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Abstract we use geochemical and petrographic data from anoxic sequences of the Nicobar Fan to
document extensive marine silicate weathering (MSiW) in the input sediment of the Sumatra subduction

zone and the conditions that result in authigenic minerals originating from this reaction: precipitation of
authigenic carbonate—which sequesters carbon—and formation of authigenic clay—which releases CO,.
Increase in 87Sr/*Sr in pore fluids from International Ocean Discovery Program Expedition 362 (Site U1480
to 0.71376 and Site U1481 to 0.71296) reveals a radiogenic strontium contribution from alteration of the
Himalayan continental sediment that dominates the Nicobar Fan. Peaks in the dissolved strontium isotope data
coincide with zones of methane presence, consistent with MSiW reactions driven by CO, generation during
methanogenesis. Later-stage fan sequences from 24 to 400 mbsf (meters below seafloor) contain only minor
carbonate with 8Sr/8Sr ratios that deviate only slightly from the co-eval seawater values (0.70920-0.70930);
geochemical data in this zone point to a contribution of authigenic clay formation. In contrast, microscopy and
elemental mapping of the carbonate-cemented zones in the earliest fan deposits (>780 mbsf) show replacement
of feldspars and dense minerals by carbonate, which ranges in volume from a few percent of the grain to near
total grain obliteration. This deeper authigenic carbonate is significantly enriched in radiogenic Sr (0.71136—
0.71328). Thus, MSiW leads to distinct products, likely in response to a weathering-derived supply of silica in
the younger setting versus calcium enrichment via diffusion from oceanic basement in the older sequence.

Plain Language Summary Unstable minerals in sediments shed from the continents continue

to undergo weathering in the early stages of burial, which is more pronounced in zones where methane
generation increases the sediment acidity. Materials derived from dissolution of continent-derived silicates may
appear as newly formed (authigenic) silicates (mostly clay minerals) and also contribute to the nucleation and
composition of authigenic carbonates. The authigenic mineral reactions documented here in the input sediments
of the Sumatra subduction zone provide constraints on global elemental budgets and the characteristics of
materials before they are subducted.

1. Introduction

As reviewed in Torres et al. (2020), CO, generated during methanogenesis near continental margins induces
weathering of reactive silicate phases that promote carbonate formation, following the net reaction shown in
Equation 1. This general reaction consumes CO,, increases alkalinity, and can sequester carbon at global rates
similar to estimates associated with alteration of oceanic crust (Torres et al., 2020). Similar, and even more
massive, processes of silicate weathering and sequestration of CO, in authigenic carbonate have also been docu-
mented in the deeper subsurface of several basins (Hutcheon & Abercrombie, 1990; Hutcheon et al., 1993; Land
& Macpherson, 1992; Lu et al., 201 1; Milliken, 2004; Milliken & Land, 1991; Smith & Ehrenberg, 1989), provid-
ing evidence for the global significance of this reaction.

Cation — rich silicates + 2CO5 + 3H,0 — H4SiO4 + 2HCO5~ + Ca>* + other dissolved cations (D

A sink for the silica, cations and alkalinity released from weathering dissolution of unstable silicates is the forma-
tion of marine authigenic clays, which releases CO,, as indicated in Equation 2.
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Authigenic clay formation is highly dependent on silica availability. Dunlea et al. (2017) documents the signif-
icance of authigenic clay formation in the oxic sediment of the South Pacific Gyre and shows how changes in
distribution and rates of biogenic silica burial over the Cenozoic, translated to a reduction in the extent of reverse
weathering that influenced atmospheric CO, levels and drove global cooling over the past 50 million years.

The conditions that result in either authigenic clay or carbonate formation are still not fully understood. Recent
drilling offshore Sumatra (International Ocean Discovery Program [IODP] Expedition 362; McNeill, Dugan,
& Petronotis, 2017) captured deposition of the Bengal-Nicobar fan system composed of deep-water siliciclas-
tic sediments (McNeill, Dugan, & Petronotis, 2017). Using geochemical and petrographic data we show that
the earlier fan deposits were influenced by ongoing basement alteration that supplied dissolved calcium and
consumed magnesium; a cation balance that promoted formation of carbonate cements via carbon-silica reaction
networks (Equation 1). In the most recent fan sediment, the formation of authigenic carbonate is less evident;
rather, our geochemical data point to the formation of authigenic clay minerals, fueled in part by dissolved silica
supplied from biogenic opal and ash in the most recent (<2 Ma) post fan sediments (Equation 2). We further
explored the relative roles of carbonate formation via the traditionally studied carbon cycling pathways versus
the coupled silicate-carbonate system and investigate the role of these cements on the compactional state of the
formation. Our results are of relevance because (a) the reaction products (authigenic clay vs. carbonate) either
release or sequester CO,, with climate implications; (b) authigenic carbonate formation may impact the amount
of carbon trapped in the downgoing slab, affecting the overall carbon cycling in the arc; and (c¢) formation of
cements within a sediment section impact the mechanical and hydrogeologic properties of the formation.

2. Sites U1480 and U1481 Offshore Sumatra

The incoming sequence to the Sumatra subduction zone includes a 4-5 km thick Bengal-Nicobar fan at the
trench. These input sequences were drilled ~225 km seaward of the deformation front during IODP Expedi-
tion 362 (McNeill, Dugan, & Petronotis, 2017). Site U1480 recovered input sediment to ~1,420 mbsf (meter
below seafloor) and at Site U1481 sediment was sampled from 1,150 to 1,500 mbsf (Figure 1a, Table S1). The
seafloor at these sites lie in waters of 4,147 and 4,178 mbsl (meter below sealevel), respectively. In situ measure-
ments indicate a seafloor temperature of approximately 1.5°C and a geothermal gradient of 44.4°C/km (McNeill,
Dugan, Backman, et al., 2017).

The upper 26.4 mbsf sampled at Site U1480 (Unit I) is dominated by fine-grained silicate sand, silt, and clay
with varying amounts of calcareous clay and minor biosiliceous components and ash. The 1,225 mbst sequence
assigned to lithologic Unit II at this site reflects the >200 m/Myr quartzo-feldspathic Nicobar Fan deposition that
began ~9 Ma (Figure 1b). The sediments of the fan contain relatively little biogenic debris or volcanic glass and
are largely unconsolidated to moderately consolidated although they have local zones of prominent cementation
(concretions) (McNeill, Dugan, & Petronotis, 2017).

