Response to comments of Reviewer 2

Reviewer 2

This manuscript presents geochemical data for sediments from a long core from the Eastern
Arabian Sea. The authors combine porewater profiles of methane, sulfide, Fe>” Mn?", and DIC
with isotopic data for methane and DIC and results of sediment Fe speciation (2 steps). The
results are used to argue that the anaerobic oxidation of methane is coupled to Fe and Mn oxide
reduction in a series of discrete layers in the sediment. While the topic is important and of
interest to the BG readership, I have many concerns about the data and interpretation, as

detailed below.
Methods:

Comment 1: Iron and manganese in porewaters and sediments are highly sensitive to oxidation
artifacts. The depth trends of both dissolved Fe and Mn show a range of spikes that are typical
for profiles with such artefacts. The procedure for porewater collection and processing
described in the methods refers to “a stream of argon gas” used to avoid oxidation of dissolved
sulfide. The measures taken to avoid oxidation of dissolved Fe and Mn are not described.
Notably, such a stream of gas does not generally prevent Fe?" from oxidation. This is why
sediment and porewater samples used for Fe?>" and Mn?* analyses should be shielded fully from
the atmosphere (e.g. in a glove box filled with argon or nitrogen) until the porewater samples
are placed into in the vial in which the acid will be added to keep them in solution. Furthermore,
no measures to avoid oxidation of the solid phase samples are mentioned in the text. FeS can
easily oxidize to Fe oxides upon brief exposure to oxygen. The authors should clarify what

they did and address the implications for their results.

Reply: Thanks for your comments. We acknowledge the importance of mitigating such
artifacts in our analyses. To address these concerns, we ensured that proper sampling protocol

was followed during porewater extraction and processing.
(A) The sediment core collection

The reviewer has expressed doubt regarding the oxidation of the porewater by atmospheric O

during sampling. The reviewer has raised certain issues regarding the validity of Fe



concentration measurements in the porewater and the importance of nanoparticles, especially

Fe-Mn sulfides.

It has been mentioned in our methodology that solid phase sampling and preparation of various
aliquots of porewater were all carried out under an argon gas head. The typical experimental
setup which we have been using for several years (Mazumdar et al., 2012; Fernandes et al.,
2018; Fernandes et al., 2020) for onboard porewater work is represented schematically (Figure
1). In this experimental protocol, argon gas is allowed to fall on the centrifuge tube where an
argon atmosphere is created above and around the tube where no ambient oxygen is allowed
into the system. This process does not allow diffusion of oxygen into the porewater. In addition,
this entire set up is hosted inside a sampling box with transparent clear PVC curtain strips. Our
previous experience with this setup (references cited above) successfully shows an oxidation-
free sampling protocol. Since we are handling a 6 m long core, working within a glove bag is
not feasible. Reported H>S concentrations in this core range up to 10 mM. Oxidation of H>S
may influence the SO+ concentration and 3**Ssos»- values (Figure 2C) which is not apparent
in the porewater profiles. In Fernandes et al. (2020), two cores from the shelf region are studied
using the same protocol, however, the SO4> concentration and isotope profile do not show any
evidence of sulfide oxidation. Mazumdar et al. (2012) (Chemical Geology supplementary text)
carried out porewater 8'%0so42. measurements to investigate possible contamination of
porewater sulfate by sulfide oxidation with atmospheric oxygen. However, the results showed
no evidence of sulfide oxidation. Hopefully, the reviewer will accept our observations. We will

include these sampling details in the revised text and supplementary material.



38 cm

Sampling box with clear PVC
strip curtain

wd gg

yd

Sampling box with clear PVC
strip curtain

Argon{diffusion

Glass tube
|

Sterilg

intd pore watg

Autocl
50 ml dentrifuge
pp tubps

-------- sediment

Tube holder

hr gas

t sam
syrin,

from cylinder

bling using Ar flushed
e filter (0.22 micron)

Experimental setup for pore water extraction and
storage of different aliquots after centrifugation

Figure 1: Schematic diagram showing the sampling protocol followed for porewater

extraction followed in the present study
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Figure 2: (A) Porewater SO4 (mM) and XHS™ (uM) concentrations, (B) Dissolved Fe and
Mn (uM) concentrations, and (C) sulfur isotope ratio of SO+ (5 3*Sso42.) and HS (5 3*Shus).

B) Nanoparticle formation and influence on iron concentration

We deeply appreciate the reviewer for raising this very pertinent issue regarding iron sulfide

nanoparticles in the porewater. We agree that we should have discussed this in the manuscript.

At high hydrogen sulfide concentrations, Fe?" is likely to be present in the porewater as FeSnano




(Matamoros-Veloza et al., 2018), mackinawite or any other stable Fe-S nanoparticle form
(Rickard and Morse, 2005; Rickard and Luther, 2007). We believe that Fe?" is generated by
Fe*" reduction via the AOM process. The Fe?" required for the formation of the FeS
nanoparticles may be produced via the Fe-AOM pathway. The nanoparticles will pass through
0.22-micron syringe filters and eventually be in the aliquots for metal concentration
measurement. The FeS/MnS nanoparticles will dissolve in supra pure nitric acid and will be
measured as the total Fe concentration in the pore water. It is worth noting that except for the
Fe concentration spikes, the background Fe concentrations range from 9.05 to 43.89 uM
compared to the spike values from 164.94 to 387.54 uM (Figure 3D). It is also apparent that
the Fe spikes are strictly associated with the AOM zones identified by methane concentrations,
methane carbon isotope ratios, DIC concentrations, and DIC carbon isotope ratios (Figure 3A-
E). It may be noted that the H>S is high throughout the core below 63 cmbsf. Had it been a case

of artifact generation, Fe?* spikes wouldn’t have been restricted to the AOM zones.
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Figure 3: Figure showing Fe-Mn-AOM and SO+ -AOM activities by means of pore fluid
and solid phase chemistry in seasonally hypoxic coastal sediment of the Eastern Arabian
Sea. (A) Porewater SO+ (mM) and XHS™ (uM) concentrations. (B) Dissolved CHy

concentrations (uM) and 53Ccuy values. (C) Dissolved DIC concentrations (mM) and




03Cpic values (D, E, F) Dissolved Fe and Mn (mM) concentrations. The blue dashed lines
represent the depth layers with AOM activities. The red curly bracket depicts SMTZ. The

different color shades represent zone-i, zone-ii, and zone-iii.

