
monly utilized in paleoclimate studies including Uvigerina spp. and 
Cibicidoides spp. The results demonstrate an anomalously nega-
tive δ13C response unique to genera within the Miliolida order 
including Pyrgo spp., Spiroloculina spp., and Quinqueloculina spp. 
(Fig. 2d-i, 6a, 7). For samples with abundant Pyrgo, IFA of large 
individuals (>355 μm) as well as bulk analyses on the smaller 
250-355 μm fraction (2 to 6 individuals) showed no systematic 
difference in δ13C anomalies (Fig. 7). Similarly, analysis of visu-
ally pristine (binocular microscope) versus visually degraded was 
not diagnostic of anomalously low δ13C, consistent with findings 
described in the Introduction section.

The unique nature of the anomalous Miliolid δ13C response was 
further investigated by IFA of glacial- and interglacial-age benthic 
and planktonic species from upwelling Site 722 and open-ocean 
pelagic Site 758. These control sites allow testing of the extent to 
which Pyrgo (available at all sites) is anomalous across a range of 
marine environments with differing sedimentation rates and or-
ganic carbon contents (Table S1, Fig. 6b, c). Anomalous δ13C values 
documented at U1446 are not observed at either of the non-
hydrate-influenced control sites.

5. Discussion

The basis for our choice of samples (abundant Pyrgo) does not 
appear to have biased the record; samples from glacial, interglacial, 
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Fig. 6. IFA results from margin, pelagic, and upwelling environments. (a) U1446 IFA 
results from Indian margin samples with no anomalies in the time-series records 
of Fig. 1 (i.e. excluding MIS 13). Bulk planktonic and benthic data is from Clemens 
et al. (2021). (b) IFA results from pelagic Site 758 and (c) upwelling Site 722. Site 
758 bulk planktonic and benthic data are from Bolton et al. (2013). Site 722 bulk 
planktonic and benthic data are from Clemens et al. (1996). Refer to Table S1 for 
full genus names.

and transitions between the two had sufficient Pyrgo at U1446. 
Both glacial- and interglacial-age samples were also available at 
the control sites. Samples investigated include MIS 11, 12, 15, and 
16 at 758 and MIS 5 and MIS 6 at 722. The lowest Pyrgo δ13C 
recorded were −0.46 and −0.38� at 758 and 722 respectively. 
The lowest values of any species at 758 and 722 were −1.41 
and −1.15� respectively (both Uvigerina). Hence, anomalously 
low δ13C values were not recorded at the non-hydrate-influenced 
control sites in the open ocean pelagic (758) or upwelling en-
vironment (722). This indicates that the anomalously low values 
recorded at U1446 are not endemic to the Pyrgo genus; they are 
inferred to be unique to the hydrate-influenced Indian margin en-
vironment.

The primary results requiring explanation at the U1446 Indian 
margin site are illustrated in Fig. 7, including: (1) the two MIS 
13 samples with anomalous δ13C recorded by all species (benthic 
and planktonic) relative to all other samples where only benthic 
Miliolida record anomalous values and (2) the anomalous benthic 
Miliolid δ13C response relative to that of other benthic and plank-
tonic individuals within the same discrete samples. We hypothe-
size that the observed relationships can be explained in the con-
text of MDAC precipitation at the SMTZ (Ussler and Paull, 2008), 
upward movement of the SMTZ within the sediment column dur-
ing hydrate dissociation events (Ruppel and Waite, 2020), and dif-
ferences in ecological habitat and/or test structure of the Miliolida 
foraminifera.
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5.1. Anomalous planktonic and benthic foraminifera δ13C in MIS 13

Anomalous bulk foraminifera δ13C values found in MIS 13 of 
the time-series record (Fig. 1) are also expressed in IFA of both 
benthic and planktonic species from these samples (Fig. 5). With 
the exception of Pyrgo spp., the anomalies range to −5.2� in the 
planktonic species (Globorotalia menardii) and −5.7� in the ben-
thic species (Cibicidoides wuellerstorfi). In contrast, the δ13C of Pyrgo
spp. has strongly negative values, extending to −17�, well out-
side the most negative planktonic and benthic δ13C values of other 
species in the same samples. We interpret the anomalous δ13C of 
benthic and planktonic species within the same sample as diage-
netic in nature, likely via post-burial MDAC overgrowth (Wan et 
al., 2018).