Within the Nicobar Fan deposits in Site U1480, Subunit ITA (26.4-343.7 mbsf; ~1.7-3.5 Myr) is a middle- and
lower-fan succession characterized by interbedded thin- to medium-bedded, laminated to structureless, fine-
grained sand with silty clay and silt. Subunit [IB (343.7-785.8 mbsf; ~3.5-6 Myr) contains alternating thin- to
very thin bedded, cross- and parallel-laminated silt and clay representing a more distal fan environment. The
bioturbated black and gray deposits of Subunit IIC (785.8-1,250.3 mbsf; ~6-9 Myr) contain plant material and
mud clasts and have been interpreted as distal-fan deposits. Large, unmineralized (mummified) wood pieces Late
Miocene in age, were recovered in this unit (840-860 mbsf) (McNeill et al., 2020). Within Subunit IIC, the sedi-
ment is mostly unlithified, but local examples of carbonate-cementation in sandstone and mudstone were encoun-
tered. Lithologic Unit III was sampled at both Sites U1480 and U1481. At Site U1480, Subunit IIIA is thought to
correspond to the older stratigraphic part of the last active Nicobar Fan, whereas Subunit IIIB is composed of the
underlying hemipelagic to pelagic sediment. The volcanogenic-rich sediments of Subunit IIIB contain biosilica
(opal) and an amorphous silica phase that originates from almost complete alteration and hydration of volcanic
glass, as evidenced from X-ray diffraction analyzes (XRD) and visual observations from smear slides (Hiipers
etal., 2017). The diagenetic alteration in this pre-fan succession and its significance for the seismogenic behavior
of this subduction zone are described in detail by Hiipers et al. (2017).
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Figure 1. (a) Map of the study area highlighting the evolution of the Nicobar-Bengal Fan as postulated by McNeill, Dugan, Backman, et al. (2017). Sites U1480 and
U1481 are demarked by red circles; other sites drilled in this region are denoted by yellow circles. (b) Lithologic column for Site U1480 demarking the units that
comprise the Nicobar Fan modified from McNeill, Dugan, and Petronotis (2017). (c) Combined depth versus age curve for Sites U1480 and U1481, indicating the
sedimentation rate estimates from McNeill, Dugan, Backman, et al. (2017).

Here we focus on the diagenetic processes that modify the rapidly deposited Nicobar Fan of Lithologic Unit II and
the slower phase of early fan deposition of Subunit IITA (Unit IIT of Site U1480). Despite proximity to the Sunda
forearc, the Nicobar Fan sediments at Sites U1480 and U1481 are almost exclusively continent-derived; the very
limited ash content recovered suggests that the Sunda forearc plays a minor role in supplying sediment to these
sites. The marked rise in sediment accumulation rate that began 9.5 Ma contrasts with observations at other sites
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drilled in the region (McNeill, Dugan, Backman, et al., 2017). This observation, tied to the nature of the siliciclas-
tic sediment deposits originating from the Himalaya, similar in provenance to those recovered from the Bengal
Fan, was used by McNeill, Dugan, Backman, et al. (2017) to reconstruct the evolution of the Bengal-Nicobar
submarine fan complex in response to tectonic readjustments and climatic change (Figure 1a).

3. Methods
3.1. Pore Fluid and Hydrocarbon Analyses

Pore fluid extraction was conducted onboard, following the procedures described in McNeill, Dugan, and Petro-
notis (2017). The squeezed pore fluids were collected in pre-cleaned, plastic syringes attached to the squeez-
ing assembly, and subsequently filtered through a 0.45 pm Gelman polysulfone disposable filter. Subsamples
collected for strontium isotope analyses were acidified to pH 2 with concentrated ultrapure HNO, (Optima
grade). Subsamples for the isotopic composition of dissolved inorganic carbon (8'*Cp,;.) were collected in 2 mL
glass vials and preserved with 10 pL of saturated HgCL,.

Methods used to obtain shipboard pore fluid and hydrocarbon concentration data for Sites U1480 and U1481
are detailed in McNeill, Dugan, and Petronotis (2017). Briefly, total alkalinity was determined by Gran titration
with an autotitrator (Metrohm 794 Basic Titrino) using 0.1 N HCI at 20°C. Sulfate (SO,*") concentrations were
analyzed using aliquots of 100 pL diluted 1:100 with deionized water using the Metrohm 850 Professional ion
chromatograph (IC). Analytical precision for SO,>~ was better than 2%. Ammonium (NH,*) concentrations were
determined using an Agilent Technologies Cary Series 100 UV-Vis spectrophotometer following the protocol
in Gieskes et al. (1991). The accuracy of the NH,* was better than 2.5%. Calcium (Ca"), magnesium (Mg>"),
strontium (Sr?*), iron (Fe*) and Mn (Mn?*) were determined onboard using an inductively coupled plasma (ICP)
Atomic Emission spectrometer with a Teledyne Prodigy high-dispersion ICP spectrometer after appropriate dilu-
tion with ultrapure nitric acid (2%). Analytical precisions for both Ca?* and Mg?* were better than 0.5%, and for
Sr?*, Fe3* and Mn?* better than 1% (McNeill, Dugan, & Petronotis, 2017).

For hydrocarbon analysis the headspace vial was heated to 70°C for ~30 min to evolve hydrocarbon gases from
the sediment plug. For gas analysis, 5 cm? of headspace gas was extracted from the sealed sample vial using a
standard gas-tight syringe and analyzed by an Agilent 7,890 gas chromatograph with a flame ionization detector.
The precision is +£2% for concentrations up to 10,000 ppm and +1% for higher values.

