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The deposition of volcanic ash into the ocean initiates a range of chemical and biological reactions. During
diagenesis, these reactions may enhance the preservation of organic carbon (OC) in marine sediments, which
ultimately promotes CO; sequestration from the ocean-atmosphere system. However, this interpretation is reliant
on a small number of studies that make a link between tephra and OC burial. Here, we compare organic and
inorganic geochemical data from tephra-bearing marine sediments from three sites that differ widely in their
location, age, and composition. We show that OC is buried in, and proximal to, tephra layers, in proportions
higher than would be expected via simple admixture of surrounding sediment. Our data indicate that this OC is
preserved primarily through interactions with reactive iron phases, which act to physically protect the carbon
from oxidation. Analysis of the composition of the OC associated with reactive iron indicates it is isotopically
(consistently more negative 5'3C than sediment) and chemically (comprised of compounds not found in the
sediment) distinct from OC in the background sediments. We interpret this signal as indicating a microbial source
of OC, with autochthonous OC production resulting from autotrophic microbial exploitation of nutrients supplied
from tephra. This finding has implications for our understanding of carbon cycling on Earth, and possibly for the
emergence of life in terrestrial and perhaps even extra-terrestrial environments.

1. Introduction that is stable for millions of years (Longman et al., 2021a).
Evidence that combines records of ash deposition and climatic
change suggests that during periods in Earth’s history characterized by

intense and sustained ashfall, such as the late Ordovician and Cretaceous

Addition of volcanic ash to marine sediments enhances organic
carbon (OC) burial rates via a variety of mechanisms (Longman et al.,

2019). The input of fresh tephra to the oceans may stimulate primary
productivity (Langmann et al., 2010; Olgun et al., 2011), enhancing the
export of OC from the upper ocean via the ballasting effect of ash
(Pabortsava et al., 2017). Once tephra reaches the seafloor, consumption
of oxygen via the oxidation of reactive iron (Fegr) phases may prevent
microbial degradation of OC (Hembury et al., 2012; Straub and
Schmincke, 1998). Feg also provides physical protection for OC (Lalonde
et al., 2012), inhibiting its breakdown and remineralisation (Longman
et al., 2021b). In some environments, such as the Sea of Okhotsk and the
Hikurangi Margin, tephra may also supply cations for authigenic car-
bonate formation (Luo et al., 2023; Luo et al., 2020; Torres et al., 2020;
Wallmann et al., 2008), converting available OC into a form of carbon

Periods, enhanced OC burial led to considerable carbon drawdown and
global cooling (Lee et al., 2018; Longman et al., 2021c). Further, it has
been suggested that augmentation of the supply of tephra to the oceans
could represent a viable greenhouse gas removal method today,
leveraging the ability of tephra to enhance OC burial (Longman et al.,
2020). However, our understanding of these processes is limited, with
only a small number of studies systematically investigating the record of
OC burial in tephra-containing marine sediments (Inagaki et al., 2003; Li
et al., 2020, 2023; Longman et al., 2021b). In particular, the composi-
tion of OC preserved as a result of tephra deposition is largely unknown,
though preliminary work suggests it is isotopically distinct from OC
preserved in normal marine sediments (Longman et al., 2021b).
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One possibility for this isotopically distinct OC is that tephra depo-
sition acts to support subseafloor microbial communities. Tephra
deposition in the oceans can both stimulate and suppress the activity of
sea-surface microbial, phytoplankton, and zooplankton communities
(Browning et al., 2014; Wall-Palmer et al., 2011; Zhang et al., 2017).
Similarly, once the tephra is deposited on the seafloor, differential re-
sponses of micro- and macro-benthic communities to the arrival of
volcanic material have been recorded (Hess et al., 2001; Hess and Kuhnt,
1996; Li et al., 2020; Song et al., 2014). Genomic studies suggest that
stimulation of autotrophic microbial activity in seafloor tephra layers
likely arises because freshly deposited volcanic material contains reac-
tive metals (particularly iron) that can act as an energy source of metal-
related metabolic pathways (Li et al., 2020). While active seafloor bio-
logical communities influenced by tephra have been studied, the bio-
markers of microbial activity in tephra layers have received less
attention (Li et al., 2023). This lack of biomarker study is understand-
able because studies of biomarkers in older sediments are largely con-
cerned with reconstructing paleo-environmental conditions, and tephra
layers are largely viewed as an inert component useful only as datable
horizons (cf. Lowe, 2011). However, this lack of research is potentially
consequential because the large eruptive flux of tephra from subaerial
explosive eruptions (~10'2 kg yr—1; Pyle, 1995) means that tephra is a
near ubiquitous component of marine sediments (Lowe, 2011). In
addition, both the redox state and presence of reactive Fe phases in sub-
seafloor tephra enhance the preservation of organic carbon within
tephra layers (Hembury et al., 2012; Homoky et al., 2011; Longman
et al., 2019). Hence, tephra layers may contain a record of the presence
of current and past episodes of microbial activity that may not be pre-
served in non-tephra bearing sediments.