O) Recent publication on Fe-Mn-AOM (Li et al., 2019; Deep-Sea Research, Part-1) have
reported H>S concentrations of up to 10 mM in a 3.3 m long core from the Dongsha area.
Within the Fe-AOM zone, Li et al. (2019) have reported Fe? concentrations up to 50 uM and
interpreted it as a product of Fe-AOM. They have also reported depletion of DIC isotope ratio
up to -30 %o and attributed it to the AOM process. It is important to note that Li et al. (2019)
have used the Rhizon sampler to avoid atmospheric exposure. The coexistence of Fe*" with
concentration varying from 25 to 50 pM along with H>S concentration of 1 to 3 mM is also

reported in Knab et al. (2009) in Black Sea sediments.

D) Solid phase sampling

The sediment coring was carried out using a predrilled PVC core liner. The center-to-center
distance of the drill holes was maintained at 10 cm to avoid any kind of interference during
sampling. Sampling was carried out using gas-tight 50 ml cut syringes. The sediments were
extracted under multiple argon flows and stored in 50 ml pp argon flushed centrifuge tubes to
the brink to avoid any kind of headspace. The centrifuge tubes were immediately sealed with
teflon tapes and centrifuged for porewater extraction. Please note that we are handling 6 m long

sediment cores. So, it's very difficult to work in a glove bag.

Comment 2: Methane is known to degas from sediments upon sample retrieval (see, for
example: Jorgensen, 2021. Geochemical Perspectives 10 (2)) The potential impact of this

process on the methane profile and other results should be discussed.

Reply: Thank you for pointing out this important aspect. We acknowledge that methane
degassing can occur during sediment retrieval. However, a comparative study on methane
degassing during core retrieval using a pressure core sampler and conventional coring
procedures (standard advanced piston (APC) and extended core barrel (XCB)) by Wallace et
al. (2000) has shown that insignificant isotopic fractionation happens if there is a methane loss

due to methane degassing while coring.

The methane loss during core recovery depends on pressure drop relative to the sea bed and

the time gap between coring and sampling. In our case, the pressure drop is up to 3 atm at 30



m water depth and the temperature is 25° C, at this condition, the gas loss is minimal (Sivan et
al., 2011). Immediately after core retrieval, for headspace methane analysis, the sediment was
extracted using 50 ml cut syringes at an interval of 10 cm and transferred into 20 ml helium
flushed headspace vials filled with 3 ml of KOH and 3 ml of NaNj3 to trap CO; and stop the
microbial activity. The vials were homogenized (vigorously shaken), inverted, and stored at

4°C after sealing with butyl rubber septa.
Presentation and interpretation

Comment 3: The presentation and discussion of the results could be done in a much more
structured and balanced way and many of the conclusions are speculative. The combination of
the results and discussion makes it hard to obtain an overview of the data. Many interpretations
in the text do not appear to be fully supported by the data. For example, the separation into
“zones” with different “diagenetic regimes” based on porewater data alone is rather arbitrary.
A firm case for Fe- and Mn-AOM in a series of specific zones (which is highly unusual!)
requires strong support from solid phase and microbial data for the same sediment intervals
and appropriate stoichiometric calculations and a scenario with a timeline of deposition and
diagenesis that can also explain the generation of the spikes in Fe and Mn. Such data and such
a scenario are not provided in the manuscript. In fact, based on the data presented, I don't see

a clear case for Fe-AOM or Mn-AOM.

Reply: Thank you for your suggestion. We will carefully consider this revision and reorganize

the manuscript to improve the overall understanding.
A) Zonation in the sediment

We have carried out complete grain size, porosity, clay mineralogy, organic carbon content,
and 8'*Croc analysis (all presented here and will be given in the revised manuscript). The
sediments of this region are clayey silt with median grain size (D50) showing a small variability
6.66 to 17.43 um (Figure 4D). The clay mineralogical studies show a uniform mineralogy
composed of Kaolinite and montmorillonite with low levels of illite. The zones are
homogenous in terms of porosity (Figure 4A) except for some spikes in between. The
Fe?"/Mn*" enrichment zones do not show any correlation with TOC content, TOC/TNmolar), and
8!*Croc values (Figure 4). None of the vertical profiles help in zonation of the sediment which
can correlate with the observed porewater profiles. The sedimentological characteristics in the

core don’t show any obvious correlation with the biogeochemical observations. Therefore, the



physical parameters are not responsible for driving the Fe-AOM in our study area. In our view,

the zonation is only possible with the porewater profile.
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Figure 4: Depth profiles of (4) porosity, porewater (B) Fe’* (C) Mn’* (D) median grain size
(D50) (E) TOC (mg/g) (F) TOC/TNmoiar) and 83Croc (%o VPDB) in the present study
(SSD070/7/GC6).

B) Microbiology data

The generation of microbiology data is beyond the scope of the present manuscript. However,

we shall be correlating with microbiologists in our future expeditions in this region.
C) Regarding speculative statements

Regarding microbiology, we haven’t made any speculative statements. We have only suggested

that a microbiological study has to be carried out in this region and the statements included are

“This study presents a new perspective by documenting the biogeochemical heterogeneity in
the occurrence of Fe-Mn-AOM, possibly attributed to deposition-controlled Fe-Mn reducing
microbial population distribution in a highly dynamic coastal environment sensitive to climate
change. The findings of the present study may have a far-reaching influence on coupled CHy-
Mn-Fe-S cycling in expanding hypoxic coastal regions of the global ocean. Our findings lead
to a hypothesis that necessitates future examination of microbial communities in seasonally
hypoxic sediments and SPOM at high depth and temporal resolution which may uncover the

complex interactions between microbial life and their environment.”




