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GEOCHEMICAL CONTROLS ON THE DISTRIBUTION AND COMPOSITION OF
BIOGENIC AND SEDIMENTARY CARBON

By

Emily Racz Estes

ABSTRACT

Organic carbon (OC) preserved in marine sediments acts as a reduced carbon sink that balances
the global carbon cycle. Understanding the biogeochemical mechanisms underpinning the
balance between OC preservation and degradation is thus critical both to quantifying this carbon
reservoir and to estimating the extent of life in the deep subsurface biosphere. This work utilizes
bulk and spatially-resolved X-ray absorption spectroscopy to characterize the OC content and
composition of various environmental systems in order to identify the role of minerals and
surrounding geochemistry in organic carbon preservation in sediments. Biogenic manganese
(Mn) oxides formed either in pure cultures of Mn-oxidizing microorganisms, in incubations of
brackish estuarine waters, or as ferromanganese deposits in karstic cave systems rapidly
associate with OC following precipitation. This association is stable despite Mn oxide structural
ripening, suggesting that mineral-associated OC could persist during early diagenetic reactions.
OC associated with bacteriogenic Mn oxides is primarily proteinaceous, including intact proteins
involved in Mn oxidation and likely oxide nucleation and aggregation. Pelagic sediments from
16 sites underlying the South Pacific and North Atlantic gyres and spanning a gradient of
sediment age and redox state were analyzed in order to contrast the roles of oxygen exposure,
OC recalcitrance, and mineral-based protection of OC as preservation mechanisms. OC and
nitrogen concentrations measured at these sites are among the lowest globally (<0.1%) and, to a
first order, scale with sediment oxygenation. In the deep subsurface, however, molecular
recalcitrance becomes more important than oxygen exposure time in protecting OC against
remineralization. Deep OC consists of primarily amide and carboxylic carbon in a scaffolding of
aliphatic and O-alky] moieties, corroborating the extremely low C/N values observed. These
findings suggest that microbes in oxic pelagic sediments are carbon-limited and may
preferentially remove carbon relative to nitrogen from the organic matter pool. As a whole, this
work documents how interactions with mineral surfaces and exposure to oxygen generate a
reservoir of OC stabilized in sediments on at least 25-million year time scales.

Thesis supervisor: Colleen Hansel, Associate Scientist with Tenure, WHOI
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Chapter 1: Introduction
1.1 Motivation

Organic carbon (OC) preserved in marine sediments acts as a reduced carbon sink that
balances the global carbon cycle and maintains an oxygenated atmosphere. But with greater than
99.5% of organic matter remineralized during transport and early diagenesis (Hedges spec
synth), a remaining question in our understanding is how even 0.5% survives. Three primary
hypotheses explain the endurance of organic matter: (a) that certain biological molecules are
intrinsically resistant to degradation and/or biotic and abiotic modifications (e.g. polymerization)
to organic matter increase recalcitrance, (b) that electron acceptor limitation in anoxic sediments
protects organic carbon, and (c) that physical or chemical protection via association with mineral
surfaces shields a fraction of otherwise labile organic matter from remineralization (Burdige,
2007). These mechanisms are not mutually exclusive and likely co-occur, but paradigmatically
the predominant mechanism of preservation in a given environment will vary over time, with
biotic exclusion (anoxia and chemical/physical protection) increasing in importance. Figure 1
outlines these predicted mechanisms and timescales. This work explores the prevalence of these
mechanisms in a range of systems, focusing on the balance between OC preservation and
degradation in carbon-poor environments.

The balance has important implications in both directions. Preservation allows OC burial,
a primary flux that transfers carbon from the more rapid surface carbon cycle to the geological
carbon cycle. Perturbations in the size of that flux influence earth’s climate. Conversely, the
quantity and quality of OC determines the extent and limits of life. Understanding how

geochemical parameters such as sediment redox state and lithology may influence OC content,
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composition, and bioavailability is thus vital to predicting where and how organisms may eke out

a living.

1.2 Importance and prevalence of mineral-organic interactions in environmental systems

1.2.1 Mineral-based protection of organic matter and the nature of mineral-organic interactions
Bulk composition studies of sinking POM (Hedges et al., 2001; Brandes et al., 2004) and
oxygen-exposed turbidite deposits (Cowie et al., 1995) demonstrate non-selective preservation,
where the composition remains approximately the same even with decreasing total organic
carbon. This trend led Hedges et al. (2001) to propose that physical protection is the dominant
preservation mechanism, as (a)biotic modifications and chemical protection via adsorption to
mineral surfaces will result in selective preservation of specific biomolecules, while physical
protection promotes non-selective preservation of all compound classes. Observed correlations
between mineral surface area and TOC are a function of clay content (along with oxy-hydroxides
and biominerals) (Ransom et al., 1998), implying that preservation depends on the mineral
assemblage and involve chemical mineral-OM interactions. Kleber et al. (2007) developed a
schematic to describe these interactions in soil systems; an inner layer of molecules forms inner-
sphere complexes with the mineral surfaces, preferentially selecting for carboxyl and amide
groups that bind surface hydroxyls, followed by a mid-layer of hydrophobic compounds, and an
outer layer of organic molecules and metal cations bound together via electrostatic attractions.
Aging and degradation will strip away these layers, leaving only the tightly-sorbed inner layer.
As shown in Figure 1, it is this layer of chemisorbed OC that is predicted to persist on the longest

time scales.
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Chapter 2 examines the early stages of mineral-OC interactions including templation, co-
precipitation, aggregation, and adsorption using the precipitation of biogenic manganese oxides
as a model system. This characterization enhances prediction of the fate of this mineral-hosted
OC on longer timescales. We document the kinetics of mineral-OC interactions, varying sources

of OC and association mechanisms, and the stability of mineral-OC associations.