This interpretation is consistent with similar findings at other 
hydrate-influenced sites. Day (2003) documents strongly negative 
benthic δ13C values at the Eel River sites (520 m water depth, off-
shore California). Sediments at these sites were sampled by push 
cores (∼ 30 cm total length) during submersible dives. Eel River 
sites are active seeps, with gas bubbling, visible authigenic car-
bonate crusts and chimneys, cold-seep macrofauna and bacterial 
mats. At the Eel River location, all three benthic species analyzed 
showed extremely negative δ13C, to −23� (Fig. 8). SEM examina-
tion yielded some evidence of authigenic carbonate precipitation 
and overprinting by authigenic carbonate was also inferred based 
on model-derived porewater saturation indices and the alteration 
of all species present. Panieri et al. (2009) document similar re-
sults for Miocene formations in the Northern Apennines. Again, 
all species evaluated had anomalously low δ13C values (−9.04 to 
−25.74�), and were interpreted in the context of overprinting 
with MDAC.

The results from Eel River (active) and Apennine (fossil) seep 
sites are similar to those of the U1446 MIS 13 samples, where 
all species analyzed were impacted. However, at U1446 there is 
no evidence of carbonate crusts, chimneys, or cold-seep macro-
biological communities, with the possible exception of a single ∼3 
cm scaphopod shell (U1446C 4H 7 34-37 cm, 37.786 mbsf, ∼179 
Ka). As such, we interpret the δ13C anomalies as linked to the dis-
association of disseminated hydrates, as at nearby NGHP-01-19A 
(Collett et al., 2015). The extensive nature of the alteration (to 
−17�) and the fact that both benthic and planktonic tests were 
impacted is interpreted to indicate that MDAC overprinting took 
place over some interval of time between MIS 13 and the present, 
when the SMTZ was stationary for an extended period at the loca-
tion of the MIS 13 sediment layer. While the MIS 13 δ13C results 
are consistent with the Eel River and Apennine sites as described, 
IFA results from the remaining 18 U1446 samples differ signifi-
cantly in that only three benthic genera within the Miliolida order 
are impacted.

5.2. Anomalous δ13C values only in Miliolida

In contrast to the two MIS 13 samples, the 18 other U1446 
samples investigated show anomalous δ13C only in three genera 
within the Miliolida order and not in any of the other planktonic 
or benthic foraminiferal species analyzed from the same samples 
(Fig. 7). Anomalous δ13C was recorded only in Pyrgo spp., Spirolo-
culina spp., and Quinqueloculina spp. Species within the Pyrgo and 
Quinqueloculina genera have been reported in living populations 
beneath microbial mats at active Gulf of Mexico seep sites (Robin-
son et al., 2004) and are deep infaunal, having been observed as 
deep as 3 to 5 cm below the sea floor (Buzas et al., 1993; Enge et 
al., 2012; Gooday et al., 2010; Linke and Lutze, 1993).

The unique δ13C response of these Miliolida, relative to other 
benthic and planktonic individuals from the same samples, may 
be explained by a combination of habitat and/or shell structure 
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Fig. 7. U1446 IFA δ13C with time series of bulk planktonic δ13C and benthic δ18O shown for context. Solid symbols are bulk Pyrgo analyses (250–355 μm; 2 to 6 individuals) 
for comparison with >355 μm IFA. Marine isotopic stages are numbered at the bottom (odd numbers indicate interglacial stages, even numbers indicate glacial stages). Solid 
horizontal line at −2� indicates δ13C threshold for designating values as anomalously low. Solid horizontal line at −6� indicates the lowest benthic δ13C documented in 
live benthic foraminifera at modern methane seeps.
Fig. 8. Eel River IFA after Day (2003) indicating anomalous δ13C recorded by all 
species analyzed.