We have done stoichiometric calculations with DIC perturbations and is also written in the text.

Comment 4: Various terms are used that are not well-defined, such as “vital”, “tell-tale”,

“biogeochemical phenomenon” etc

Reply: Thank you for pointing out the need for clearer definitions of the terms used in our
manuscript. To address this, we will revise the manuscript to either define or replace these

terms with more specific language.
Detailed comments:

Comment 5: Line 13: the authors write that metal-driven AOM 1is a “globally important

biogeochemical process....”. To my knowledge, such a global role has so far not been shown.

Reply: We appreciate the reviewer's comment on the global significance of metal-driven
anaerobic oxidation of methane (AOM). Our statement aimed to highlight the potential impact
of this process in various marine environments where metal oxides, particularly iron (Fe) and
manganese (Mn), play a crucial role in AOM. While it is true that the global significance of
metal-driven AOM is still underexplored, recent studies suggest that this process may
contribute significantly to methane cycling in marine sediments (Riedinger et al., 2014; Egger
etal., 2015, 2016a, b, 2017; Aromokeye et al., 2020; Xiao et al., 2023). Iron-driven AOM (Fe-
AOM) rates have indeed been reported to be generally low, which may be due to the challenges
microbes face in accessing solid iron oxides as electron acceptors (Lalonde et al., 2012). For
example, radiotracer experiments at the Helgoland Mud Area have demonstrated Fe-AOM
rates of 0.095 = 0.03 nmol cm™ d!, which is approximately 2% of the rate observed for SO4*
-AOM in the sulfate-methane transition (SMT) zone (Aromokeye et al., 2020). Similarly,
modeled estimates from the coastal sediments of the Bothnian Sea suggest that Fe-AOM
contributes about 3% compared to the 97% contribution of SO4*-AOM to overall methane
consumption (Egger et al., 2015). These findings indicate that while Fe-AOM rates are lower
than those of SO4*-AOM, they still represent a significant methane sink in Fe-rich
environments. Given these considerations, we will revise our statement to more accurately

reflect the current understanding of Fe-AOM’s role.

Comment 6: Line 18: from the data presented, the conclusion that there is Fe-Mn-AOM is

speculative. Further evidence should be provided, including additional solid phase data and



porewater profiles that allow a case to be made that the spikes are real and not oxidation

artifacts.

Reply: In response to review question no.1, we have elaborately shown that our porewater
sampling method has no scope for oxidation. The observed exact correspondence of Fe**/Mn**
concentration with AOM zones (increase in DIC concentration, depleted 8*Cpic and 6*Ccha
values) suggests that AOM (Figure 3) is primarily controlled by Fe-Mn reduction (Luo et al.,
2020). We have not speculated anything in the conclusion. We have only suggested the
possibility of microbial role in driving focussed Fe-Mn-AOM in the present study and may be
investigated in future studies, which we will be carrying out in future expeditions. To gather
additional porewater data, we have to carry out another research cruise which is not possible
right now. We will be carrying out higher-resolution fluid chemistry, solid phase chemistry, and
microbiological studies along with the microbiology group in future expeditions. Additional
solid phase data (sedimentological characteristics) have been provided in Figure 4 and
discussed in response to review comment 3(A) which also do not show any obvious correlation
with the observed porewater profiles. However, we will include this aspect suggested by the

reviewer in the revised text.
Comment 7: Line 19. Change to in the sediment, not in the core

Reply: Thank you so much for the comment. The term “core” will be changed to “sediment”

in the revised manuscript.
Comment 8: Line 21, 22. Here, an increase in delta *Ccna would be expected.

Reply: Thank you for your observation regarding the expected increase in 8'*C-CHa during
anaerobic oxidation of methane (AOM). Many studies have reported minima in §'*C values of
both DIC and CH4 during AOM (e.g., Borowski et al., 2001; Knab et al., 2009; Sauer et al.,
2015; Geprags et al., 2016; Luo et al., 2020). Anaerobic oxidation of methane associated with
SO4*-AOM or Fe-AOM results in depleted §'*Ccns and $'3Cpic due to the following factors
(i) the recycling of '*C-depleted DIC produced by AOM back to CH4 through CO; reduction
(Borowski et al., 1997), (i1) microbe-mediated carbon isotope fractionations between forward
and backward AOM reactions at low sulfate concentrations (Holler et al., 2011; Yoshinaga et
al., 2014) and (iii) intracellular reaction reversibilities along enzymatic AOM pathway

(Wegener et al., 2021). Egger et al. (2017) and Luo et al. (2020) have shown a decrease in



8'*Ccua and §"*Cpic values during AOM. Therefore, negative excursions of §'°C values of both

DIC and CH4 at Fe-Mn-AOM depths are important evidence for AOM in the present study.

Comment 9: Line 25: Microbes follow substrates, so this is rather speculative without data to

support this.

Reply: Unfortunately, we do not have microbiological data available to support this specific
observation. However, the geochemical data strongly confirms the occurrence of Fe-Mn-AOM
at multiple depths below the seafloor. Here the co-variations in the concentrations and carbon
isotopic values of CHsand DIC occur at multiple depths concomitant with an increase in Fe**
and Mn?* concentrations (Figure 3). Given that the necessary substrates for Fe-Mn-AOM-such
as CHs and reactive Fe-oxy(hydr)oxides-are present, we have only suggested that

microbiological studies may be carried out in future expeditions.

Comment 10: Line 29: If there are far-reaching implications, please specify them.

Reply: Thank you for the comment. We will remove the term in the revised manuscript.
Comment 11: Line 32: “a vital process” => what does “vital” refer to?

Reply: The vital word will be replaced by the word “important” in the revised manuscript.
Comment 12: Line 33-35: Please be more specific about the impact on global cycles or remove
it.