Here, we report the results of a study of the organic carbon isolated
from tephra layers collected from three marine volcanogenic-rich sedi-
mentary environments, as well as background sediment compositions
(biogenic siliceous ooze, hemipelagic calcareous and terrigenous
mudrock). These sites, from offshore Montserrat, the Bering Sea, and the
North Atlantic Ocean, span a range of ages from the Eocene to the
present day. We apply a range of conventional geochemical tools to
investigate the organic carbon associated with these layers. This
approach allows us to rigorously investigate the types of OC preserved in
tephra-rich sediments. By analysing sediments from a range of sites, and
a range of tephra styles, we can identify differences in sedimentary
diagenetic reactions relating to changes in these variables.

2. Materials and methods
2.1. Study sites

Sediments from Hole U1339D of IODP Expedition 323 (54°31.26'N,
169°44.35'W, 200 m below sea level (mbsl)), on the Umnak Plateau in
the Bering Sea largely comprise two lithological endmembers: biogenic
diatom-rich sediment and a volcanogenic component. The volcanogenic
material is sourced from various volcanic eruptions along the Aleutian
arc and constitutes ~4-40% of the sediment (Takahashi et al., 2011;
Vaughn and Caissie, 2017). Sediments at Hole U1396C of IODP Expe-
dition 340 (16°30.49'N, 62°27.10'W; 801 mbsl) are dominated by
background biogenic carbonate punctuated by intermittent deposition
of volcanic material derived largely from the volcanically active island
of Montserrat (Le Friant et al., 2013). Samples were also taken from
DSDP Holes 553 A and 555 in the Rockall Plateau of the northeast
Atlantic (DSDP leg 81, 56°05.32'N; 23°20.61'W; 1659 mbsl, and
56°33.70'N; 20°46.93'W; 2329 mbsl, respectively). These cores consist
dominantly of early-Eocene mud rocks with extensive tephra deposits
(Backman et al., 1984; Roberts et al., 1984).

Sampling followed the same protocols at each site. After visual
identification of cores, subsampling of both tephra layers and sediment
was undertaken. The surface of the split-core sections was removed, and
care was taken to ensure that only the centre of the tephra layers was
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sampled to avoid contamination from the adjacent sediments. For Hole
U1339D, samples were selected around tephra layers in the uppermost
200 m of the core; the lowermost samples were approximately 750 kyr
old (Takahashi et al., 2011). For Hole U1396C, samples were taken from
the uppermost 140 m of the core, with the aim of sampling both tephra
and sediment, with the oldest samples formed ca. 4 Myr ago (Palmer
et al., 2016; Wall-Palmer et al., 2014). For Hole 553 A samples were
selected from sections 36R1 to 36R3, between 483.5 and 487.7 mbsf. A
range of samples from Hole 555 were analyzed; from 561 to 939 mbsf.
For both Holes 553 A and 555, samples are of late Paleocene to early
Eocene age (c. 60-50 Ma) (Backman et al., 1984).