combined with hydrate dissociation that briefly raises the SMTZ to 
within centimeters of the seafloor. Such transient excursions of the 
SMTZ may account for the incorporation of the anomalous δ13C 
signal recorded by deep infaunal Miliolid genera but not by other 
shallower-dwelling infaunal (Uvigerina spp.) and epifaunal (Cibici-
doides spp.) genera as follows.

5.2.1. Metabolic incorporation
A number of researchers have documented anomalous δ13C val-

ues in living benthic foraminifera at methane hydrate-influenced 
locations, with values as low as −5.6� to −6� (Bernhard et al., 
2010; Hill et al., 2004; Panieri and Sen Gupta, 2008; Sen Gupta 
et al., 1997). Possible explanations include direct incorporation of 
methane-influenced DIC during biomineralization (Panieri et al., 
2014; Panieri and Sen Gupta, 2008; Rathburn et al., 2003) as well 
as grazing on methanogenic bacteria or endosymbiotic relation-
ships with methanogenic bacteria (Bernhard et al., 2018; Hill et 
al., 2004; Panieri, 2006; Rathburn et al., 2003; Torres et al., 2003). 
We take these as possible explanations for the anomalous δ13C val-
ues of the fossil Miliolid genera at U1446, accounting for values as 
low as ∼ −6�. At the same time, however, there is a great deal 
of evidence that MDAC overgrowth can also account for the entire 
range of anomalously low benthic δ13C tests observed at hydrate-
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influenced sites, to −16.9� (Panieri et al., 2017; Schneider et al., 
2017) and lower.

5.2.2. MDAC overgrowth
Panieri et al. (2017) demonstrate that foraminiferal test struc-

ture and MDAC are structurally indistinguishable, with the same 
crystallographic orientation at the point of contact within the stud-
ied benthic tests (Nonionella labradorica and Melonis barleeanus). 
They suggest that these similarities yield a ‘template’ for initial-
ization of authigenic carbonate precipitation. One possible expla-
nation for our observations is that the Miliolida are particularly 
good templates, recording hydrate dissociation and the presence of 
the SMTZ not recorded by other benthic or planktonic species in 
the same samples.

The test structure of calcifying foraminifera is comprised of two 
groups, miliolid and hyaline. Miliolids precipitate calcite in the 
form of 2 to 3-micron long needles within cytoplasmic vesicles, 
with the calcite having high Mg/Ca similar to that precipitated 
inorganically from seawater {(de Nooijer et al., 2009; Sadekov et 
al., 2014) and references therein}. The needles are exported from 
the vesicles and assembled within an organic matrix, forming a 
new chamber; the arrangement of the needles provide the opaque 
‘porcelaneous’ look to miliolid foraminifera. We suggest that the 
high Mg calcite of miliolid tests (Sadekov et al., 2014) provide such 
templates for overgrowth of MDAC, also enriched in Mg (Schneider 
et al., 2017). Unlike other species that may perish with exposure to 
the SMTZ environment, the deep infaunal Miliolida may continue 
to calcify for some time after the initiation of dissociation events 
and through short, transient, incursions of the SMTZ to near the 
sediment-water interface, accounting for test δ13C values as low as 
∼ −6�, as documented at modern sites; by living beneath bac-
terial mats, directly incorporating methane-influenced DIC during 
biomineralization, grazing on methanogenic bacteria, or endosym-
biotic relationships with methanogenic bacteria. Longer incursions 
of the SMTZ, to within a few cm of the seafloor, may also kill 
the deep infaunal Miliolida, providing ideal microenvironments for 
MDAC to precipitate within the relatively pristine chamber interior 
(the ‘template’ effect) but not within the already clay-filled cham-
bers of other species, accounting for the very low values (−17�) 
found in the Miliolida genera.