Reply: We will remove the term in the revised manuscript.

Comment 13: Line 38: Better to remove “syntrophic” since ANMEs may also do this alone as

mentioned later in the text.

Reply: Thank you for your suggestion. We agree that the term "syntrophic" may not be
necessary in this context, as ANMEs (anaerobic methane-oxidizing archaea) are capable of
performing these processes independently, as discussed later in the text. We will remove

"syntrophic" from Line 38.
Comment 14: Line 54: Please be more specific about the type of kinetics.

Reply: Although Fe-Mn-AOM is thermodynamically more favorable than SO4>-AOM, SO4*
-AOM is responsible for > 90% of global methane consumption because SO4>" is present in its
ionic form (Beal et al., 2009; Knittel and Boetius, 2009). The crystallinity and conductivity of

iron oxides significantly influence Fe-AOM in iron oxide-rich sediments. The limited



availability of Fe(IIl) oxides for reduction is attributed to the solid Fe(Ill) form and the slow
electron transfer between the solid phase and the organic acceptor (Lalonde et al., 2012).
Lovley and Phillips (1986) demonstrated that while amorphous Fe(Ill) oxyhydroxides are
easily reduced by microbes, magnetite, mixed Fe(III)-Fe(II) compounds, and most oxalate-
extractable Fe(IIl) minerals are not readily available for microbial reduction. Experimental
results from Nordi et al. (2013) indicated that iron-dependent AOM is more energetically
favorable with amorphous ferric oxyhydroxide than with crystalline goethite as the electron
acceptor. It is suggested that the kinetic limitations, crystalline structure, or surface charge
alterations due to ion adsorption make it more challenging for crystalline Fe-oxides to undergo

biological reduction by methane (Lovley and Phillips, 1988; Hori et al., 2015).

Comment 15: Line 62: This is more complex than described: sulfate reduction coupled to

organic matter degradation can generate sulfide that can react with the Fe and Mn oxides

Reply: Thank you for this observation. We agree that sulfate reduction coupled with organic
matter degradation can produce sulfide, which may react with Fe and Mn oxides. However, as
demonstrated by Li et al. (2019), Fe- AOM can still occur within the sulfate reduction zone,
even in the presence of significant H.S concentrations (3.69-12.71 mmol/L). The study
observed elevated DIC concentrations and more negative '*Cpic values, along with decreasing
sulfate and Fe(IIl) levels that point to the occurrence of AOM above the sulfate-methane
transition zone (SMTZ). Furthermore, high-throughput sequencing study also detected the
presence of ANME-1 archaea and bacterial species such as Sulfurovum and Shewanella, which
are involved in methane, sulfur, and iron cycling. Metagenomic analyses also revealed
functional genes related to sulfate reduction, sulfur oxidation, and iron uptake, further
supporting the interplay between these processes in the sediments. These observations are also
supported by an incubation study (Segarra et al., 2013) where notable rates of Fe-Mn-AOM

coincide with comparatively elevated levels of SO4>-AOM.

Comment 16: Line 70: Sources of the data used for Figure 1B should be given

Reply: We will add the data for Figure 1B in the revised manuscript and supplementary file.
Comment 17: Line 71. Remove tell-tale

Reply: Thank you for your observation. We will remove the term "tell-tale" from Line 71 in

the revised manuscript.

Comment 18: Line 73. Not clear what the number 1,80,000 refers to.



Reply: The number 180,000 km? refers to the area covered by severely hypoxic waters along
the entire shelf of the west coast of India during southwest monsoon (september-october)

(Figure 5) (Naqvi et al., 2000).

24

INDIA
100 km

22

20

Latitude (°N)
>

15.6
1554+

104 15.4 o

15.3 : T
73.6 73.7 73.8 73.9

T T T T
58 70 T2 T4 76 78

Longitude (°E)

Figure 5: Zone of severe hypoxia on the Western continental shelf of India covering an area of
1,80,000 km? (marked by shaded region) (Nagvi et al., 2000)

Comment 19: Line 78. Add a comma before “respectively”

Reply: Thank you for pointing out that. The text will be revised accordingly.

Comment 20: Line 88. I would suggest to use the same marker for the study site in both figures
Reply: Thank you for the suggestion. We will revise the figure accordingly.

Comment 21: Line 93-94: I would propose to only add sites that are relevant to this study

Reply: Thank you for the suggestion. We will revise the figures accordingly to include only

the sites relevant to the present study.
Comment 22: Line 109. Were the vials stored upside down?

Reply: For headspace methane analysis, the sediment was extracted using 50 ml cut syringes
at an interval of 10 cm and transferred into 20 ml helium-flushed headspace vials filled with 3

ml of KOH and 3 ml of NaNj3 to trap CO: and stop microbial activities respectively. The vials



were homogenized (vigorously shaken), inverted, and stored at 4°C after sealing with butyl

rubber septa.
Comment 23: Line 111-112 using a stream of gas is not sufficient to avoid oxidation artifacts

Reply: Please see the response to review question no.l in which we have elaborately shown

that our porewater sampling method has no scope for oxidation.
Comment 24: Line 113: add the material of the filter

Reply: Thank you for pointing that out. We used 0.22 um PTFE membrane syringe filters for

the filtration process. We will add this detail to Line 113 in the revised manuscript.
Comment 25: Line 114 helium headspace

Reply: Thank you for pointing out that. The filtered porewater was crimp-sealed after flushing

with argon and stored at 4°C until shore-based analysis. The text will be revised accordingly.
Comment 26: Line 116. Please add a reference for the method for sulfide trapping with Cd

Reply: Thank you for the suggestion. We will add the reference for the method of sulfide
trapping with Cd as described by Fernandes et al. (2020) to Line 116.

Comment 27: Line 117: Please provide the amount of acid per volume added

Reply: Subsamples for total dissolved Fe and Mn were acidified with 100 pL of 35%
Suprapure HNOs.