2.2. Carbon concentrations

For Hole U1396C, 339 samples (164 sediments and 175 tephra) were
analyzed for total carbon (TC), organic carbon (OC) and inorganic car-
bon (IC) contents. The tephra samples were prepared and analyzed at
the University of Plymouth, where they were freeze dried and powdered
prior to de-carbonation by treatment with excess hydrochloric acid
(10%, v/v) until any visible sign of reaction had ceased. Samples were
then freeze dried again and placed into an elemental analyser, where
they were combusted in an inert atmosphere. A calibration standard (L-
cysteine) and certified reference material (CRM: PACS-1 sediment) were
used to monitor analytical precision (< 0.3% variability). Background
sediment samples from Hole U1396C were analyzed at Oregon State
University, with 20-30 mg of each sample weighed into silver boats and
exposed to hydrochloric acid vapor to remove all inorganic carbon prior
to combustion analysis (Goni et al., 2003). Precision was estimated via
triplicate analysis of a selection of samples, with precision between
0.002 and 0.01 wt%, and with all standard deviations <5% of mean
value. Data are reported as weight percent carbon and CaCO3; was
calculated as the difference between TC and TOC.

For Hole U1339D, 379 samples (281 sediments and 98 tephra) were
analyzed. For Hole 553 A and Hole 555, a total of 153 samples were
analyzed (122 sediments and 31 tephra). For Holes U1339D, 553 A and
555, OC measurements were carried out on a Vario PYRO cube Element
Analyser (EA) coupled to a vision isotope ratio mass spectrometer
(IRMS) at the University of Southampton. Approximately 20 mg of
homogenised sample was acidified in perchloric acid to remove any
carbonate prior to multiple rinses with Milli-Q water. EA quality control
was performed via repeated measurements of High Organic Sediment
Standard (HOSS; Element Microanalysis Ltd.), and acetanilide, with a
precision of £0.07 wt% and + 0.1 wt%, respectively. Inorganic carbon
(IC) analysis was completed via coulometry of evolved CO after
perchloric acid addition. Calibration was performed using a pure car-
bonate standard (CAS #471-34-1), and quality control was completed
via analysis of an in-house stream sediment standard at the University of
Southampton.

2.3. Stable Carbon isotopes

Bulk sediment carbon isotope (IC + OC) signatures (SIBCBulk) were
measured on CO5 evolved from EA combustion for Holes U1339D, 553 A
and 555, and calibrated to USGS 40 and USGS 41a, with a reproduc-
ibility of +0.02 %o, and + 0.09 %o, respectively. Repeat analyses of HOSS
(n = 11), and acetanilide (n = 8) were used for quality control, with
precisions of +0.04 %o and + 0.05 %o, respectively.

2.4. Total organic extract analysis

Lipid extraction was conducted on 56 samples from U1396 (48
sediment, 8 tephra) and 18 from Hole 553 A (15 sediment and 3 tephra)
using a modified Bligh and Dyer method (White et al., 1979), with both
tephra and sediment samples treated in the same manner. Samples were
first freeze dried and crushed using and agate pestle and mortar. Sam-
ples were extracted using dichloromethane/methanol/phosphate buffer
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(DCM/MeOH/phosphate buffer; 5 x 3.8 mL; 1:2:0.8, v/v/v), after which
the ratio of the DCM/MeOH/phosphate buffer mixture was modified
(1:1:0.8, v/v/v), allowing collection of the organic phase. All extractions
were completed in glassware combusted at 400 °C in an inert atmo-
sphere (Pasteur pipettes and vials) to ensure no contamination, with
method blanks also completed (see Supplementary Fig. 1 for an example
of a blank GC/MS total ion chromatogram). To ensure no plastic
contamination impacted our interpretation, we also extracted and
analyzed plastic bags, scoops and core liners in the same manner as the
samples, shown in GC/MS total ion chromatograms in Supplementary
Fig. 2. The organic extract was washed with deionized water and dried
with anhydrous sodium sulfate. Residual solvent was removed under a
Nj stream at 40 °C to obtain the total organic extract (TOE). TOEs were
rested and re-weighed to obtain TOE masses. TOEs were then made up to
1 mg mL! and a subsample taken and derivatised (BSTFA +1% TMCS;
99:1; 70 °C, 1 h, heater block) for analysis using high temperature gas
chromatography - flame ionization detection (HTGC-FID) and gas
chromatography — mass spectrometry (GC-MS; (Sutton and Rowland,
2012).