1.2.2 Relevance of manganese oxides in environmental systems

Iron (Fe) and manganese (Mn) oxides are ubiquitous in the environment and mediate a
range of interaction with organic carbon. They may promote preservation via protection or by
catalyzing polymerization reactions that generate more recalcitrant OC. Conversely, Mn and Fe
oxides are strong oxidants that act as electron acceptors during anaerobic remineralization. At
concentrations of only 3-4 weight % in anaerobic sediments, Mn(IV) can act as the exclusive
electron acceptor, with Fe(I1l) and SO4” reduction predominating elsewhere (Canfield er al.,
1993a). By contrasting Fe and Mn residence times with carbon turnover, Canfield et al. (1993b)
calculated that an individual atom will cycle 100-300 times in this manner, giving metal oxides a
role in remineralization disproportional to their concentration.

While clays have historically been viewed as the primary control on mineral-hosted
carbon (Ransom et al., 1998; Bock & Mayer, 2000; Arnarson & Keil, 2001; Dickens er al., 2006;
Diimig et al., 2012), iron (Fe) oxides have more recently been shown to serve as a substantial
sink for carbon in a wide range of marine and terrestrial environments, and even in systems
where Fe oxides are not considered stable (Kaiser & Guggenberger, 2000; Poulton & Raiswell,
2005; Lalonde et al., 2012; Roy et al., 2013; Picard et al., 2015). Specifically, Fe oxides in

marine sediments host an average of 20% of total organic carbon, levels that are
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disproportionally higher than their abundance (Lalonde et al., 2012). In addition to Fe oxides,
manganese (Mn) oxides have a propensity to be associated with organic carbon (Stone &
Morgan, 1984; Sunda & Kieber, 1994; Roy ef al., 2013; Johnson ef al., 2015) but have been less
extensively studied. Carbon molecules can adsorb to mineral surfaces, serve as templates for
mineral nucleation, and/or co-precipitate with minerals during mineral growth and aggregation
(Mann ef al., 1993; Moreau et al., 2007; Kleber et al., 2015 and references therein). In fact,
Fe(II)- and Mn(II)-oxidizing organisms utilize secreted organic molecules as templates for
mineral growth (Emerson et al., 1989; Chan et al., 2011) such that the association of certain
biomolecule classes with oxide minerals may serve as a signature for biomineralization.
Conversely, metal oxides can serve as strong oxidants of organic matter (Stone &
Morgan, 1984; Sunda & Kieber, 1994). Oxidized Mn species also drive microbially-mediated
litter decomposition in terrestrial systems (Berg et al., 2010; Keiluweit ez al., 2015). In fact, both
preservation and alteration of oxide-hosted carbon may take place, perhaps simultaneously,
within a given deposit. Mn oxide deposits formed in a wastewater treatment facility contained
alternating layers of Mn oxides and physically and chemically protected organic carbon; yet,
evidence for OC degradation in that system pointed to simultaneous Mn oxide-induced carbon
oxidation to low molecular weight OC (Johnson et al., 2015). Thus, these metal oxides appear to
play an outsized role both in the preservation and transformation of OC. Despite this, there
remains a paucity of information on the abundance and composition of carbon associated with
Mn oxides within biogenic precipitates and environmental systems, limiting our understanding of
the underlying mechanisms and the potential role of such minerals as archives of organic
molecules. As such, biogenic Mn oxides were selected as a model system for Chapter 2; not only

do they have environmental relevance, their reactivity is likely to generate an observable
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chemical signature that, once identified, can be used when attempting to track mineral-OC

interactions in environmental samples.

1.3 Content and composition of sedimentary organic matter

1.3.1 Geochemistry and microbiology of pelagic sediments

By volume, about half of global sediments are pelagic (Hay et al., 1988). Typified by
slow sedimentation rates and sparse inputs of organic carbon, these environments nonetheless
sustain active microbial communities (Biddle et al., 2008; Orcutt et al., 2011; Kallmeyer et al.,
2012; Jergensen et al., 2013; Lloyd et al., 2013; Russell et al., 2016) at depths of up to ~2.5 km
below seafloor (Inagaki ef al., 2015) utilizing a range of adaptations to garner energy from the
environment (Lever et al., 2015). Oxygenated sediments comprise 9-37% of the global seafloor
and likewise contain active microbial communities that couple aerobic respiration to oxidation of
organic matter, despite its scarcity in those environments (Archer et al., 2002; D’Hondt ef al.,
2009, 2015; Roy et al., 2012).

Depth profiles of OC concentrations in sediments can be modeled by describing OC as a
single pool that becomes increasingly less reactive with depth (Middelburg, 1989; Boudreau &
Ruddick, 1992; Arndt et al., 2013). A range of mechanisms, however, likely contribute to
decreased reactivity, from recalcitrance to preservation of otherwise more “labile” OC due to
association with mineral surfaces or electron acceptor limitation. Indeed, sediment geochemical
parameters structure the microbial communities present with lithology, redox, and OC all
appearing to play major roles (Parkes et al., 2005; Durbin & Teske, 2011; Picard & Ferdelman,

2011; Jorgensen et al., 2012; Jorgensen et al., 2013). Whether this correlation is due to changes
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in chemical potential, geochemistry-induced shifts in compound bioavailability (e.g. pH or redox
changes liberate adsorbed OC), or other factors remains unknown. Nonetheless, due to these
factors, OC content alone is not a predictor of availability (Durbin & Teske, 2012) or potential

energy yields (LaRowe & Van Cappellen, 2011).