Comment 28: Line 142: Please list the metals that are presented in the manuscript

Reply: Thank you for your comment. We will list the metals presented in the manuscript as

dissolved Fe and Mn on Line 142.
Comment 29: This is sulfate and not the sum of HS"

Reply: The total HS™ was removed by adding CdNOs in order to avoid oxidation of sulfide

which can change SO4>" concentrations.
Comment 30: Line 152. The detection limit is relevant here and should be given.

Reply: Thank you for the suggestion. We will include the detection limit for SO4>~ analysis,
which is 0.00005 mM, on Line 152.



Comment 31: Line 161. Explain what Fe minerals the asc and dithionite fractions are a measure

of

Reply: The Feasc represents highly reactive/bioavailable ferric iron (Feasc) particularly
ferrihydrite (Hyacinthe et al., 2006; Raiswell et al., 2010; Riedinger et al., 2014) and dithionite
fractions represent lepidocrocite, goethite, and hematite (Mehra and Jackson, 1960; Canfield

et al., 1989).
Comment 32: Line 176. Please add how the sample was desalinated.

Reply: Thank you for your observation. We will add the following details on Line 176: The
freeze-dried samples were washed with ultra-pure water (18 MQ) several times, followed by
centrifugation. The supernatant liquid was checked for salinity using AgNOs and washed with
milliq several times until no milky precipitate of AgCl was formed. After desalination, the
samples were dried, homogenized, and stored for total carbon (TC) and total inorganic carbon

(TIC) measurements.
Comment 33: Line 188. Please focus on the sediment, not the core

Reply: Thank you for the suggestion. The suggested change will be incorporated in the revised

manuscript.

Comment 34: Figure 2. It is unusual that H,S and Fe?" co-occur in porewaters since they would
be expected to co-precipitate as FeS. The spikes in Fe and Mn are typical for oxidation artifacts.
This warrants further research (e.g. repeated sampling at the same site while taking measures

to fully exclude oxidation during sampling).

Reply: We have explained in review no: 1 that our sampling protocol is oxidation-free. Please
see the schematic diagram of our experimental protocol (Figure 1) which we have been
following many years in our previous publications. We have stated earlier that FeS nanoparticle
formation is a possible pathway of stabilization of Fe** in the porewater (Rickard and Luther,
2007; Olson et al., 2017). In the case of oxidation of FeS nanoparticles, they are likely to be
converted to some ferric hydroxide forms. The partial and complete oxidation of FeS can be
shown by the following equations (eq.1, 2, 3).

2FeS + 0, 200k (OH ), + 280 (eq.1) (Baikova et al. (2009)
FeS + 1/202(aq + 2H' = S(5) + Fe**(aq) + H20 (eq.2) Chirita et al. (2008)

FeS + 3/4050q + 1/2H,0 = S(s) + FeOOH ) (eq.3) Chirit et al. (2008)



Acid treatment of the oxidized porewater aliquots is unlikely to change the concentration of
total Fe in porewater because oxidation of FeS will only change the form but the concentration
of Fe remains the same. We have also stated that our sulfate concentration and §**Ssoaz- profile
(Figure 2C) do not show any evidence of additional sulfate formation from sulfide oxidation.
An artifact generation is expected to be erratic irrespective of other geochemical parameters.
However, in the present study, we have repeatedly emphasized that Fe-Mn spikes are only
restricted to Fe-Mn-AOM zones and not erratically distributed all over the cores. We believe

that this is convincing evidence against any oxidation artifact.

Comment 35: Line 209: It is critical to be able to exclude methane-degassing artifacts. Such
spikes in methane are unusual and require large variations in methane production and removal
over short depth intervals if the interpretation here is correct. Some quantification of the
corresponding processes is needed to support the interpretation. The stoichiometry of Fe-AOM

is such that you need quite some more change in dissolved Fe?" than is seen here.

Reply: Thank you for pointing out this important aspect. We acknowledge that methane

degassing can occur during sediment retrieval.
A)Methane degassing

The methane loss during core recovery depends on pressure drop relative to the sea bed,
permeability of sediment, and the time gap between coring and sampling. Methane loss in
porewater during core recovery is primarily due to a decrease in solubility because of pressure
drop. In our case, the core recovery is from 30 m water depth which leads to a pressure drop of
3 atm. Using the methane solubility graph (Behrouz and Aghajani, 2015), it may be noted that
the drop in mole % is 0.00006 which is quite low and may not lead to significant gas loss. As
mentioned in response to review comment no:3, the sediments of the present study are fine
clay-silt rich with median grain size (D50) varying from 6.66 to 17.43 um. Such fine-grain
sediments have poor permeability which results in low methane loss. So, a 3°C rise in
temperature relative to seabed, a low-pressure drop of 3atm, and low permeability will lead to
minimum methane loss. Knab et al (2009) reported insignificant methane loss in their sediment
core from the Black Sea. However, they also observed a 500 to 800 uM change in methane
concentration below the SMTZ. Significant variation in methane concentration below the
SMTZ has also been observed by several other studies such as Emeis et al. (2004), L1 et al.
(2012), Cho et al. (2015), and Yang et al. (2023). Moreover, during Fe-AOM, Egger et al.
(2017) and Luo et al. (2020) have shown a significant drop in CH4 concentration and 8'*CCH4



values. The drop in methane concentration and isotope ratio depends on the substrate and

microbial diversity and activity.
B) Regarding low porewater Fe*" concentrations

Regarding the reviewer’s comment on low Fe®" concentration, at high dissolved sulfide
concentrations observed in the present study, a significant amount of Fe?" might have reacted
with H»S to form iron monosulfide and pyrite. So, the measured Fe?* is the residual Fe*" left
after sulfidization (FeS/FeS,: Hensen et al., 2003; Treude et al., 2014; Peketi et al., 2015).
Moreover, at low/negligible sulfide concentrations, previous studies (Vigderovich et al., 2019;
Aromokeye et al., 2020; Luo et al., 2020) have reported Fe-AOM at dissolved iron

concentrations (Figures 6, 7, 8) similar to that reported here.
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Figure 6: Porewater profiles depicting the existence of the Fe-AOM in the methanic sediments
of Helgoland Mud Area (Aromokeye et al., 2020). Pore-water profiles of sulfate, sulfide,

methane, dissolved iron, and dissolved manganese in the sediments.
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Figure 7: Pore-water profiles of methane, 53Cpic and dissolved iron depicting the existence

of the Fe-AOM in the methanic sediments (Vigderovich et al., 2019).
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Figure 8: Pore-water profiles of (4) SO+ and HS, (B) CH; and 6"*Ccps, (C) DIC and '3 Cbic,
(F) Fe’* in sediments of the northern Hikurangi margin (Luo et al., 2020).