All trimethylsilylated TOEs were analyzed using HTGC-FID to screen
samples prior to GC-MS analysis. HTGC-FID was conducted using an
Agilent 6890 gas chromatograph fitted with an autosampler (0.5 pL
injection into cool-on-column inlet in track oven mode, +3 °C), a V{-5ht
Ultimetal column (15 m x 0.25 mm x 0.10 pm; Agilent Technologies UK
Ltd., Cheshire, UK) with helium carrier gas (constant flow mode, 1 mL
min~1), an FID at 435 °C and the GC oven programmed from 40 to
430 °C at 15 °C min~}, 10 min hold. GC-MS was conducted using an
Agilent 7890 A gas chromatograph coupled to an Agilent 5975C quad-
rupole triple axis mass spectrometer, operating in electron impact mode
(EI; 70 eV) and scanning mass range m/z 50-900. The gas chromato-
graph was fitted with a HP-5MS capillary column (30 m x 0.25 mm x
0.25 pm; Agilent Technologies UK Ltd., Cheshire, UK) suitable for
analysis of apolar samples. Samples were injected (1 pL) in splitless
mode (300 °C) with helium carrier gas (constant flow, 1 mL min~1) and
the GC oven programmed from 40 to 300 °C at 10 °C min ' with a 10
min hold. The transfer line was maintained at 280 °C and the ion source
at 230 °C. The n-ethyl-4-benzenesulphonamide was identified by com-
parison of mass spectra of unknowns with that of authentic n-ethyl-4-
benzenesulphonamide (Sigma Aldrich 415,367) and was further iden-
tified using data in the NIST Mass Spectral Database (NIST 08 MS library
and MS search program v2.0f) and by GC retention time comparisons.

2.5. Reactive oxide analysis

A total of 37 samples from Holes 553 A and 555 were analyzed for
total reactive iron (FeR) content and compared with previously pub-
lished data from Hole U1339D (Longman et al., 2021b). For this, we
used the sodium dithionite extraction process of Kostka and Luther
(1994) which, despite several potential drawbacks, including incom-
plete removal of all oxides (Fisher et al., 2020; Longman et al., 2022), is
the most widely utilised approach. Briefly, 0.1 g of freeze-dried sediment
was leached in 4 mL of a 0.35 M sodium acetate, 0.2 M sodium citrate
solution. To this, 0.1 M sodium dithionite was added, before mixing and
heating to 60 °C in a water bath. The tube was shaken every 5 min, and
after 15 min, centrifuged, and the supernatant decanted. HCI (200 pL)
was added to prevent Fe(IIl) precipitation. The remaining sediment was
then rinsed with deionized water and then freeze-dried. The acidified
supernatant was analyzed on a Thermo X-Series ICP-MS instrument at
the University of Southampton. Alongside the samples, Chilean Margin
sediment (RR9702A-42MC, see Roy et al., 2013) was extracted and
analyzed. Feg content of this standard was 10,300 + 400 ppm, similar to
previous measured values of 10,800 + 800 ppm (Roy et al., 2013), 9300
+ 200 ppm (Murray et al., 2016) and 10,475 £ 125 (Longman et al.,
2021b).

To investigate the composition of the carbon associated with the Feg
phases, the approach of Lalonde et al. (2012) was used. This analysis
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compares the OC content and 5!3C composition of the sediment before
and after extraction, following the methods outlined in sections 2.2 and
2.3. The amount of OC lost during the extraction (hereafter fOC-Feg) is
calculated using the following equation:

OC = Fe_oceum

bulk

Where OCeytract is the OC content after extraction and OCpyy is the
content before. The isotopic composition of the extracted OC is calcu-
lated using the following equation:

13 13
) Cbulk X chulk -8 CF('—OC—('.W'(LCI X OCL’X"‘H(‘I

53 Creoc =
femoc OCpuk — OCoupacr

where §'3Cpy is the §'3C of OC before the dithionite experiment and
613CFe,oc,extract is the 8'3C of OC after the dithionite extraction.

3. Results and discussion
3.1. Is OC preserved with tephra in the marine sediments?

All tephra layers analyzed in this study contained OC (Fig. 1), with
tephra layers at U1396C containing an average of 0.13 + 0.08 wt%,
U1339D 0.55 + 1.19 wt% and 553 A/555 containing 0.49 + 0.51 wt%
OC (all 11 + SD) (Supplementary Data 1). Freshly created tephra
erupted from the volcano is devoid of OC, hence, the OC within tephra
layers is either (a) allochthonous due to physical admixture between
adjacent OC-free tephra and OC-bearing biogenic sediments, or (b) the
scavenging of OC to settling tephra particles in the water column or (c) is
autochthonous and related to microbial generation of OC in situ.