1.3.2 Oxygen exposure, recalcitrant carbon, and the generation of recalcitrant molecules

Oxygen exposure time is a common metric used to explain the concentration and
distribution of organic carbon in sediments, where organic carbon burial is inversely correlated
with time of exposure to molecular oxygen (Cowie et al., 1995; Meyers & Silliman, 1996;
Hartnett et al., 1998; Arnarson & Keil, 2007). The parameter nicely encapsulates other metrics
that have been considered (age, primary productivity, distance from shore, etc.) but studies
targeting this effect have not yet extrapolated results from millennia to the million-year time
scales that organic matter in pelagic sediments experience. Chapter 3 addresses this discrepancy,
characterizing the content and composition of the small fraction of OC persisting in oxygenated
sediments at up to 25 m below seafloor and over ~24 Ma and questioning why the fraction
remaining is not more available to microbial life.

Oxidative degradation of OC may be additionally limited by molecular recalcitrance that
makes a compound thermodynamically or enzymatically inaccessible to heterotrophic organisms.
The origin of recalcitrant molecules remains a topic of debate; evidence exists both for a
selective winnowing of compounds to only the most recalcitrant as well as the generation of
these compounds via biotic and abiotic reactions. Likely, the composition of persistent carbon
reflects a combination of those mechanisms, with bacteria transforming simple organic

molecules into recalcitrant exudates (Lechtenfeld er al., 2014). Flerus et al. (2012) find an
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inverse correlation between dissolved organic matter age and average mass, where mass and
unsaturations increase over time. These trends are further interpreted as evidence for bacterial
transformations of organic matter generating recalcitrant compounds (Flerus et al., 2012).

As sedimentary OC is notoriously difficult to describe and oftentimes referred to as
“molecularly-uncharacterized organic matter” (Wakeham et al., 1997; Hedges et al., 2000), it is
typically presumed to be recalcitrant. Sedimentary OC and the uncharacterizable fraction of
DOC and sinking particulate matter is typified by a high amino acid or peptide-like component
(Hedges et al., 2001; Brandes et al., 2004; Hertkorn et al., 2006) and alkyl and O-alkyl groups
(Brandes et al., 2004; Dickens et al., 2006; Hertkorn et al., 2006; Mao et al., 2011) interpreted as
partial oxidation reactions resulting in substituted and copolymerized carbohydrate structures
(Mao et al., 2011). Chapters 3 and 4 further contribute to our understanding of this material by
applying a novel spectroscopic technique to characterize OC and better assess its molecular

recalcitrance, or conversely, whether there are other underlying reasons for its persistence.

1.4 Environmental applications of near-edge X-ray absorption fine structure spectroscopy

This work employs synchrotron x-ray based scanning transmission x-ray microscopy
(STXM) coupled to near edge x-ray absorption fine structure spectroscopy (NEXAFS). As
applied to environmental samples, STXM-NEXAFS is a relatively new technique permitting
observations of spatial associations and identification of organic functional groups, classes of
biological molecules, and metal valence states. Under highly controlled experimental conditions,
NEXAFS is additionally sensitive to molecular orientation and adsorption mechanisms,
discerning, for instance, how orientation of mineral-adsorbed amino acids varies with degree of

surface coverage (Camargo et al., 2003; Feyer ef al., 2011). These studies further distinguish
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between chemi- and physiosorption based on the degree of observed hydrogen bonding as well
as whether both the mineral and C spectra reveal shifts suggestive of bonding. Metzler et al.
(2008) document protein conformational changes during polypeptide templation of calcite
biomineralization. In comparison to other spectroscopic approaches, STXM-NEXAFS can probe
a smaller spatial scale than NMR and is more quantitative than p-FTIR. As a synchrotron-based
technique, it is also non-invasive, non-destructive and does not require chemical extractions or
demineralization procedures (as for NMR) that might alter composition or associations
(Templeton & Knowles, 2009). Further, as synchrotrons provide a high flux of X-rays, and as X-
rays are tunable, synchrotron techniques are optimal for characterizing very low concentrations
of elements of interest in complicated matrices (Templeton & Knowles, 2009).

Differences in orientation and protein conformation are unlikely to be observed in
environmental samples given their heterogeneity, but STXM-NEXAFS can still provide insight
into how organic carbon partitions within mineral aggregates and sediments and what adsorption
mechanisms are operative. For instance, Solomon er al. (2012) emphasize the heterogeneity of
soil aggregates, finding pyrogenic carbon sequestered a few microns from microbially-produced
carbon. In marine particles, Brandes et al. (2004) also find significant heterogeneity, but
determine that POM retains the same four basic classes of carbon, in varying proportions, at all
depths. Chapter 4 represents the first application of STXM-NEXAFS to pelagic sediments and

develops the technique for use in extremely carbon-poor systems.
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Figure 1. (Adapted from Mayer, 2004; Burdige, 2007) Schematic demonstrating the
hypothetical relative importance and time scales on which different preservation mechanisms
operate. The “biotic exclusion” category refers to three types of mineral-OC interactions (a)
physical protection, (b) physiosorption, and (c) chemisorption as well as protection due to anoxia
and electron-acceptor limitation. Following this schematic, mineral-OC associations provide
protection against remineralization on the longest time-scales. Chapters 3 and 4 extrapolate this

diagram to > 1 Ma timescales and document the occurrence of these different preservation

mechanisms.
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Chapter 2: Biogenic manganese oxides as reservoirs of organic carbon and
proteins in terrestrial and marine environments

Reproduced with permission from "Estes, E.R., Andeer, P.F., Nordlund, D., Wankel, S.D., and
Hansel, C.M. Biogenic manganese oxides as reservoirs of organic carbon and proteins in
terrestrial and marine environments. Geobiology. 15(1), 158—172 (2017)" and reformatted
according to thesis specifications. Copyright 2016 John Wiley and Sons.