Comment 36: Line 212: Please clarify what is meant by “Fe-Mn-AOM specific points”

Reply: The Fe-Mn-AOM-specific points were written to represent the depths where Fe-Mn-
AOM is observed.

Comment 37: Line 229 Please clarify what the basis is for the conclusion that there is AOM in

these layers.



Reply: The Fe-Mn-AOM activity is identified by the simultaneous depletion in CHs
concentrations, 8*Ccns, and 8" Cpic values coupled with an increase in Fe’" and Mn**
concentrations (Riedinger et al., 2014; Egger et al., 2016a, b, 2017; Vigderovich et al., 2019;
Luo et al., 2020; Aromokeye et al., 2020). The punctuated increase in F e?"/Mn** concentrations
observed below the seabed in the present study corresponds to an increase in DIC concentration
and depletion in CH4 concentrations, §'*Ccua, and 8'°Cpic values which in turn confirms the

occurrence of Fe-Mn-AOM in those depth zones.

Comment 38: Line 232 See above. To the reader, it is not clear that there is evidence for Fe-

Mn-AOM.
Reply: Following are the evidence for Fe-Mn-AOM

Metal-driven AOM are typically characterized by the following biogeochemical signatures
(Riedinger et al., 2014; Egger et al., 2016a, b, 2017; Vigderovich et al., 2019; Li et al., 2019;
Luo et al., 2020; Aromokeye et al., 2020; Xiao et al., 2023).

1)  Significant depletion in methane concentration and carbon isotope ratio of methane
(8"Ccna)

i1) Significant increase in DIC concentration and depletion carbon isotope ratio of DIC
(8"Cpic)

iii) Increase in Fe*" and Mn?" concentration in porewater.

In our manuscript, we have shown all the above signatures which are unequivocal evidence for
Fe-Mn AOM. We have also explained the possible influence of metal sulfide nanoparticles in
the porewaters (response to review comment no.l) which possibly resulted in the high
concentration of Fe in the porewaters. The nanoparticles form due to ferrous production in the
porewaters by ferric reduction through AOM. We have also explained in response to comment
no. 34 that Fe-Mn spikes are only restricted to Fe-Mn-AOM zones and not erratically

distributed all over the cores. We believe that this is convincing evidence for Fe-Mn-AOM.

Comment 39: Line 245-246 and later. See earlier comments. Fe>" and HS do not generally co-

occur. You should assess your methods to exclude potential artifacts.

Reply: Please see response to review comment no:1.



Comment 40: Line 256 more solid phase data are needed e.g. S or FeS and FeS, data

Reply: S° and FeS were below the detection limit in the present study. The data of FeS; content
is provided below (Figure 9D) which will be included in the revised text. No obvious
enrichment in FeS; content is observed at Fe-Mn-AOM depths in Zone 1, 11, and III (Figure 9)
to support the precipitation of FeS> from Fe?" produced via Fe-AOM. We have carried out a
calculation to estimate the amount of Fe?" (produced via Fe-AOM) that might have reacted
with H,S to form pyrite. The observed exact correspondence of DIC concentration and AOM
zones (depleted 8"Cpic and 8"Ccns values) suggests that DIC production is primarily
controlled by AOM. Since these AOM zones are also accompanied by porewater Fe-Mn
increase, we attribute the DIC enrichment primarily to Fe-Mn-AOM (Luo et al., 2020). The
DIC concentration perturbations (along the blue dashed lines in Figure 3) may be converted to
equivalent pM of Fe?" produced via Fe*" reduction in the pore waters. The stoichiometrically
calculated amount of Fe?" produced at Fe-AOM depths are 17163.18, 11673.09, 16743.20,
12883.82, 16854.54, 8159.55, 6192.97, 7104.52 uM, which is equivalent to CRS contribution
of 2.06, 1.4, 2.01, 1.54, 2.02, 0.97, 0.74, 0.85 mg/g. The measured bulk CRS content (Figure
9D) in those Fe-Mn-AOM peak depths corresponds to 19.66, 47.3, 20.33, 51.3, 57.7, 72.88,
50.98, 73.8 mg/g which is significantly high compared to CRS which might have formed from
Fe produced via Fe-AOM. This may explain the lack of significant enrichment in FeS» at Fe-
AOM depths. Moreover, since pyritization in sediments is a cumulative process throughout
sediment diagenesis, primarily controlled by the rate of microbial sulfate reduction,
sedimentation rate, labile organic flux (Berner, 1985; Raiswell and Berner, 1985; Wilkin and
Barnes, 1997; Werne et al., 2003; Markovic et al., 2015), bottom water oxygenation which
supports benthic fauna causing bioturbation and subsequent reoxidation of Fe-sulfide minerals
(Chambers et al., 2000; Antler et al., 2019), and the availability of Fe that can react with sulfide
(Jorgensen, 1982; Yucel et al., 2010; Zhu et al., 2016; Jorgensen et al., 2019), the FeS, content
at specific Fe-AOM depths does not show any distinct concentration spikes. Both HS-
concentration and isotope profile of HS does not match with that of CRS in the present (Figure
9 C, E) and previous studies (For eg: Raven et al., 2016; Fernandes et al., 2020) which itself
reflects the cumulative effect of sulfidization on speciation and isotope ratios during sediment
burial. Therefore, given the large range in FeS; content, partitioning of H»S in iron sulfide and
organic bound sulfur (OBS) and the complexity involved in the cumulative nature of CRS and

OBS makes quantification of Fe-AOM contribution towards additional FeS/CRS precipitation



a little challenging especially through gravimetry. We will include this aspect suggested by the

reviewer in the revised manuscript.
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Figure 9: Depth profiles of porewater (4) SO/, XHS, (B) Fe**, (C) &*Ssos, &*Ssus, (D)
CRS and (E) 8*Scrsin SSD070/7/GC6 (present study).