The samples were taken from the interior of the tephra layers beyond
the visually identifiable zone of bioturbation, if indeed such zones were
present at all. Considerable care was also taken during sampling of the
cores to avoid cross-contamination during handling. The greatest rela-
tive difference between the average OC concentration of the tephra
layers (0.5 wt%) and that of the background sediment (1.1 wt%) occurs
at site U1339D. Thus, background sediments would have to comprise
>50% of the tephra layers at this site to generate the observed levels of
OC if they were solely derived from mixing in of background sediment.
At the Montserrat and North Atlantic sites, the relative contribution of
background sediments would have to be considerably higher than 50%,
and we have no evidence to support such a process. It is possible for
airfall tephra to be distinguished from reworked tephra and so where
possible we complete a visual assessment of this (Hopkins et al., 2020),
confirming the majority of tephras indeed have characteristics of pri-
mary airfall. For the tephras from Site U1339, this assessment has been
done in previous work, indicating the colour and contacts (sharp basal,
gradational upper) are representative of airfall tephra (Longman et al.,
2021b, Supplementary Fig. 3). For Site U1396C, we selected a sample of
the studied tephras and in all cases identify similar features (Supple-
mentary Fig. 4). We performed a similar assessment on the Site 553 A
tephras, and find it also appears to be airfall-derived, with little evidence
of reworking (Supplementary Fig. 5).

Another alternative is scavenging of OC on sinking tephra particles,
although little is known about the scale of this process, and so we assume
it is not as significant as local production. We would assume that OC
scavenged to tephra particles has a carbon isotopic composition close to
particulate organic carbon (around —22%o; (Peterson and Fry, 1987). As
all tephra layers other than a small number at U1339 have §13C values
> — 24%o (Fig. 2), we believe scavenging is not a major source of OC to
these environments. We therefore suggest most of the OC preserved in
the tephra layers is autochthonous and derived from in situ microbial
activity, but with the caveat that OC scavenged by sinking tephra grains
is also a potential source.
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Fig. 1. Organic carbon content in tephra and sediments from study sites. (a) Global map indicating location of three study sites 1) U1339D Bering Sea, 2) U1396C
Montserrat and 3) 553 A North Atlantic. Also indicated are locations of volcanoes, and regions of the ocean in which tephra deposition is likely. Figure adapted from
(Longman et al., 2020). (b-d) Box and whisker diagrams of data. (b) Bering Sea (U1339D), (c) offshore Montserrat (U1396C), (d) North Atlantic (553 A and 555).
Boxes are defined between the first and third quartile (interquartile range; IQR), with minimum and maximum whiskers representative of 1.5 times the IQR, and with

outliers (>1.5 times IQR) removed.

3.2. What mechanisms lead to this OC preservation?

The retention of OC in tephra-rich sediments is likely a feature of the
geochemical composition of the tephra. The two main mechanisms by
which tephra can enhance OC preservation in marine sediments are by
reducing OC exposure to dissolved O5 in porewaters and by formation of
OC-reactive metal complexes (Longman et al., 2019). Porewater profiles
of dissolved Mn and Fe at Site U1396 suggest that low to zero oxygen
conditions prevail throughout most of the ~130 m length of the core
(Longman et al., 2023; Murray et al., 2018). SEM images reveal the
presence of framboidal pyrite within vesicles in glass fragments of a
tephra layer (Fig. 3). This observation requires the existence of anoxic
microenvironments within the tephra layer because porewater dissolved
SO3~ concentrations are close to oxic open ocean levels throughout the
depth of Site U1396 (Murray et al., 2018), and pyrite was not observed
in any background sediment samples. The anoxic conditions required to
form the pyrite likely arose because of oxidation of silicate bound Fe' in
the tephra by a coupled electron transfer reaction (Hembury et al.,
2012). The tephra layer illustrated in Fig. 3 is from a sub-seafloor depth
of ~80 m (corresponding to an age of 2.36 Ma (Fraass et al., 2017;
Palmer et al., 2016), and pyrite framboids are commonly well-preserved
in the geologic record (Wilkin et al., 1996); hence they could have
formed at any point since tephra deposition.