The strontium isotopic data (¥’Sr/*%Sr) used in this study was reported by McCarthy et al. (2019). Acidified
pore fluid aliquots were loaded directly onto columns containing EICHROM Sr-Spec® resin; samples from the
columns were collected in acid-washed teflon bottles, acidified with 2 mL of 3% HNO, and analyzed using the
Nu Plasma multi collector inductively coupled plasma-mass spectrometer (MC-ICP-MS) located in the W.M.
Keck Collaboratory for Plasma Spectrometry at Oregon State University. 87Sr/*0Sr ratios were normalized to
the National Bureau of Standards (NBS) 987 standard, with an ¥7Sr/%0Sr value of 0.71025 + 0.00005 (26 mean;
n =91). External error is represented through replicate analysis of an in-house standard yielded an ¥’Sr/%°Sr ratio
of 0.70817 + 0.00005 (26 mean; n = 91).

The stable isotopic composition (8'3Cyy,) of the dissolved inorganic carbon (DIC) was measured at Oregon State
University using a Gas-Bench II automated sampler interfaced to a gas source stable isotope mass spectrometer
as described in Torres et al. (2005). The precision of the §'*C measurements based on replicate analyses of a
NaHCO, stock solution is better than +0.1%e.

3.2. Sediment Geochemistry

The carbon and oxygen isotopic composition of carbonate samples was obtained at Oregon State University using
a Kiel III device connected to a Thermo Fisher 252 gas source mass spectrometer after a powdered sample was
reacted with 100% phosphoric acid at 75°C. Isotopic analyses with this technique yield a precision better than
+0.1 and 0.2% for 8'C and §'30, respectively. Isotope data are reported as per mil values in 8 notation relative
to either the Vienna Peedee Belemnite (V-PDB) standard.

Geochemical analyses of the carbonate samples was obtained by adding a weak buffered acetic acid solution
(~0.33 mol/L acetic acid, ~0.05 mol/L Na-acetate) to ~200 mg of dried and powdered sediment and to two
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procedural blanks. Samples were rotated for 3 hr on a Labquake Tube Rotator (Thermo Scientific), and the
supernatant was decanted into Teflon vials (Savillex). The sample leaches were evaporated to dryness, refluxed
with nitric acid to remove organic compounds, and finally redissolved in 1M HCI. A subsample of this leachate
solution was used for the strontium isotope analyses (see below), and another subsample was run for elemental
composition by external calibration on a Spectro Arcos inductively coupled plasma optical emission spectrometer
(ICP-OES) with the torch in Side-On Position. Calibration standards were made from certified primary solutions
(Ultra Scientific). Procedural blanks were below the detection limit for all elements.

Dissolved Sr?* in the 1M HCI leachate solution was separated for isotopic analysis using columns containing
EICHROM Sr-Spec® resin. $7Sr/%Sr ratio was measured using a Neptune Plus MC-ICP-MS (Thermo Fisher
Scientific Ltd.) at the Korea Institute of Geoscience and Mineral Resources, Daejeon, Korea. The Sr/%0Sr ratios
were corrected for mass fractionation by normalizing to $¥Sr/%Sr = 8.375209 using an exponential function.
The #Rb peak was monitored for interference by 8’Rb peaks. The intensity of #*Rb in the sample solution during
the Sr isotopic measurements was less than 0.5 mV. Sr isotopic ratios were corrected for this interference assum-
ing ¥Rb/%Rb = 0.3857. Repeated analyses of NBS 987 gave 87Sr/%Sr = 0.71028 + 0.00002 (26 mean; n = 19).

Whole rock geochemistry was obtained by full digestion of powdered squeeze cake samples with HF and subse-
quent measurement via ICP-OES, at the University of Bremen. Analytical procedures are described in Heinrichs
and Herrmann (2013). The amorphous silica data are from Hiipers et al. (2017), who used a 2M KOH sequential
extraction procedure followed by dissolved silica spectrophotometric analyses of a silicomolybdate complex.

3.3. Imaging and Petrographic Analysis

Polished thin sections of sediments and lithified sediments were prepared using a vacuum-pressure impregnation
technique (Wagner Petrographics). Pores in the sand-size sediments were highlighted with a colored impregna-
tion medium.

Petrographic observations were obtained for all samples using a conventional transmitted, polarizing light micro-
scope. After coating with a thin layer of conductive carbon, additional petrographic observations were obtained
using a field emission (FEI) NovaNano scanning electron microscope (SEM) 430. An accelerating voltage of
15 kV and a sample current near the upper end of the instrument range were used. All samples were observed
in secondary/back-scattered electron mode and elemental mapping was performed by energy-dispersive spec-
troscopy using twin Bruker Xflash 30 mm? detectors. Maps corresponding to the following elemental mixes
were obtained for each mapped areas. Na, Si, Ca; Na, K, Si, Ca; Na, Si, Ca, Fe; Na, Mg, Ca; Na, Mg, K, Ca; and
Na, Mg, Ca, Fe. All elemental maps were layered with the secondary/ signal for edge sharpness. The particular
elemental mixes chosen highlight major mineralogical components that are common to the grain assemblages
of the Himalaya-derived sediments of the Nicobar Fan (quartz, Na-feldspar, K-feldspar, K-, Mg-, and Fe- micas,
calcite, dolomite, and K-rich detrital clay minerals). Calcite, dolomite, and siderite that are locally present as
authigenic phases are also highlighted by these elemental mixes. The constant false color scheme was employed:
Si, red; Na, aqua, Mg, fuschia, K, yellow, Ca, blue, Fe, yellow.

The Na-K-Si-Ca elemental maps were used for point-counting (350 points) of major sandstone components in
each of 17 samples. The major goal of the modal analysis is assessment of the compactional state of the sample
at the time of cementation through comparison with the observed compaction trend in associated uncemented
samples. Thus, detailed categorization of lithic grains was not attempted, rather, the focus of the counting was to
determine the ratio of grains to intergrain materials. The major categories counted are monocrystalline quartz,
plagioclase, and K-feldspar, lithic grains (mostly plutonic and metamorphic grains), micas (muscovite, biotite,
and chlorite), dense minerals, intergranular cements (calcite and Mn-rich Fe-carbonate), detrital clay-size matrix,
and intergranular porosity. Carbonate cementation in the concretions tends to be massive and only in one instance
(Sample 1481A-32R-3, 98-100 cm; depth 1435.35 mbsf) detectable intergranular pores were counted.