Comment 41: Line 256. Mn-sulfide formation is rare. Here and elsewhere, the manuscript

would benefit from Mn speciation for the sediment.

Reply: Unfortunately, the MnO» speciation data of the core is not available. But we have bulk
Mn data which is provided below. The bulk MnO, doesn’t show any correlation with porewater

Mn?* spikes.
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Figure 10: Porewater Mn*" and solid phase bulk Mn concentration in the present study.
Comment 42: Line 258. Change to “colloids”.
Reply: Thank you for the suggestion. The collides will be changed to colloids.

Comment 43: Line 263: Oxidation artifacts often lead to erratic profiles so you cannot exclude

artefacts here.
Reply: Please see the response to review comment no: 1
Comment 44: Line 266. Convert to umol/g.

Reply: Thank you for your suggestion. We will convert the concentration data to pmol/g in

text and figures accordingly.
Comment 45: Line 275. Rephrase to “throughout the sediment depth assessed”

Reply: Thank you so much for the comment. The suggested change will be incorporated in the

revised manuscript.

Comment 46: Line 286. See the comment above a plausible scenario with a timeline of
deposition and diagenesis 1s needed to explain what the sediment in these 500 cm represents,

the depositional regime, and how it has been altered upon burial.



Reply: The sedimentation took place in the hypoxic inner shelf off the Eastern Arabian Sea.
Based on the previous >!°Pb dating from the present coring site, the sedimentation rate ranges
from 0.19 cm/yr (below 40 cmbsf) to 1.5 cm/yr (above 40 cmbsf) (Sebastian et al., 2017). The
grain size analysis data shows a dominantly clayey silt sediment type where the clay minerals
are composed of kaolinite and montmorillonite with very low illite content. The clay
mineralogy composition in this region doesn’t show any significant variation along the
sediment core. Moreover, the zones are also homogenous in terms of porosity except for some
spikes in between (Figure 4A). The median grain size (D50) shows only a small variability of
6.66 to 17.43 pm throughout the core (Figure 4D). However, the TOC content, TOC/TNmolar
ratio, and §'*Croc values show significant variation throughout the sediment core indicating
variability in the nature and composition of organic matter in the study area. It's important that
the variation in TOC content, TOC/TNmolar), and 8'*Croc values do not show any obvious

correlation with the porewater Fe-Mn spikes.
Comment 46: What about Mn oxides? Note that the TOC data belongs in the main manuscript

Reply: Unfortunately, the MnO- speciation data of the core is not available. But we have bulk
Mn data which is provided in figure 10. As per the suggestion, the TOC data will be

incorporated into the main text.

Comment 47: Line 299. The relevance of the delta '’N data and TOC/TON data to this paper

is not clear.

Reply: The shallow shelf off Western Continental shelf of India (WCSI) is highly dynamic in
terms of drastic changes in water column redox conditions, marine productivity and fluvial
fluxes of organic matter, sediment load, and extensive denitrification (Naqvi et al., 2000; Schott
et al., 2001; Naqvi et al., 2006; Maya et al., 2011; Mazumdar et al., 2012; Fernandes et al.,
2020). The significant changes in sedimentary 8'°N observed in the present and previous
studies (Agnihotri et al., 2009) indicate drastic changes in denitrification conditions in the water
column off WCSI. Moreover, the TOC, TOC/TN and 8"3*Croc data in the present and previous
studies (Mazumdar et al., 2012; Fernandes et al., 2020) also show significant variation
throughout the core indicating variability in the nature and composition of organic matter in

the study area.

Comment 48: Line 304. Data on microorganisms in the water column cannot be directly

coupled to those in the sediment



Reply: Previous studies indicated that after burial, microbial populations sourced from the
overlying water column undergo selection while competing for energy-yielding substrates
within the sediments, leading to the formation of a genetically distinct deep biosphere (Orsi et
al., 2016). However, the study by Orsi et al. (2017) revealed that 5-15% of taxa in Arabian Sea
sediments serve as indicators of past oceanographic conditions, suggesting they are subject to
weaker selection pressures. Besides the availability of terminal electron acceptors for
respiration, paleoenvironmental conditions may account for a portion of the stratigraphic
microbial distributions in marine sediments (Orsi et al., 2017). We have only that suggested
microbiological studies has to be conducted in future for a clearer understanding of sedimentary
processes leading to Fe-Mn-AOM.

Therefore, we hypothesize a dominant role of the localized abundance of metal-reducing
bacterial/archaeal communities in restricting Fe-Mn-AOM activities into specific layers. The
focusing of bacterial activity in different sediment layers may be attributed to factors such as
past environmental conditions/depositional processes (Orsi et al., 2017; Hoshino et al., 2020)
and the nature of sedimentary material which in turn may be more pronounced in coastal
regions subjected to intense climate change (seasonal variation) (Parkes et al., 2000; Orsi et al.,

2017).

Comment 49: The conclusion on focusing of microbial communities in distinct layers is

speculative.