Globally, ~20% of marine OC is preserved via complexation with
reactive iron (Feg) phases (Barber et al., 2017; Lalonde et al., 2012;
Longman et al., 2022). Within the Bering Sea samples analyzed here, the
fraction of OC associated with reactive Fe (fOC—Feg) in the background
sediment (average 31 + 15%, 1SD, n = 23) is similar to the global
average, but within the tephra layers, fOC-Feg increases to an average of

79 + 13% (1SD, n = 14; Longman et al., 2021b). Similar trends are
observed in Holes 553 A and 555, where fOC-Feg values are on average
63 + 15% (1 SD, n = 7) for tephra, and 30 + 6% (1 SD, n = 23) for
background sediment (Supplementary Data 2, Fig. 2). These results
indicate that even in layers that do not consist purely of tephra, fOC-Fe
values are higher than 20%. This observation suggests that dispersed
ash, proposed to comprise a volumetrically greater amount of ash in
marine sediments than discrete layers in the Pacific Ocean (Scudder
et al., 2016; Scudder et al., 2014) and in the Caribbean (Longman et al.,
2023) may also provide FeR to protect OC.

By comparison, the highest fOC-Fer observed in marine sediments
elsewhere is ~40% on the deltaic Washington coast of North America
and ~ 30% in sediments underlying the equatorial Pacific upwelling
zone (Lalonde et al., 2012), although occasional outliers may be higher
than these averages. Even in soils, fOC-Feg values are generally not
above 30% (Chen et al., 2020; Longman et al., 2022; Zhao et al., 2016),
demonstrating the uniqueness of tephra-rich sediments in this respect.
The increased Feg-OC complexation within the tephra layers may be
linked to the high proportion of Fell within tephra deposits (Homoky
et al., 2011), which stabilises OC via inner-sphere complexation (Barber
et al., 2017).

The oldest sediments analyzed from U1339D are in section 21H4 and
were deposited between 700 and 745 kyr ago (Takahashi et al., 2011),
whilst those at Hole 553 A are likely ~56 million years old (Backman,
1984; Longman et al., 2021a). These data thus document the oldest
known example of a strong linkage between OC and FeR, and are an
order of magnitude older than those reported previously (Faust et al.,
2021; Longman et al., 2021b). Thus, FeR-OC coupling may serve as a
mechanism for the long-term burial of OC, potentially providing the
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Fig. 2. Bulk carbon isotope composition and proportion of organic carbon associated with reactive iron of samples. (a) Carbon isotope data from the Bering Sea
(U1339D) and (b) the North Atlantic (Holes 553 A and 555). (c) the fraction of organic carbon associated with reactive iron (fOC-FeR) for the Bering Sea and North
Atlantic (d). The TOE/TOC ratio is presented for the Bering Sea (e) and Montserrat (f). Boxes are defined between the first and third quartile (interquartile range;
IQR), with minimum and maximum whiskers representative of 1.5 times the IQR, and with outliers (>1.5 times IQR) removed.

means by which otherwise labile OC may be preserved in marine sedi-
ments (Hemingway et al., 2019).

3.3. What kind of OC is being preserved in tephra layers?

The data presented above clearly suggest that a significant propor-
tion of the OC found within and adjacent to tephra layers is preserved as
a direct result of deposition of the tephra. However, the composition and
source of this OC remains unclear. Nevertheless, the data indicate that
the tephra-associated OC is different in composition from OC in non-
tephra bearing sediments. In Montserrat, extractable organic carbon
efficiencies (as measured by total organic extract/total OC (TOE/TOC;
Supplementary Data 3) are higher for the tephra-rich sediments (<10 wt
% CaCOs, TOE/TOC = 0.80 + 0.17%; 1SD; n = 18) than for the tephra-
poor sediments (>10 wt% CaCO3, TOE/TOC = 0.23 + 0.02%; 1SD; n =
45). In the Bering Sea, tephra samples show similarly high TOE/TOC
ratios (TOE/TOC = 1.53 + 0.32%; 1SD; n = 23) compared to the sedi-
ments (TOE/TOC = 0.39 £ 0.02%; 1SD; n = 45). These data indicate
that the OC within the tephra-rich sediments in both locations is more
labile (lipid-rich and extractable into organic solvent, TOE) than OC in
the background hemipelagic sediments.