The lack of overprinting on other shallow infaunal benthic 
species and planktonic species within the same samples is inferred 
to indicate that additional post-burial MDAC overprinting (as in 
MIS 13) has not impacted these samples. In this case, the timing of 
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Fig. 9. IFA δ13C vs δ18O for samples with anomalously low δ13C. U1446 Pyrgo spp. IFA separated into (a) interglacial-, (b) glacial-, and (c) transitional-age intervals. (d) MIS 5e 
comparison of Pyrgo spp. from Indian margin Site U1446 and Uvigerina peregrina from Cameroon margin core MD2707 (Weldeab et al., 2022). In all cases, the sample mean 
has been subtracted from each IFA such that glacial-interglacial trends in seawater isotopic composition have been removed.
the anomalous δ13C signal is imparted near the time of deposition 
and is close to the stratigraphic age.

5.3. Methane hydrate dissociation during interglacial intervals

Our sampling of this site is not a comprehensive survey of the 
sedimentary section nor of the samples available from the section, 
consisting of ∼2 ky (30 cm) average sample spacing. Nevertheless, 
thirteen of the fifteen interglacial samples, three of the four glacial 
samples, and one of the two transitional samples investigated have 
anomalously low Miliolida δ13C, inferred to indicate hydrate dis-
sociation. This is in comparison to the two proximal NGHP-01-18 
and −19 sites combined, where only three events were identified 
on the basis of authigenic carbonate nodules (Teichert et al., 2014). 
Hence, we suggest that Miliolida δ13C is a potentially sensitive in-
dicator that may detect shorter transient upward excursions of the 
SMTZ that are insufficient to create authigenic carbonate crusts and 
develop macro-biological communities. We find that dissociation 
events are relatively common in the past, especially during inter-
glacial intervals.

The slope of the IFA δ13C versus δ18O relationship can be used 
as an indicator of methane dissociation. Dissociation of methane 
hydrate leads to an increase in pore fluid δ18O coincident with 
a decrease in pore fluid δ13C (Davidson et al., 1983). Anomalous 
Pyrgo spp. are sufficiently abundant for this assessment during 
interglacial intervals (MIS 5, 7, 11, and 13), glacial intervals (14, 
16, and 38), and transitional interval MIS 46-47 (Fig. 9a-c). While 
anomalously low δ13C Pyrgo are abundant in all three climate 
states, only the interglacial samples show a significant negative 
correlation (p = .05). This suggests that the slope is not as sen-
sitive an indicator of hydrate dissociation compared to test δ13C, 
possibly due to climate-induced variation of seawater 18O. The 
slope of interglacial-age samples may be stronger because hydrate 
dissociation adds 18O-enriched waters to 18O depleted interglacial 
waters whereas dissociation adds 18O enriched waters to progres-
sively more 18O-enriched transitional- and glacial-age waters, re-
ducing the magnitude of the slope.
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Additional δ13C versus δ18O evidence in support of Pyrgo
recording hydrate dissociation events is that our MIS 5e Pyrgo IFA 
data from the Indian margin is very similar to that measured for 
MIS 5e Uvigerina peregrina IFA data from the Cameroon margin, 
western equatorial Africa (Fig. 9d). Modern methane hydrates on 
this margin exist as disseminated nodules in muddy sediments 
within 1.4 m to 3 m below the sea floor and as massive hydrates 
5 m to 6 m below the sea floor (Weldeab et al., 2022). Here, the 
MIS 5e dissociation event is inferred to have resulted from a 3 ◦C 
to 5 ◦C warming of bottom waters at the core site (MD2707; 1295 
mbsl) in response to weakening of Atlantic meridional overturn-
ing circulation (AMOC). U. peregrina δ13C IFA anomalies reached 
−8.7� and are interpreted to largely reflect metabolic incorpo-
ration; post-depositional diagenetic overprinting was ruled out by 
SEM and mass balance considerations. It is not clear why U. pereg-
rina records anomalous δ13C on the Cameroon margin but not the 
Indian margin.