Reply: We have not speculated anything in the conclusion. We have only suggested the
possibility of microbial role in driving focussed Fe-Mn-AOM in the present study and may be
investigated in future studies, which we will be carrying out in future expeditions. To gather
additional porewater data, we have to carry out another research cruise which is not possible
right now. We will be carrying out more higher resolution fluid chemistry, solid phase
chemistry, and microbiology studies along with microbiology group in the future expeditions.
Additional solid phase data (sedimentological characteristics) have been provided in Figure 4
and discussed in response to review comment 3(A) which also do not show any obvious
correlation with the observed porewater profiles. However, we will include this aspect

suggested by the reviewer in the revised text.



Comment 50: The metagenomic data for a core from a site in the vicinity cannot be used. The
data do not support the conclusion that there are distinct layers with microbes that can carry

out Fe-Mn-AOM
Reply: The metagenomic data for a nearby core may be removed from the revised manuscript.

Comment 51: Line 344-346: The data set is not comprehensive enough and does not provide

evidence for Fe-Mn-AOM, see comments above.
Reply: Following are the evidence for Fe-Mn-AOM

Metal driven AOM are typically characterized by the following biogeochemical signatures
(Riedinger et al., 2014; Egger et al., 2016a, b, 2017; Vigderovich et al., 2019; Li et al., 2019;
Luo et al., 2020; Aromokeye et al., 2020; Xiao et al., 2023).

1) Significant depletion in methane concentration and carbon isotope ratio of methane
(8Ccma)

i1) Significant increase in DIC concentration and depletion carbon isotope ratio of DIC
(8"Cpic)

iii)  Increase in Fe?" and Mn?* concentration in porewater.

In our manuscript, we have shown all the above signatures which are unequivocal evidence for
Fe-Mn AOM. We have also explained the possible influence of metal sulfide nanoparticles in
the porewaters (response to review comment no.l) which possibly resulted in the high
concentration of Fe in the porewaters. The nanoparticles form due to ferrous production in the
porewaters by ferric reduction through AOM. We have also explained in response to comment
no. 34 that Fe-Mn spikes are only restricted to Fe-Mn-AOM zones and not erratically

distributed all over the cores. We believe that this is convincing evidence for Fe-Mn-AOM.

Comment 52: Line 347-348. Unless this is FeS that has passed the filter or an artifact, see

above.

Reply: We deeply appreciate the reviewer for raising this very pertinent issue regarding iron
sulfide nanoparticles in the porewater. We agree that we should have discussed this in the
manuscript. At high hydrogen sulfide concentrations, Fe*" is likely to be present in the
porewater as FeSnano (Matamoros-Veloza et al., 2018), mackinawite or any other stable Fe-S
nanoparticle form (Rickard and Morse, 2005; Rickard and Luther, 2007). We believe that Fe**

is generated by Fe** reduction via the AOM process. The Fe?" required for the formation of the



FeS nanoparticles may be produced via the Fe-AOM pathway. The nanoparticles will pass
through 0.22-micron syringe filters and eventually be in the aliquots for metal concentration
measurement. The FeS/MnS nanoparticles will dissolve in supra pure nitric acid and will be
measured as the total Fe concentration in the pore water. It is worth noting that except for the
Fe concentration spikes, the background Fe concentrations range from 9.05 to 43.89 uM
compared to the spike values from 164.94 to 387.54 uM (Figure 3D). It is also apparent that
the Fe spikes are strictly associated with the AOM zones identified by methane concentrations,
methane carbon isotope ratios, DIC concentrations, and DIC carbon isotope ratios (Figure 3A-
E). It may be noted that the H»S is high throughout the core below 63 cmbsf. Had it been a case

of artifact generation, Fe?" spikes wouldn’t have been restricted to the AOM zones.

Comment 53: Line 349. The meaning of “Significant biogeochemical phenomenon” is not

clear.

Reply: We meant to convey that it is an important biogeochemical phenomenon in sulfate rich

sediments.
Comment 54: Line 358. The link with seasonal hypoxia is not clear

Reply: The shallow shelf off WCSI is highly dynamic, experiencing drastic changes in water
column redox conditions, marine productivity, fluvial fluxes of organic matter, sediment load,
and extensive denitrification (Naqvi et al., 2000; Schott et al., 2001; Naqvi et al., 2006; Maya
et al., 2011; Mazumdar et al., 2012; Fernandes et al., 2020). The silt-clay-rich sediments of the
study area is characterized by TOC content ranging from 1.45 to 31.3 mg/g. Both
(TOC/TN)molar ratios (3.47 to 27.32) and 8"*Croc values (-20.69 to -25.93 %o) from the present

and previous studies (Mazumdar et al., 2012; Fernandes et al., 2020) indicate marked temporal
variation in the fluvial and marine organic matter fluxes in WCSI. Previous studies (near
SSD070/7/GC6; Figure 1b) investigating carbon and nitrogen stable isotopes of suspended
particulate organic matter (SPOM) in the estuary (Bardhan et al., 2014) and shelf zone (Maya
etal., 2011) of WCSI revealed significant intra-annual variations in §'°N (estuary: 0.69 to 7.26
%o; shelf: -4.17 to 10.43 %o) and 8'°C (estuary: -30.14 to -19.52 %, shelf: -17.64 to -26.74 %o)
throughout the year. These variations reflect the complex and dynamic nature of
biogeochemical processes and organic matter sources in the coastal waters of the WCSI.
Corroboratively, significant variations in the diversity, abundance, and activity of
microorganisms, attributable to seasonal differences in nutrient availability, have been recorded

in the water column between monsoon and non-monsoon seasons (Gomes et al., 2019; Naik et



al., 2024; Parab et al., bioRxiv). Spatiotemporally contrasting biogeochemical conditions of
shallow coastal waters may have profound influence on the structure and function of underlying
sedimentary microbiomes (Bhattacharya et al., 2021). However, in order to understand the
influence of seasonal hypoxia on sediment biogeochemical processes, we have to subsample

the sediment core at mm scale which is impossible.
Supplement:

Comment 55: Presentation of the TOC data in wt% would allow for more easy comparison to

other published work.
Reply: The TOC content will be changed to wt %.
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