Bulk carbon isotope analyses of the OC also reveal differences be-
tween the tephras and sediments, with a shift toward more negative §'3C

values for tephra-hosted OC in samples from both the Bering Sea and the
North Atlantic (Fig. 2). In the Bering Sea, the tephras are depleted in '3C
(613C = —25.7 + 0.3 %o; 1SE, n = 14) compared to background sedi-
ments (5'3C = —23.8 + 0.1 %o; 1SE, n = 23). A smaller offset in 5'3C
values is seen in the North Atlantic data (Supplementary Data 2), with
only slightly more negative 5'3C values for the tephras (5'°C = —27.8 +
0.1 %o; 1SE, n = 31) than the sediments (§'3C = —27.2 + 0.03 %o; 1SE, n
= 88), but the difference between the tephra and sediment 5'3C values is
smaller than that observed in the Bering Sea samples. In these cores, a
greater overall depletion of the §'3C signature may result from microbial
decomposition and diagenetic turnover; processes that can affect the
carbon isotopic mixture over thousands to millions of years (Blumen-
berg et al., 2015; Shah Walter et al., 2018). As with the bulk 613C, the
carbon isotope composition of OC associated with reactive Fe (6'3Cre.00)
of the tephra layers in the Bering Sea is also consistently, although not
statistically significantly, more negative than in the sediments, with an
average of —25.4 + 1 %o (1SE, n = 22) in tephra and — 23.9 + 1 %o (1SE,
n = 44) in sediments (Longman et al., 2021b).

There are no major rivers feeding the sampling locations (Fig. 1), so
terrestrial contributions of OC are unlikely at any of the locations. The
typical carbon isotopic signature of marine OC is usually on the order of
about —22%o (Peterson and Fry, 1987). Hence the tephra layers contain
13C depleted OC (Fig. 2). Variations in the levels of remineralization are
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Fig. 3. GC-MS total ion chromatograms of total organic extracts of sub-core 6H2 from Montserrat (U1396C). Circles on the core photograph indicate the sample
locations for tephra-rich (<10% CaCO3) and background sediments (>10% CaCO3). Total ion chromatograms are scaled to the maximum peak height in each case for
comparison and are typical of all those tephra-rich and background sediments examined throughout U1396C (sediment n = 53, visible tephra n = 10). Peak
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dihydroxypropyl octadecenoate.
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unlikely to have modified the isotopic composition of the organic matter
of the sediment (Hedges et al., 1999). Fatty acids could represent such a
source, as lipid compounds are depleted in 13C relative to bulk sediment
biomass, with microbial fatty acid 8'3C values ranging from —30 to —45
%o, depending on the carbon source (Gong and Hollander, 1997; Hayes,
2001).

GC-MS analyses of lipid extracts from the Montserrat samples reveal
that the lipid composition of the hemipelagic sediments containing no
visible tephra (n = 53) is typical of such sediments (i.e., they exhibit a
homologous series of alkanes, acids, alcohols and mono- and di-
glycerides). In contrast, the horizons containing visible tephra (n = 10)
consistently display markedly different compositions, as revealed in the
GC-MS total ion chromatograms (Fig. 3). Chromatograms from the
Montserrat tephra samples are dominated by a small number of com-
pounds, notably a pair of benzenosulfonamides, the fatty acid amides
hexadecanimide and 13-docosenamide, and 2,3-dihydroxypropyl octa-
decenoate (the peak identification protocol is described in the Methods
section), compounds that are either not detectable at all or are present in
very low relative concentrations in background sediments (Fig. 3, Sup-
plementary Data 4).

Benzenosulfonamides are widely used as plasticisers (Strong et al.,
1991) and the IODP and ODP cores are collected and stored in plastic
liners. Hence, such a source must be considered when evaluating the
presence of these compounds in the tephra layers. GC-MS analyses were
undertaken of all the plastic material that could potentially have
encountered the samples (Supplementary Fig. 2): no benzenosulfona-
mides were identified in any of these materials. Further, the sediment
samples were prepared in the same manner as the tephra samples, but
critically, benzenosulfonamides were not identified in any of the sedi-
ments. Hence, while we cannot definitively dispel the notion of an
anthropogenic origin for these compounds, we find no evidence to
support any other conclusion than that they were produced in situ in the
tephra.