ABSTRACT

Manganese (Mn) oxides participate in a range of interactions with organic carbon (OC) that can
lead to either carbon degradation or preservation. Here, we examine the abundance and
composition of OC associated with biogenic and environmental Mn oxides to elucidate the role
of Mn oxides as a reservoir for carbon and their potential for selective partitioning of particular
carbon species. Mn oxides precipitated in natural brackish waters and by Mn(II)-oxidizing
marine bacteria and terrestrial fungi harbor considerable levels of organic carbon (4.1-17.0 mol
OC/kg mineral) compared to ferromanganese cave deposits which contain 1-2 orders of
magnitude lower OC. Spectroscopic analyses indicate that the chemical composition of Mn
oxide-associated OC from microbial cultures is homogeneous with bacterial Mn oxides hosting
primarily proteinaceous carbon and fungal Mn oxides containing both protein- and
lipopolysaccharide-like carbon. The bacterial Mn oxide-hosted proteins are involved in both
Mn(1I) oxidation and metal binding by these bacterial species, and could be involved in the
mineral nucleation process as well. By comparison, the composition of OC associated with Mn
oxides formed in natural settings (brackish waters and particularly in cave ferromanganese rock
coatings) is more spatially and chemically heterogeneous. Cave Mn oxide-associated organic
material is enriched in aliphatic C, which together with the lower carbon concentrations, points

to more extensive microbial- or mineral-processing of carbon in this system relative to the other
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systems examined in this study, and as would be expected in oligotrophic cave environments.
This study highlights Mn oxides as a reservoir for carbon in varied environments. The presence
and in some cases dominance of proteinaceous carbon within the biogenic and natural Mn oxides
may contribute to preferential preservation of proteins in sediments and dominance of protein-

dependent metabolisms in the subsurface biosphere.

2.1 INTRODUCTION

The availability of organic carbon (OC) to microbes is controlled by the concentration
and composition of carbon, and the geochemical parameters that control its reactivity. In
oxygenated environments, OC not immediately remineralized by microbes is typically described
as “recalcitrant,” generally implying that its molecular structure makes it intrinsically resistant to
degradation. Molecular characterization of organic matter supports the idea of a reservoir of
complex material (Hertkorn et al., 2006; Lechtenfeld et al., 2014, for instance) generated either
by microbial processing, polymerization, or partial degradation reactions (Jiao et al., 2010 and
references therein; Flerus et al., 2012; Johnson et al., 2015). Preservation of organic carbon,
however, may be non-selective, whereby the chemical composition remains constant despite
near-complete remineralization (Cowie et al., 1995; Hedges et al., 2001; Brandes et al., 2004)
Further, presumed “‘stable” OC is not necessarily inherently resistant to degradation (Keil et al.,
1994; Carlson et al., 2004; Kleber et al., 2011). In aggregate, these studies imply that the
chemical composition of OC itself is not a primary control on OC preservation and that there
must be other underpinning biogeochemical mechanisms at play.

Physical and/or chemical protection of OC by minerals within soils and sediments is one

such mechanism of preservation. In particular, the concentration and availability of OC can be
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substantially impacted by the mineralogical composition of soils/sediments and abundance of
reactive mineral phases (Ransom et al., 1998; Heckman et al., 201 1; Diimig et al., 2012; Lalonde
et al,, 2012; Doetterl et al., 2015; Keiluweit et al., 2015a); yet the underlying mechanisms remain
unclear. While clays have historically been viewed as the primary control on mineral-hosted
carbon (Ransom et al., 1998; Bock & Mayer, 2000; Arnarson & Keil, 2001; Dickens et al., 2006;
Diimig et al., 2012), iron (Fe) oxides have more recently been shown to serve as a substantial
sink for carbon in a wide range of marine and terrestrial environments, and even in systems
where Fe oxides are not considered stable (Kaiser & Guggenberger, 2000; Poulton & Raiswell,
2005; Lalonde et al., 2012; Roy et al., 2013; Picard et al., 2015). Specifically, Fe oxides in
marine sediments host an average of 20% of total organic carbon, levels that are
disproportionally higher than their abundance (Lalonde et al., 2012). In addition to Fe oxides,
manganese (Mn) oxides have a propensity to be associated with organic carbon (Stone &
Morgan, 1984; Sunda & Kieber, 1994; Roy et al., 2013; Johnson et al., 2015) but have been less
extensively studied. Carbon molecules can adsorb to mineral surfaces, serve as templates for
mineral nucleation, and/or co-precipitate with minerals during mineral growth and aggregation
(Mann et al., 1993; Moreau et al., 2007; Kleber et al., 2015 and references therein). In fact,
Fe(I1)- and Mn(11)-oxidizing organisms utilize secreted organic molecules as templates for
mineral growth (Emerson et al., 1989; Chan et al., 2011) such that the association of certain
biomolecule classes with oxide minerals may serve as a signature for biomineralization.
Conversely, metal oxides can serve as strong oxidants of organic matter (Stone &
Morgan, 1984; Sunda & Kieber, 1994). In coastal sediments, comparison of carbon turnover
rates with the residence times of Fe and Mn suggests that each metal atom experiences 100-300

redox cycles, often coupled to OC oxidation (Canfield et al., 1993). Oxidized Mn species also
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drive microbially-mediated litter decomposition in terrestrial systems (Berg et al., 2010;
Keiluweit et al., 2015b). In fact, both preservation and alteration of oxide-hosted carbon may
take place, perhaps simultaneously, within a given deposit. Mn oxide deposits formed in a
wastewater treatment facility contained alternating layers of Mn oxides and physically and
chemically protected organic carbon; yet, evidence for OC degradation in that system pointed to
simultaneous Mn oxide-induced carbon oxidation to low molecular weight OC (Johnson et al.,
2015). Thus, these metal oxides appear to play an outsized role both in the preservation and
transformation of OC. Despite this, there remains a paucity of information on the abundance and
composition of carbon associated with Mn oxides within biogenic precipitates and environmental
systems, limiting our understanding of the underlying mechanisms and the potential role of such
minerals as archives of organic molecules.