4. Results and Discussion

Concentration data for sulfate, calcium, potassium, strontium, iron and manganese, as well as total alkalinity and
methane values can be found in McNeill, Dugan, and Petronotis (2017). Isotopic composition data for dissolved
strontium reported in McCarthy et al. (2019), and for dissolved inorganic carbon (this study) are listed in the
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Figure 2. Distribution of dissolved components in the pore fluids and headspace gas in sediments from Sites U1480 (blue
circles and orange squares), only the deeper section was sampled in Site U1481 and those data are included as gray symbols.
The data gap between 622 and 750 mbsf reflects pore core recovery in this section (<15%), which precluded extraction

of interstitial water. Concentration data are from McNeill, Dugan, and Petronotis (2017); strontium isotope data are from
McCarthy et al. (2019); dissolved carbon isotope data are from this study and listed in Table S2 (Supporting Information S1).

Supporting Information S1 (Table S2). Pore fluid data are plotted downcore in Figure 2. The data gap between
622 and 750 mbsf reflects poor core recovery in this section (<15%), which precluded extraction of intersti-
tial water. Table S3 lists the carbon and strontium isotope data as well as elemental ratios for the authigenic
carbonates. The amorphous silica concentrations, which include both biogenic opal and ash are from Hiipers
et al. (2017). Table S4 lists the whole rock geochemical results and chemical index of alteration (CIA) estimates
from this study. Point-count data from this study include grain composition parameters and intergranular volume
(IGV) estimates for carbonate and siderite concretions are listed in Tables S5 and S6, respectively.
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4.1. Biogeochemical and Reactive Silicate Reactions Based on Pore Fluid Data

The uppermost 150 mbsf at Site U1480 have pore fluid profiles that reflect characteristic organic matter remin-
eralization in deep water settings (Figure 2). Sulfate concentrations decrease almost linearly from the seafloor
to the sulfate-methane transition zone (SMTZ) at ~120 mbsf. This relatively deep SMTZ depth is typical for
sediments found at depths >3,500 mbsf with low rates of organic carbon accumulation (Egger et al., 2018); this
site currently accumulates sediment at rates lower than 15 m/Myr (McNeill, Dugan, & Petronotis, 2017). The
concentration of dissolved manganese has a maximum of 131 pM at 6 mbsf, and dissolved iron peaks at 62 pM
at 14 mbsf, typical of profiles involving suboxic oxidation of organic matter. Alkalinity increases from a seawater
value at the seafloor to a maximum of 8.7 mM, a depth that corresponds to the lowest 8'*Cy,. value of —13.2%o,
also consistent with remineralization of organic matter of mixed terrestrial and marine sources that characterize
the Nicobar Fan sediment deposits (McNeill, Dugan, & Petronotis, 2017). Below the SMTZ depth, alkalinity
values gradually decrease with depth to <1 mM in the deepest sections, indicative of strong removal by authi-
genic carbonate formation.

Below the depth of calcium removal by carbonate precipitation at the SMTZ (~120 mbsf), there is an increase
in dissolved calcium, strontium and manganese toward the base of the sediment section, reflecting supply from
alteration of deep volcaniclastics and/or oceanic basement (McNeill, Dugan, & Petronotis, 2017). The increase in
dissolved calcium likely supports authigenic carbonate precipitation even at very low alkalinity values (<1 mM)
and may be responsible for the carbonate cements observed in lithologic Unit II and in several cores from litho-
logic Unit III.

Methane content is higher in Subunits ITA and IIC, which correspond to two stages of fan deposition. Subunit IIA
shows consistent organic carbon content above 0.6%, reaching in some cases values as high as 1.8%. Subunit IIC
contains discrete horizons of woody organic material pointing to local enrichment in terrestrial organic material
that accumulate fast enough to fuel methanogenesis (McNeill, Dugan, & Petronotis, 2017, McNeill et al., 2020).
In contrast, Subunit IIB represents a more distal fan environment with slightly lower organic carbon content
(McNeill, Dugan, & Petronotis, 2017).

4.2. Marine Silicate Weathering

The methane-rich intervals in Subunits IIA and IIC correlate with fluids enriched in ¥Sr indicative of alteration
of continent-derived silicate minerals, consistent with previous observations that MSiW reactions are facilitated
under methanogenesis (see review by Torres et al., 2020, and references therein). Pore fluid data from sediments
recovered by drilling from in the eastern Indian margin also document an increase in radiogenic strontium in
methane-bearing slope sediment (Solomon et al., 2014). This slope environment received significant input of
material derived from erosion of the Himalayas and Tibetan Plateau, with reactive clastic silicates similar in
provenance to those in the Nicobar Fan sediments that undergo alteration in anoxic sediment post burial.

Based on the pore fluid analyses shown in Figure 2, we divided the Nicobar Fan sequences into two MSiW
zones. MSiW Zone 1, which roughly corresponds to Subunit IIA (24-300 mbsf), is defined by the first marked
increase in the $7Sr/30Sr ratios (to a maximum value of 0.7114), and a decrease in dissolved silica, calcium and
potassium. Overlying this zone, the most recent sediments from lithologic Unit I reflect the pelagic sedimentation
that followed rerouting of Himalaya-derived sediment ~2 Ma from the Nicobar Fan to the Bengal Fan, along the
western Indian Ocean (Figure 1a). Underlying MSiW Zone 1, the sediments from lithologic Subunit IIB reflect a
transitional zone where MSiW is less intense as evidenced in the 87Sr/%Sr data. MSiW Zone 2 (800—1,250 mbsf)
corresponds to the second peak in methane and in the 37Sr/%Sr ratio (maximum value of 0.71296). This zone
encompasses Subunit IIC at Site U1480 and Subunits IIIC and Unit III at Site U1481.

As indicated in Equation 2, authigenic clay formation necessitates a supply of dissolved silica. Extractable silica
data at Site U1480, show a decrease from ~7 wt% at the sediment surface to non-detectable values by 25 mbsf
(Figure 3). The decrease in extractable silica in the sediments overlying the Nicobar Fan sequences reflects
alteration of the minor ash and biogenic opal components in lithologic Unit I and leads to the rapid increase in
dissolved silica from seawater values to 600 pM at ~10 mbsf. Here, dissolved calcium is mainly supplied from
the overlying seawater plus any calcium released from the reactive silicates. This fluid composition contrasts with
the early fan deposits in MSiW Zone 2, which receive dissolved calcium from the underlying volcaniclastics and
oceanic basement (Hiipers et al., 2017) and lead to calcium concentrations in excess of 100 mM. Alteration of

TORRES ET AL.