Hexadecanimide, 13-docosemanide (although also used as a slip
additive in plastic oil production) and 2,3-dihydroxypropyl octadece-
noate have all previously been identified as bacterial metabolites (Micic¢
et al., 2011; Scherf and Rullkotter, 2009), and hexadecanimide is a
ubiquitous secondary metabolite in microbial communities (Scherf and
Rullkotter, 2009). Hence, the presence of these compounds within the
tephra layer is compatible with an autochthonous origin for the OC. In
contrast, the evidence for a primary marine biogenic origin of the sul-
fonamides is less clear. The only reported natural product sulfonamide
from the marine environment is from the sponge Pseudoceratina purpurea
(Mujumdar et al., 2016; Mujumdar and Poulsen, 2015). However, lab-
oratory studies have identified the production of sulfonamides from
Streptomyces species (Baunach et al., 2015; Hu et al., 2019). Streptomyces
are amongst the most widespread strains of bacteria within the marine
environment and are known to produce a wide range of complex het-
erocyclic natural products (Dharmaraj, 2010). Unfortunately, none of
the samples considered in this study were collected under conditions
that permitted analyses of their microbiological communities. The pos-
sibility that sulfonamides are produced within the tephra layers by mi-
crobial activity, is worthy of further investigation.

Support for the presence of microbial communities within the tephra
layers comes from studies that found that the addition of tephra to
surface seawater stimulated the growth of autotrophic and heterotro-
phic microorganisms (Zhang et al., 2017). A new bacterial genus and
species (Thiolava veneris) was discovered around the summit of the Ca-
nary Archipelago, and this organism used the volcanic substrate as an
energy source (Danovaro et al., 2017). Distinct microbial communities
have also been recorded in tephra deposits at the sediment-water
interface from a subglacial volcanic caldera in Iceland (Gaidos et al.,
2004), in ~100 kyr marine sediments NE of Japan (Inagaki et al., 2003),
and in marine tephra deposits close to the sediment-water interface from
the Yap trench in the western Pacific Ocean (Li et al., 2020). In addition,
it has long been recognised that Fe-oxidising bacteria inhabit the glassy
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margins of ocean floor basalts (Furnes et al., 2002; Thorseth et al.,
2001). Further, laboratory evidence indicates the formation of cyano-
bacterial mats colonising bare tephra surfaces within 2 months of
deposition (Fiantis et al., 2016).

In summary, the differences between the 8'3C of the tephra and
sediment OC (both reactive-Fe bound and bulk) in the Bering Sea and in
the North Atlantic suggests that a different type of OC is present in the
tephra, and that this difference is preserved in deeply buried sediments.
This conclusion is supported by the organic geochemistry, which dem-
onstrates a clear difference in the nature of the OC preserved in tephra
layers compared to that present in the background marine sediments.
Thus, there are active microbial communities in tephra layers buried
over 100 m below the seafloor, and that have been isolated from direct
seawater contact for over 4 Myr (and even 56 Myr in the case of the
North Atlantic tephra). Alternatively, the tephra provides an environ-
ment that leads to enhanced preservation of labile organic compounds.
Water-tephra interactions have occurred on Earth throughout its history
and have been documented on Mars within the last 10 million years
(Cousins and Crawford, 2011). If the OC found in the tephra layers do
represent markers for microbial activity, this observation suggests that
areas of water-volcano interaction represent a potential site for discov-
ering evidence of current or past microbial activity on Mars, hence these
areas could be fruitful targets in the search for Martian evidence of
lifeforms in future expeditions.

4. Conclusions

Tephra layers buried to depths of up to ~130 m below seafloor,
within marine sediments and spanning ages of up to ~56 Ma, exhibit
significantly higher concentrations of organic carbon (OC) than would
be expected from simple admixture with surrounding background sed-
iments. The §'3C and molecular composition of OC within the tephra
layers are also distinct from the surrounding sediments. These obser-
vations are most compatible with in situ production of OC within the
tephra by a distinct microbiological community. Preservation of OC
within the tephra layers is enhanced by the generation of anoxic mi-
croenvironments, and by complexation of the OC by reactive Fe gener-
ated by the tephra. These observations suggest that ancient tephra layers
may be valuable archives of microbial activity.
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All data are uploaded as supplementary data sets.
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