Accordingly, we investigated the concentration, distribution, and composition of organic
carbon associated with environmental and biogenic Mn oxides. Mn(Il)-oxidizing bacteria and
fungi are considered primary organisms responsible for the formation of Mn oxides within
marine waters and terrestrial sediments/rock coatings (Tebo et al., 2004). To explore potential
differences in the concentration and chemical composition of organic carbon associated with Mn
oxides in these environments, we characterized and compared OC-Mn oxide relationships within
natural Mn oxides formed in brackish marine waters and a terrestrial cave system, as well as
axenic cultures of representative Mn(I1)-oxidizing organisms from each environment: two
coastal marine bacteria (Roseobacter sp. AzwK-3b and Erythrobacter sp. SD-21) and two
terrestrial fungi (Pyrenochaeta sp. DS3sAY 3a and Stagonospora sp. SRC11sM3a). This
comparison provided insight into the range of OC-Mn oxide interactions that occur throughout

mineral precipitation and preservation.
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2.2 MATERIALS AND METHODS

2.2.1 Preparation of biological Mn oxide samples from Mn(ll)-oxidizing cultures

Biogenic manganese oxides were precipitated by two alphaproteobacteria (Roseobacter
sp. AzwK-3b and Erythrobacter sp. SD-21) and two ascomycete fungi (Pyrenochaeta sp.
DS3sAY3a and Stagnospora sp. SRC11sM3a). The two bacterial species are well-characterized
Mn(I1) oxidizers isolated from coastal surface sediments (Erythrobacter; Francis et al., 2001)
and a coastal estuary (Roseobacter; Hansel & Francis, 2006). The two fungi are cosmopolitan
species found in a wide variety of terrestrial habitats that were isolated from Mn-rich wetlands
treating coal mine drainage (Santelli et al., 2010).

Roseobacter sp. AzwK-3b was grown on J+acetate media consisting of 10 mM sodium
acetate, 10 mL/L vitamin mix (in mg/L: biotin, 320; niacin, 32; thiamin, 16; 4-aminobenzoic
acid, 32; calcium pantothenic acid, 16; pyridoxine, 160; vitamin B12, 16; riboflavin, 32; folic
acid, 32), 1 mL/L 8% NH4Cl, 2 mM KHCOs3, 0.2 mL/L 10% KH2POy, and 3.6 uM iron (as
FeSO427H,0) complexed to 78 uM nitrilotriacetic acid, buffered to pH 7.6 with 20 mM HEPES
and prepared as 50% (volume) artificial seawater. Erythrobacter sp. SD-21 was grown in K-
media (2 g/L peptone, 0.5 g/L yeast extract, buffered to pH 7.6 with 20 mM HEPES in 100%
artificial seawater). Artificial seawater (Van Waasbergen et al., 1993) contains 0.3 M NaCl, 0.05
M MgS04¢7H0, 0.01 M CaCl,*2H,0, and 0.01 M KCI. Fungi were grown in AY media
consisting of 0.25 g/L sodium acetate, 0.15 g/L yeast extract, 1| mL/L trace elements stock (in
mg/L: CuSO4*5H;0, 10; ZnSO4¢7H,0, 44; CoCl,*6H-0, 20; Na,Mo04¢2H,0; 13) and 20 mM
HEPES buffer. All cultures were grown at room temperature under ambient light. The bacterial
cultures were shaken (150 rpm), while fungi were grown under static conditions with occasional

manual stirring.
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Minerals were precipitated in cell-free filtrate following the procedure outlined in
Learman et al. (2011). The bacterial cultures were grown to mid-log phase (as determined by
absorption at 600 nm). Fungi were grown for either 8-10 days (Stagonospora) or 14 days
(Pyrenochaeta), consistent with optimum Mn(II) oxidation capacity of their secretomes (Zeiner,
2015). Cultures were centrifuged at 4000 x g for 15 minutes and then filtered through a 0.2 um
PVDF membrane to produce cell-free filtrates. The cell-free filtrates were amended with 100 uM
Mn(Il) (from a stock solution of MnCl,4H,0), and shaken at 150 rpm at room temperature in
the light for 6 to 96 hours, following the procedure optimized in Learman et al. (2011). Learman
et al. (2011) demonstrated that 96 hours is sufficient for near-complete oxidation, and for
approximately 50% of the initial hexagonal birnessite phase to ripen into triclinic birnessite. For
spectroscopic work, 200 uM Mn(II) was added to fungal filtrates. Previous characterization of
the Mn oxides formed by fungi grown in liquid under these conditions produce solely hexagonal
birnessite over the course of 96 hours (Santelli et al., 2011), but no time series were conducted
for these species. In all experiments, reaction progress was tracked using the colorimetric reagent
leucoberbelin blue (method described below).

At the end of the reaction period, precipitated minerals were collected by centrifugation
(12500 x g) and then decanting the supernatant. Minerals were re-suspended in a smaller volume
of sterile DI water and transferred to 50 mL centrifuge tubes, pelleted a second time, re-
suspended in 2 mL sterile DI water, and transferred to microcentrifuge tubes. After a final
centrifugation and decanting of supernatant, samples consisted of a mineral pellet in
approximately 0.2 mL sterile DI. Previous experiments (data not shown) demonstrated that

rinsing with DI is preferable to rinsing with natural water or media as the former does not affect
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the concentration or composition of mineral-associated OC as determined by element analyzer

(EA, see below).