Intermediate water temperature changes can potentially mod-
ulate dissociation and subsequent incorporation of anomalous 
δ13C into foraminiferal tests on the Indian Margin, similar to the 
Cameroon margin. Ma et al. (2019) examined benthic foraminifera 
δ18O, δ13C, foraminiferal assemblage, and benthic-planktonic 14C 
age offsets in the northern Bay of Bengal to reconstruct changes in 
intermediate water circulation from the last glacial maximum to 
the Holocene. Glacial intervals are characterized by reduced pro-
duction of relatively warm Red Sea Water, Persian Gulf Water, and 
Indonesian Intermediate Water, all of which contribute to the rel-
atively warm modern Bay of Bengal Intermediate Water. Ma et 
al. (2019) conclude that, during glacial intervals, northern Bay of 
Bengal intermediate waters are characterized by increased contri-
butions from colder southern sourced water, including Circumpolar 
Deep Water and North Atlantic Deep Water. They estimate that 
the temperature of the intermediate water (1375 m) is 3 to 4 ◦C 
warmer in the Holocene compared to the LGM. Such warmer 
temperatures would favor hydrate dissociation during interglacial 
intervals (Buffett and Archer, 2004; Mazumdar et al., 2014) pro-
moting upward migration of the SMTZ and the associated δ13CDIC
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gradient toward the sediment-water interface (Ruppel and Waite, 
2020), accounting for the observed δ13C anomalies. Dissociation 
events during glacial intervals may be attributed to drops in sea 
level {e.g. (Mazumdar et al., 2014; Ruppel and Kessler, 2017)}.

6. Conclusions

Methane dissociation is inferred for glacial, transitional, and in-
terglacial intervals on the basis of anomalously low benthic δ13C in 
the Mahanadi offshore basin, northwest Bay of Bengal (Site U1446). 
A negative correlation between δ13C and δ18O during interglacial 
intervals is interpreted as supporting this interpretation, with dis-
sociation modulated by increased intermediate water temperature.

At U1446, anomalously low δ13C values in the majority of 
samples are unique to Miliolida benthic foraminifera Pyrgo spp., 
Spiroloculina spp., and Quinqueloculina spp. Such anomalies are not 
found in other benthic or planktonic species in the same samples 
nor at the non-hydrate-influenced control sites. This suggests that 
species within these genera are sensitive recorders of methane hy-
drate dissociation events on the northeast Indian margin, and can 
detect short, transient dissociation activity that is insufficient to 
create authigenic carbonate crusts and macro-biological communi-
ties at the sediment-water interface.

On the basis of previous work at hydrate-influenced sites, 
anomalous δ13C as low as approximately −6� may have been 
incorporated metabolically via biomineralization of methane-in-
fluenced DIC, feeding on methanogenic bacteria, or endosymbi-
otic relationships with methanogenic bacteria. Alternatively, MDAC 
overgrowth can account for the entire range of anomalous values 
observed (to −17.5�); we have not distinguished between these 
possibilities.

Only the three Miliolida genera were impacted in 9 of the 11 
marine isotopic stages where anomalously low δ13C values were 
documented (MIS 1, 5, 7, 11, 14, 16, 35, 38, and 46–47); other 
benthic and planktonic species from the same 2 cm thick sam-
ples (∼70 to 150 years duration) were not anomalous. On this 
basis, we infer that the signal was imparted to deep infaunal in-
dividuals close to the time of deposition, at times when the SMTZ 
transiently shoaled to near the sediment-water interface, without 
subsequent modification thereafter. In contrast, the two MIS 13 
samples in which all species analyzed (planktonic and benthic) 
contained individuals with anomalously low δ13C are interpreted 
as having experienced one, or more, episodes of MDAC overprint-
ing since being deposited, during prolonged exposure within the 
SMTZ.
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