7 of 17



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geochemistry, Geophysics, Geosystems

10.1029/2022GC010338

A

Amorphous SiO, (wt.-%)

Chemical Index of
Alteration (CIA)

Age Unit) 5 10 15 20 25 30 40 5060 70 80 90
| T T T T T . T T T T
o @
S J )
- § . .
R o
g 1A °
200 A [ 1 ° 100 e Kaolinite ~ Legend
@® 199 mbsf
] 0. 90 ® 89 mbsf
o] @ Whole rock
§ - L < 8o
3 | o O uscovite
4001 & ° 1 ® T 0 =
L4 S
© 0.4
| [ ] o 60
1 ) ° < 05 05
Q;_: 1B E 50 -~ Plagioclase— —K-Feldspar
Re] [ J )
£ 600 - e 4 ° 2 1 0-4. : 0.6
8 3 “ 03 ° 07
i ] E i = o /o
D 5 0.2 0.8
< 20 ®
E‘. O - 0 0.1 o 0.9
8 800 g 1 ° 10
kel ° 0 1
12 ] ® Ca0
§ N #Na,0! 09 08 07 06 05 04 03 02 01 0 .o
] [
1000 A ° 1 °
1[e3
[ J
4 - ‘ i °
(4 °
1200+ 1@ 1
)
2 ;A » F g
16 Shrle ’ (]
S ° ® °
=0
o)
1400155]" @
— — 1 1 1 1 1 1

Figure 3. (a) Downcore profiles of amorphous silica content of sediments (data from Hiipers et al., 2017) and chemical index of alteration for Site U1480. (b)
Distribution of chemical index of alteration within a ternary diagram indicating sediment composition relative to elemental and theoretical (calculated) mineral

components in the sediment (Table S4).

basement basalts and volcanogenic sediments also consumes potassium and magnesium, both cations important
in the formation of authigenic clays. The influence of mantle-derived rocks is also reflected in the sharp decrease
in the #7St/%Sr in the pore fluids toward basement, which overprints the contribution of reactive clastic silicates
(Figure 2). We suggest that the pore fluid composition in MSiW Zone 2, clearly distinct from that in MSiW Zone
1, is key to promoting precipitation of carbonate minerals, in contrast with the proposed formation of authigenic
clays in MSiW Zone 1.

4.3. Geochemical Records in Authigenic Carbonate

Authigenic carbonates formed by MSiW are typically enriched in cations released from alteration of reactive
silicate minerals such as Fe, Mn, Mg, and Ba (Equation 1), and can include calcite, dolomite and siderite (Torres
et al., 2020). These minerals are distinct from carbonates whose formation was supported by anaerobic oxida-
tion of methane (AOM) at the sulfate-methane transision zone, which are characterized by low §°C values
that reflect 3C-depleted methane source and are typically high magnesium calcite and aragonite (e.g., Teichert
et al., 2014). The methane-derived authigenic carbonates commonly have the strontium isotopic composition of
their coeval seawater, in contrast with carbonate minerals formed by alkalinity and cations generated through
MSiW, which incorporate the strontium isotopic signal from the reactive silicate being altered (Torres et al., 2020).

The strontium isotopic composition of carbonate samples recovered from both zones is illustrated in Figure 4.
MSiW Zone 1 carbonates show smaller deviations in the ¥St/%°Sr from coeval seawater (Veizer, 1989), compared
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Figure 4. (a) Isotopic and chemical composition of carbonate concretions versus depth. (b) Carbon versus strontium isotopic composition of carbonate concretions.
Blue circles represent concretions from Unit II, and red squares denote samples from Unit IIC. Green diamond reflects seawater composition. Data in Table S3.

with the larger deviations recorded in the MSiW Zone 2 carbonate cements. These deep cements are highly
enriched in ¥Sr, reflecting the radiogenic component of the strontium in pore fluids (Figure 2), and are enriched
in Fe and Mn (Figure 4a), consistent with observations of manganoan calcite and siderite in MSiW Zone 2.

At present, the DIC shows a minimum in its carbon isotope signal of —13.2%o at 117.6 mbsf, and the DIC in
deeper fluids has §'*C values of ca. —1%o (Table S2). Whereas the carbonate minerals from MSiW Zone 1 show
the expected carbon isotope signatures that reflect a mixture of seawater and lightly depleted carbon, the MSiW
Zone 2 carbonates have §'3C values that range from —10 to —30%o, pointing to a contribution of methane-derived
carbon remnant from AOM activity at the time of deposition (Figure 4).

Data on fluid and mineral compositional changes with depth point to changes in the processes responsible for
authigenic carbonate formation during the burial history, such as documented in samples recovered from the
Barkley Canyon (Joseph et al., 2012) and from the sedimentary sequence outboard of the Nankai subduction zone
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(Sample et al., 2017). A simple mass balance approach using carbon and strontium isotope data (Table S7) was
used to approximate the potential relative contributions of carbonate formed by AOM versus carbonates precip-
itated by replacement of silicate minerals in MSiW Zone 2, in an approach analogous to that used by Sample
et al. (2017). Many assumptions are necessary in constraining these estimates, since we do not have data on the
fluid composition that may have precipitated the early carbonate phases during the postulated AOM conditions
in the late Miocene. Nonetheless, this simple exercise shows that the strontium and carbon isotope signals in
carbonate minerals from MSiW Zone 2 can be explained by a small (<10%) amount of methane derived carbon.
Notwithstanding the uncertainties in this estimate, the result is not surprising given the strong carbon fractiona-
tion generated by active AOM conditions, but more significantly the carbon isotope data serve to illuminate the
prevailing conditions during earlier fan formation. Here strong contribution of organic carbon, probably terrestri-
ally-derived, must have resulted in the development of strong anoxic conditions, with intense methane generation
and cycling by anaerobic oxidation.

4.4. Petrography of Authigenic Carbonates and Carbonate-Rich Lithologies

Authigenic carbonate is not uniformly distributed through the sediments and instead displays localization at a
range of scales. At larger scales, carbonate precipitation, occurs in concretions, locally pervasive calcite cemen-
tation in both sandstone and mudstone (Figure 5). The observed concretions are generally round in form and less
than 20 cm across.