2.2.2 Incubation experiments

2.2.2.1 Biomineralization of Mn oxides in natural waters

Five to 10 L brackish water from Oyster Pond (Falmouth, MA) was collected from a
depth of 1 meter twice in late May/early June 2014. A YSI 556MPS handheld multiparameter
system was used to measure pH, conductivity, salinity, temperature, and dissolved oxygen in
situ. Duplicate 40 mL subsamples for time zero (t0) measurements of dissolved organic carbon
(DOC) were collected, filtered immediately through a 0.2 pm membrane, and acidified with 40
uL concentrated hydrochloric acid (HCI). In lab, 500 mL aliquots of the unfiltered water were
dispensed into sterile glass bottles and 100 pM Mn(I1) (from a stock solution of MnCI2°4H20)
added to each. Duplicate bottles were left at 25°C, still, and in the dark, to prevent photo-
oxidation, for either 4 or 8 weeks.

At the end of the incubation period, Mn(II)-amended treatments had produced a large
quantity of Mn oxide particles. Quantification was not possible as a portion of particles adhered
to the sides of the bottles. Mineral samples were collected by filtering water through a 0.2 um
membrane, rinsing the membrane with sterile DI twice, and rinsing the particulate mineral and
associated OC off the membrane into a microcentrifuge tube. As with the culture experiments,
the final product consisted of a mineral pellet in approximately 0.2 mL sterile DI. Samples for

DOC were taken from the filtrate and preserved as above.

2.2.2.2 Adsorption of natural organic matter to synthetic Mn oxides
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8-MnQO; was synthesized following the method described in Villalobos et al. (2003).
Brackish water was collected from Oyster Pond in early September 2014 and analyzed at t0 for
geochemical parameters as described above. Half the collected water was filtered through a 0.2
um membrane (“0.2 um-filtered”’) while the other half was left whole. 500 mL aliquots of the
filtered and unfiltered water were amended with 100 uM synthetic 3-MnO, and incubated in the
dark at 25°C for either 6 or 96 hours. At the end of the experiment, DOC and mineral samples

were collected as in the biomineralization incubation experiments above.

2.2.3 Cave site description and sample collection

Ferromanganese precipitates from Daniel Boone Caverns, a relatively pristine epigene
karst cave in the Tennessee River Basin, (Carmichael et al. 2013a; Carmichael et al. 2013b) were
collected in June 2014. Mn oxides form within biofilms, as coatings on rocks in pools or under
seeps, as crusts along cave walls and speleothems, and as particles within mud formed by
mineral weathering processes. Mn oxide-coated rock samples were taken at two sites where
coatings were actively forming under pooled water. Samples were placed in sterile centrifuge
tubes or sample bags; coatings utilized in analyses were removed from the rock surface in lab

using a sterile razor blade after mud was removed using sterile ultrapure water.

2.2.4 Quantification of Mn(Ill/lV) oxides

Mn(III/TV) oxide concentrations were quantified at 620 nm (Cary 60 UV-Vis spectrophotometer,
Varian) using the colorimetric reagent leucoberbelin blue (LBB, Sigma; Krumbein & Altmann,
1973) which reacts with both Mn(Ill) and Mn(1V). Concentrations were calibrated using a

permanganate standard (KMnOs, EDM). A conversion factor of 2.5 was used, as 1 mole KMnO4
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can oxidize 5 moles LBB relative to the 2 moles LBB oxidized by a Mn(I'V) oxide. This
calculation assumes that the Mn oxide is 100% Mn(IV), which is largely consistent with the
Mn(1V)-dominated 8-MnO- phases observed for the cultures (as indicated above; and in
Learman et al. (2011), Santelli et al., (2011)) and the Oyster Pond incubations and cave deposits
(see Results below). However, for samples containing triclinic birnessite, the Mn(III) content can
be higher. Thus, this LBB conversion factor would result in an underestimation of Mn oxide
concentrations for samples containing triclinic birnessite. To quantify Mn oxides in cave
samples, 3-10 mg of dried and ground ferromanganese deposit from each sample was weighed in
duplicate and reacted with 2 mL LBB reagent for 15 minutes with periodic shaking. The reacted

solution was then filtered through a 0.2 um membrane and analyzed.

2.2.5 Spectroscopic analysis of Mn oxides

Extended X-ray absorption fine structure (EXAFS) spectroscopy was conducted on
beamline 4-3 at the Stanford Synchrotron Radiation Lightsource (SSRL) to determine the
structure of the natural Mn oxides. Measurements were made using a Si(111) monochromator
(®=90°) and calibrated with a KMnQO;, standard (6543.34 eV). Fluorescence data were collected
with a Vortex silicon drift detector, with 3-4 scans per sample taken at room temperature from
about -200 to +1000 around the Mn K-edge (6539 eV). Data processing was conducted using the
SIX-PACK software program (Webb, 2005). XAS scans were averaged, background-subtracted,
normalized, and converted to (k) spectra. Spectra were k’-weighted and fit using a & range of 3-
12A"", as a substantial Fe K-edge was observed in the natural samples. Linear combination fitting
was performed as described in detail in Learman et al. 2011 and Bargar et al., 2005, using 8-

MnO,, Na-birnessite, acid birnessite, groutite (a-MnOOH), feitknechite (3-MnOOH),

33



hausmannite (Mn30,), Na-buserite, synthetic todorokite ((Na,Ca,K)(Mg,Mn)MnO,4*5H20),
pyrolusite (8-MnO,), manganese iron oxide (MnFe,O,), groutite (Mn(III)OOH), 10-A

manganate, rhodocrosite (MnCQO3), and aqueous MnSO;, as model compounds.

2.2.6. Carbon spectroscopic analyses

2.2.6.1 Collection of STXM-NEXAFS data

Scanning transmission X-ray microscopy (STXM) coupled to NEXAFS spectroscopy
was conducted on beamline 11.0.2 at the Advanced Light Source (ALS). The STXM endstation
uses Fresnel zone plates to focus the monochromatic X-ray beam and plane grating
monochromator to resolve the energy. Mineral samples (1-10 pL) were pipetted onto silicon
nitride membranes (Si3Na, Silson, Ltd., Northampton, England) and air-dried. For each sample,
200x200 um transmission images were used to find a region that was not too optically dense.
Then, optical density (OD) maps ranging between 50x50 and 15x15 um in size were taken over
the C, N, Al, and Si K-edge and the Mn and Fe L; edge, with OD = In (//]), and maps achieved
by subtracting a pre-edge transmission image from a post-edge image. Finally, a C K-edge stack
was collected from 279 to 320 eV at step sizes as small as 0.1 eV, a dwell time of 1 ms, and a
spatial resolution of 75-100 nm. Image processing, alignment, and i0 normalization was
conducted using the IDL package aXis2000. Regions of interest were selected based on sample
morphology and element distributions as observed in element OD maps and C NEXAFS spectra
extracted. Between 4-12 spectral regions were extracted per sample; representative regions were

selected for analysis in this work. Spectra were imported into Igor Pro and intensity-normalized.

2.2.6.2 NEXAFS spectral peak deconvolution
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Gaussian deconvolution of spectra from both bulk NEXAFS and STXM-NEXAFS was
conducted using PeakFit software (SeaSolve Software Inc., San Jose, CA, USA) and following
the peak assignments and parameters described in Keiluweit et al. (2012) and references therein.
In brief, spectra were fit using six Gaussian peaks corresponding to approximate positions of
major functional group resonances, according to the convention followed in the literature
(Schumacher et al., 2005; Solomon & Lehmann, 2005; Kleber et al., 2011; Keiluweit et al.,
2012). Peak magnitude and energy were allowed to vary freely, and always constrained
themselves to the energy ranges expected for each functionality. As in previous works, (Kleber et
al. 2011; Keiluweit et al. 2012) the ionization threshold was fit using a “transition” function in
PeakFit set at 290 eV that approximates the arctangent function used by other researchers
(Solomon et al. 2005), while o* transitions were fit with two additional Gaussians. Fit results
were expressed as “percent of the fit area,” excluding the transition function and ¢* Gaussians as

they were above the energy range of interest and did not affect peak areas.

2.2.7 Quantification of organic carbon

Mineral-associated OC was quantified via elemental analyzer (elementar vario PYRO
cube, Hanau, Germany). Freeze-dried, weighed samples were analyzed in triplicate as sample
material allowed. Concentration calibrations were made using NIST-certified standard USGS40
L-glutamic acid as well as Na-EDTA diluted tenfold in silicon dioxide (Unimin, Spruce Pine,
NC) and homogenized. A set of 4 standards were run every 10-12 samples to correct for size and
drift. Cave samples were analyzed in quadruplicate. These samples were weighed into silver

boats, wet with 20 uL ultrapure water, and acid fumed in a desiccator with a beaker containing
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50 mL concentrated hydrochloric acid for 24 hours to remove inorganic carbon. Following this
procedure, samples were dried at 60°C for 12 hours and folded into a second silver boat.
Protein associated with Mn oxides was quantified using Qubit fluorescent reagent (Life
Technologies) and calibrated using BSA standards (BioRad). Proteins were removed from
mineral surfaces by suspending the sample in 1.5 mL ultrapure water and sonicating three times
at 40% duty cycle, keeping the samples on ice between sonication cycles. 300 uL of 6N
hydrochloric was then added to the solution and incubated at 37°C for 30 minutes. Then, 75 pL
10 M trichloroacetic acid was added and the mixture incubated on ice for 30 minutes. Finally,
samples were spun down, the supernatant transferred, and an additional 500 pL of 0.1 N NaOH
was added. Samples were boiled for 5 minutes and cooled to room temperature prior to analysis.

(Protocol modified from Ehrenreich & Widdel (1994).)

2.2.8 Protein extraction and identification

Protein extractions were performed on rinsed, concentrated Mn oxide minerals collected
from cell-free filtrate of both R. AzwK-3b and E. SD-21 cultures embedded in polyacrylamide
gel. Protein digestions followed a protocol adapted from Lu & Zhu (2005). Because metals
interfere with acrylamide polymerization, the Mn oxide slurry (87 pL) was not mixed with the
acrylamide solution (103 puL of 30% acrylamide diluted in 1M Tris) until ~30 seconds after the
addition of TEMED (3 pL), ammonium persulfate (7 pL of 1% solution), and LCMS grade
water (37 uL). The DTT (10 mM) incubation and washing steps in the protocol were sufficient to
remove the Mn oxides prior to digestion with Trypsin (20 pg/mL, Promega). Following
digestion, extracted proteins were purified and concentrated by binding to a Cg frit (Michrom)

and eluted with acetonitrile (Sigma Aldrich). Due to concerns about low protein concentrations,
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samples were not controlled for mass and therefore peptide abundances are not comparable
between samples. Purified samples were analyzed using an LTQ XL linear ion trap mass
spectrometer in the Woods Hole Oceanographic Institution Mass Spectrometer Facility as
described previously (Andeer et al., 2015). Peptides were then compared to sequences for
Roseobacter AzwK-3b or Erythrobacter SD-21 respectively using Bioworks v3.3.1 SP1
(Thermo Scientific) and further analyzed using Scaffold v4 (Proteome Software). A blank

containing the sterile ultrapure water used in the mineral rinsing procedure was also analyzed.