Within concretions, minor amounts of both siderite and calcite are localized on the 001 crystal surfaces within
expanded micas (Figure 6), a phenomenon that is postulated to be related to favorable pH conditions on the 001
surfaces of these minerals (Boles, 2007; O'Day et al., 1990; Pevear et al., 1990). Most of the siderite, containing
variable amounts of Mn, is strongly localized as overgrowths on detrital dolomite (Figures 7a—7c). In contrast,
the dominant form of authigenic calcite is broadly distributed, nucleated on all grain types, and filling most of the
visible porosity within a given concretion (Figures 7a, 7b, 7d and 8).

Many unstable grains within concretions, for example, Ca-rich plagioclase, dense minerals, and metamorphic
lithic grains containing these minerals, are pervasively replaced by the calcite (Figure 8). Siderite is also observed
as a grain replacement (Figure 8d). The majority of Na-feldspar and K-feldspar grains do not show extensive
dissolution or replacement at the observation scales utilized in this study. This direct grain-scale evidence for a
linkage between silicate dissolution and carbonate precipitation (i.e., direct replacement of silicates by carbonate)
is seen most dramatically in the deeper, older portions of the Nicobar Fan (Table S5, Figures 7d and 8). Outside
the concretions, calcite-replaced grains are not observed and secondary dissolution pores showing a similar
magnitude of dissolution are uncommon.

Grain compositional parameters (Tables S5 and S6) are similar in siderite- and calcite-cemented concretions. The
average major grain composition is Q- F,;, L,, ,. Mica content averages 4.5% of the whole rock (0.9-11.4);
dense minerals average 1.6% (0-3.14). The ratio of feldspar to feldspar + quartz averages 0.30 (0.24-0.35);
plagioclase to total feldspar averages 0.66 (0.36—0.89). Compositional grain parameters above display expected
variations with grain size (e.g., more mica in finer sand) but do not show systematic trends with depth.

4.5. Intergranular Volume Estimates in Cemented Versus Uncemented Sands

In sand, the IGV at deposition is in the range of 40%-45% (Lundegard, 1992; McBride et al., 1991). In the
sediments at the Sumatra drill sites, porosity as measured by the shipboard moisture and density (MAD) method
(McNeill, Dugan, & Petronotis, 2017) is a reasonable approximation of the IGV in uncemented sand, because
inherited intragranular pores are comparatively rare in siliciclastic sediments. Both MAD and IGV measurements
of uncemented sands display a wide range at a given depth due to measurement error and, very likely, sediment
sorting, but in general, fall within the range expected for sands in relatively shallow burial (Figure 9). In rigid
grain sand, an IGV of around 26% is accepted as the value at compactional stabilization, typically achieved at a
depth of 1.5-2.0 km (Paxton et al., 2002). The minimum depth-averaged MAD data for uncemented sand at the
Sumatra drill sites falls just above this value in the deepest samples, suggesting that compactional stabilization
has not been reached for most samples (Figure 9).
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Figure 5. Examples of calcite concretions at the core scale. (a) Both sandstone and mudstone contain localized intervals

of cementation (concretions). Core Section 1480F-96X 1, 1-34 cm. (b) Laminations are still clearly visible in the cemented
sections of the core. Core Section 1480G-17R 1, 0-7.5 cm. (c) In this interval of soft sediment deformation, the regions of
massive (concretionary) and partial cementation partially follow the contorted laminations. The relative timing of deformation
and cementation is difficult to resolve, but it is possible that some cementation preceded the early deformation. Core Section
1480G-28R 1, 50-61 cm.

Measured IGVs for cemented samples (Figure 9) fall generally into ranges higher than depth-averaged values for
uncemented samples at the same depths, suggesting that cementation has generally occurred at depths less than
the present sample depths.

The concretionary sandstone samples analyzed can be divided into two petrographic groups, based on the
mineralogy of the authigenic carbonate and the measured IGV. Most cemented samples are calcite-dominated

TORRES ET AL. 11 of 17



Y d |
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geochemistry, Geophysics, Geosystems 10.1029/2022GC010338

Figure 6. Authigenic carbonate nucleation in micas. (a) Displacive euhedral siderite crystals (bright yellow) nucleated
within an expanded Fe-mica. Overall sample is massively calcite-cemented (blue). Sample 1481 A-22R 3, 54-56 cm (depth
1,346.74 mbsf); EDS elemental map (Na, Si, Ca, Fe). (b) Calcite nucleated within an expanded Fe mica. Note that calcite
within the mica has larger crystal size than the calcite that fills the intergranular pores. Sample 1480G-53R, 2, 6-4 cm, (depth
1246.14 mbsf); cross-polarized transmitted light image.

calcite

Figure 7. Cementation and replacement in samples containing both Fe-Mn carbonate (pink to yellow, depending on

Mn/Fe ratio) and calcite (blue) cements. (a) Microcrystalline rims of siderite (bright yellow surrounding fragments of a
polycrystalline detrital dolomite (dark blue). Siderite nucleation in this sample is strongly localized on dolomite and has not
occurred on the surfaces of other grains. Overall sample is massively cemented by calcite (blue) that largely post-dates the
precipitation of the Fe-carbonate. Sample 1481A-14R 2, 64—-66 cm (depth 1268.52 mbsf). EDS elemental map (Si, Ca, Fe).
(b) Siderite crystals with Mn-rich interiors (possible rhodochrosite) and Fe-rich rims, nucleated, at least in part, on dolomite
grains (dark blue, yellow arrows). Sample 1481A-33R 1, 115-117 cm (depth 1442.55); EDS elemental map (Na, Si, Ca,

Fe, Mn). (c) Fe-Mn carbonate in a high-intergranular volume ( sample 1481A-33R 1, 115-117 cm, depth 1442.55 mbsf).
(d) Unknown grains (approximate edges marked by dashed red lines) have been completely replaced by the two authigenic
carbonates (Sample 1481A-33R 1, 78-80 cm; depth 1442.18 mbsf).
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Figure 8. Massive calcite replacement of silicate grains. (a) Plagioclase grain (yellow outline, grain at extinction) extensively
replaced with calcite. Sample 1481A-35R 5, 110-112 cm (depth 1476.96 mbsf); cross-polarized transmitted light image.

(b) Dense mineral (yellow outline; possible epidote) replaced with calcite (blue). Sample 1481A-22R 3, 54-56 cm (depth
1346.74 mbsf); EDS elemental map (Na, Si, Ca, Fe). (c) Lithic grain (yellow outline) composed of albite (aqua), K-feldspar
(yellow), and a dense mineral (gray) with significant calcite replacement (blue). Sample 1481A-22R 3, 54-56 cm (depth
1346.74 mbsf); EDS elemental map (Na, Si, K, Ca). (d) Metamorphic lithic grain composed of mica, quartz, and albite with
significant calcite replacement (blue). Sample 1481A-22R 3, 54-56 cm (depth 1346.74 mbsf); EDS elemental map (Na, Si,
Ca, Fe).

concretions which have IGVs averaging 36.5% (27%-45%) (Table S5). Only three samples fall into a group
containing greater amounts of siderite (Table S6) have higher IGVs (47%—-65%), which exceed the 40%—45% IGV
expected for sand at deposition (Lundegard, 1992; McBride et al., 1991). The size of individual siderite crystals,
especially ones nucleated on dolomite can be large relative to the sizes of expected intergranular spaces.

4.6. Early, Low-Temperature Reaction Products: Authigenic Clay Versus Carbonate

Whereas higher temperature clay formation may be proton-releasing (Abercrombie et al., 1994; Awwiller, 1993;
Land et al., 1987; Milliken, 2004), understanding the conditions that result in the precipitation of authigenic
carbonates—which sequester carbon—in contrast with those leading to formation of early-formed, low-temper-
ature authigenic clays—which release CO,—have implications for geochemical budgets of dissolved cations and
seawater alkalinity, with significant consequences for the global carbon cycle and the evolution of Earth's climate
history.

Here we have documented significant replacement of reactive silicate minerals by authigenic carbonate in the
early Nicobar Fan sediments, but note that only a few occurrences of carbonate concretions were recovered from
the late fan deposits (stratigraphically higher in the section), and we have shown these shallow concretions to
have a smaller contribution of cations from MSiW reactions (Figure 4). Rather, the uptake of silica and potassium
in the upper 100 mbsf (Figure 2) point to consumption by formation of authigenic clay minerals (Equation 2).
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Figure 9. Comparative intergranular volume (IGV) versus depth for cemented
and uncemented sands. Shipboard moisture and density (MAD) measurements
(gray) are used as an approximation of IGV for uncemented sands, selected for
values within the expected range for sands in shallow burial (Lundegard, 1992;
McBride et al., 1991; Paxton et al., 2002). Sands with values substantially
over 45 percent (likely affected by core disturbance of these unlithified
materials) and cemented sands are removed from the MAD data set. Depth-
averaged values for MAD values are plotted in black; dashed line is a linear
trend through the depth-averaged values. Measured IGV of cemented sands
are plotted in orange. Vertical blue line marks the IGV of compactional
stabilization in rigid-grain sand (Paxton et al., 2002).

Petrographic data are challenging to obtain in these unlithified sediments to
support of our postulate of authigenic clay formation. Careful SEM inspec-
tion of mud and sand samples from the later fan failed to locate any petro-
graphic evidence for authigenic clays. Analyses of the <2 pm fraction of
the sediment corresponding to MSiW Zone 1 by Rosenberger et al. (2020),
document a marked increase in illite (up to 80% of the clay fraction, summing
all the illite polytypes), which is interpreted by Rosenberger et al. (2020) as
dominantly detrital given the fact that the in situ temperatures are not high
enough for illitization of smectite and that most of the illite polytypes are
consistent with higher-temperature illite derived from older rocks. A minor
amount of the lower-temperature 1M, polytype is described but not quan-
tified. The large primary variations in the ratio of clay minerals to coarser
components (silt and sand composed primarily of quartz and feldspar) poten-
tially mask the presence of small amounts of authigenic clays, especially in
the dominant mudstones. An alternative sink for the Si would be authigenic
zeolites but these were not detected, either petrographically (this study) or by
bulk XRD (McNeill, Dugan, & Petronotis, 2017). Authigenic zeolite is most
prominently known from volcanogenic sediments (Hay & Sheppard, 2001)
and is, thus, not expected as a likely component in the continent-derived sedi-
ments of the Nicobar Fan.

We used whole rock chemical analyses of mudstones (Table S3 and Figure 3)
to estimate the CIA as defined by Nesbitt and Young (1982), where CIA
values of 50 are indicative of unaltered sediments and CIA of 100 indicate
completely altered sediment.

CIA = AL O3/ (ALO; + CaO + Na,O + K,0) 3)

CIA values for Site U1480 increase from 55 at the seafloor to 72 at 260 mbsf,
reflecting the decrease in Na and Ca relative to Al which can be related to
some combination of feldspar loss and authigenic clay mineral formation.
The observed trend in the whole rock geochemical composition (Figure 3b)
points toward an illitic composition for the clay mineral component as also
indicated by the results of Rosenberger et al., 2020, who document a domi-
nantly illitic clay mineral assemblage that contains at least a minor fraction
of low-T illite (1M, polytype) which they were unable to quantify. These
results point to the likely presence of a K-bearing authigenic clay as an expla-
nation of dissolved potassium uptake. In further support, we note that not all
authigenic illite is higher temperature as early-formed illitic clay in weather-
ing environments has been recently documented (e.g., Cuadros et al., 2017;
Huggett et al., 2016).

We recognize the potentially diverse source area, depositional, and post-depositional controls on CIA, but argue

that our careful selection of uniform mudstone lithology and the relative uniformity of provenance enchance the

potential for the CIA to reflect a diagenetic signal. The notable compositional uniformity of sands and muds
within the Nicobar Fan (McNeill, Dugan, & Petronotis, 2017; Rosenberger et al., 2020) minimizes the degree
of likely provenance change and presents an opportunity to use the fan as a natural laboratory for examining the

progression of subsurface processes. At the least, the CIA data show the late fan sediments retain large “reaction

potential” for further subsurface weathering. Although the elemental and isotopic composition of the sediment

may be controlled by both provenance and diagenesis, the pore fluid data provide indisputable evidence of reac-
tions occurring within the sediment post depositionally. Collectively, these observations, tied to the dissolved
strontium isotope data, suggest that in MSiW Zone 1, clay and carbonate are formed as authigenic reaction
products from the alteration of detrital silicate. In contrast, the most distinctive feature of MSiW Zone 2 is the
presence of carbonate concretions, which are a dominant feature of Subunits IIC and IIIA at Site U1480 and Unit
[T at Site 1,481 (Figure 5). In both zones, the MSiW reactions appear to be promoted by methanogenesis, as illus-
trated by the co-occurrence of the enrichment in dissolved radiogenic strontium and methane profiles (Figure 2).
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5. Summary and Implications

Regions in SE Asia receive large loads of reactive silicates from rivers in excess of 12,500 x 10° t/year (Milliman
& Farnsworth, 2011). MSiW of the cation-rich clastic silicates delivered by Himalayan rivers has been docu-
mented as an enrichment in radiogenic ¥’Sr in pore fluids and solids recovered from the eastern margin of India
(Solomon et al., 2014; Torres et al., 2020) and offshore Sumatra (this study).

The depositional environment of the early Nicobar Fan contrasts with present day suboxic conditions that devel-
oped ~2 Ma, following rerouting of sediment away from the Nicobar Fan depocenter and toward the Bengal fan.
During the later stages of Nicobar Fan deposition (from ~5 to 2 Ma), carbon and strontium isotope data reveals
that only a small amount of authigenic carbonate resulted from weathering of the detrital silicate. Rather, based
on the observed uptake of dissolved K and Mg, we suggest that MSiW in these sediments result, at least in part,
in formation of authigenic clays possibly driven by silica supplied from biogenic opal and ash dissolution in
most recent pelagic sediments. In these younger deposits, carbon and strontium isotope data in the recovered
carbonates show that only a small fraction of the alkalinity and cations generated by MSiW is sequestered as
carbonate minerals.

In contrast, during early deposition of Bengal-Nicobar Fan offshore Sumatra (~9 Ma), MSiW coincided with
large Ca flux from underlying oceanic crust, that supported authigenic carbonate formation. Our data reveal that
the delivery of reactive detrital silicate minerals and organic material at the onset of fan deposition, led to CO,
generation by methanogenesis. These conditions promoted in situ subsurface weathering of the silicate miner-
als, which generated the alkalinity and cations that supported the precipitation of carbonate minerals. Carbon
isotopes of these carbonates point to a vigorous carbon cycling environment with significant AOM fueled by
methane generation during early fan deposition reflected in the low 8'*C value of these carbonates. Strontium
isotope data clearly show the contribution of detrital silicates to the cation pool available for the formation
of authigenic carbonates enriched in Sr and in Fe, Mn (manganoan siderite and calcite). Petrographic data
documenting the occurrence of carbonate-replaced grains solely within the concretions, rules out derivation of
replacement via inheritance from older sediments and supports a linkage of silicate dissolution and carbonate
precipitation via reaction in Equation 1. As mentioned in the introduction, large impact of diagenesis on both
petrographic (McBride, 1987; Milliken, 1988, 1989, 2007; Milliken & Mack, 1990) and geochemical (Milliken
et al., 1994; Wilkinson & Haszeldine, 1996) provenance indicators, including the preferential destruction of
feldspars via carbonate replacement within concretions, is widely documented in deeply buried sediments. This
broader context is fully consistent with the notion that post-depositional MSiW plays a key role in the formation
of the concretions recovered in the deeper sediment of the incoming package to the Sumatra subduction zone.

Additional information from the petrographic data is useful in inferring timing and controls on carbonate precipi-
tation, as well as the effect of these cements on the physical properties of the sediment as they enter the subduction
zone. The localization of nucleation of authigenic carbonates whether in concretions, at the grain scale in micas,
as overgrowths on detrital dolomite, or as grain replacements, suggests strong kinetic limitations on precipitation.
For example, the authigenic siderite nucleated as overgrowths on detrital dolomite (Figure 8), follows a style of
kinetically-limited heterogeneous nucleation that is similar to that of authigenic quartz in sandstones (Walder-
haug, 1996). Such kinetic limitations are consistent with the low-temperatures of carbonate formation and suggest
a potential for carbonate supersaturation at the time of precipitation. These conditions are likely to have been
present at the onset of fan deposition, as the underlying hemipelagic to pelagic sediment experienced a significant
supply of dissolved calcium from alteration of oceanic basement, which even at present reaches concentrations
that are ten-fold of seawater values.

The IGV data provide insights on the potential porosity changes associated with carbonate cementation and their
associated grain replacements through a direct measure of the compactional state of sediment. The high IGVs of
siderite-cemented samples (>45%) are suggestive of displacive cementation, very near the sediment-water inter-
face during early methanogenesis, whereas the calcite concretions have IGV values consistent with the current or
somewhat shallower burial depths according to previously documented depth trends for IGV in sand (McBride
et al., 1991; Paxton et al., 2002). Again, these IGV results are consistent the idea that carbonate precipitation
occurred in the early fan under the influence of elements released into the pore fluids from both the fan sediments
and the underlying basement succession.
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With regards to the role that MSiW plays on the global carbon budget, it is clear that during methane-rich condi-
tions that prevailed at the onset of Nicobar Fan deposition, alteration of the reactive detrital silicates resulted in
carbon sequestration as authigenic carbonate (net CO, uptake), most likely in the form of early siderite cement
followed by calcite as the rapid sedimentation buried the original deposits to current depths. In contrast, we lack a
quantification of the clay and carbonate sink terms during the late Nicobar Fan deposition. Whereas the available
fluid composition data suggest formation of authigenic clays with minor carbonate, it is not possible to determine
whether MSiW of the most recent fan deposits acted as a source or sink of CO,.

Data Availability Statement

Data used in this manuscript is available in Milliken et al., 2022 as well as in published cited literature and/or
published in the IODP data bases https://zenodo.org/record/3755103#.Y cJXiKClaHs. Shipboard data of JOIDES
Resolution are available from the IODP database (http://iodp.tamu.edu/database/).
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