2.3 RESULTS

2.3.1 Mn Oxide Characterization

Mn oxides formed by the Mn(II)-oxidizing bacteria and fungi explored here and grown
under similar conditions were identified as a nanocrystalline hexagonal birnessite phase similar
to 8-MnQ; in previous investigations (Learman et al., 2011; Santelli et al., 2011). For
Roseobacter AzwK-3b, however, the initial hexagonal birnessite phase is colloidal and ripens to
a larger particulate triclinic birnessite phase over 96 hours (Learman et al. 2011).

Incubation of Oyster Pond water with aqueous Mn(Il) led to visible Mn oxide particles
starting after approximately 4 weeks. Linear combination fitting of the Mn EXAFS spectra
revealed that the Mn oxides precipitated after 4 weeks consisted of hexagonal birnessite similar
to 3-MnO; with a small contribution from either adsorbed or structurally-bound Mn(II) (8%)
(Supplementary Figure S1 and Table S1). After 8-weeks, the Mn oxides remain as primarily
hexagonal birnessite, but contains more Mn(Il) (12%) and a substantial amount of triclinic Na-

birnessite (38%). (Supplementary Figure S1 and Table S1).
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The cave ferromanganese deposits, unlike the axenic cultures and brackish water
incubations, contained a mixture of oxide and non-oxide mineral phases (carbonates, clays).
Concentrations of Mn(II1/1V) in ferromanganese rock coatings forming in two different pools
within Daniel Boone Caverns, Cliff Ledge and Bacon Cove, were therefore determined to be
12.8 and 31.4 mmol Mn oxide/kg solid, respectively. Linear combination fitting of Mn EXAFS
spectra collected of the ferromanganese coating samples indicated that the solid-phase Mn is
dominated by 6-MnO; (92-93%) with the remaining either adsorbed or structurally incorporated

Mn(1I) (Supplementary Figure S1 and Table S1).

2.3.2 Carbon Quantification

Manganese oxides formed in the cell-free filtrate of Roseobacter AzwK-3b and
Erythrobacter SD-21 harbored a substantial amount of organic carbon (Figure 1). After 96 hours,
the OC concentration associated with the Roseobacter Mn oxides was 8.50 + 0.84 mol OC/kg
mineral. In comparison, Mn oxides formed in the Erythrobacter filtrate contained significantly
more OC (17.00 £ 0.43 mol OC/kg mineral) than that accumulated by Roseobacter Mn oxides
over the same timeframe (p<0.001, two-tailed t-test).

Mn oxides formed with cell free filtrate from the fungi Pyrenochaeta sp. DS3sAY3a and
Stagonospora sp. SRC11sM3a also harbored organic carbon (Figure 1). The concentration of
carbon associated with Mn oxides precipitated by Stagonospora sp. and Pyrenochaeta sp. was
5.34 + 0.45 and 4.15 + 0.44 mo! OC/kg mineral respectively, levels that are significantly lower
than those observed for the bacterial Mn oxides (p<0.001, one way ANOVA) (Figure 1).

Mn oxide precipitates formed via Mn(II) oxidation within Oyster Pond water incubated

for 4 weeks and 8 weeks contained 11.4 + 0.3 and 6.2 + 2.0 mol OC/kg mineral, respectively -
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levels that are similar to those measured for the fungal and bacterial cultures (Figure 1,
Supplementary Figure S2). The amount of OC associated with synthetic Mn oxides added to the
Oyster Pond water was 3.4 = 0.1 and 5.0 £ 0.1 mol OC/kg mineral after 96 hours and 4 weeks,
respectively (Figure 2). The DOC associated with the synthetic Mn oxides added to filtered (0.2
uwm) water after 96 hours of incubation was 1.8 + 0.1 mol OC/kg mineral. The initial DOC
concentration within the Oyster Pond water was 0.74 + 0.02 mmol DOC/L.

Ferromanganese rock coatings from the karstic cave system contain 1-2 orders of
magnitude less OC than the Mn oxides formed by axenic cultures or Oyster Pond water
incubations (Figure 1). Concentrations of total organic carbon associated with the rock coatings
(although not explicitly mineral-associated) ranged from 0.107 + 0.009 to 0.123 £ 0.007 mol

OC/kg solid.

2.3.3 Mn Oxide-Organic Carbon Associations and Carbon Composition

A clear association between bacteriogenic and mycogenic Mn oxide particles and organic
carbon was visually observed via STXM (Figure 3). STXM C and Mn optical density (OD) maps
demonstrated close spatial correlation between carbon and Mn oxide minerals formed in
Roseobacter and Erythrobacter cell free filtrate (Figure 3, left panel). The chemical composition
of the organic carbon associated with the biogenic Mn oxides produced in both the Roseobacter
and Erythrobacter axenic cultures was spatially homogeneous. C NEXAFS spectra extracted
from 4 different regions of the STXM-NEXAFS stacks for each organism, as denoted on the Mn
and C OD maps, appeared nearly identical despite variations in sample morphology and relative
Mn and C density (Figure 3, top right panel). The C NEXAFS spectrum from region 2a of the

Erythrobacter Mn oxides was particularly enriched in amide/carboxylic C (~288.3 eV), but
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otherwise appeared similar to regions 2b-d. For the primary functional groups, (aromatic,
aliphatic, amide/carboxylic, and O-alkyl- carbon) average relative standard deviation between
regions within a sample was ~10%, demonstrating homogeneity and reproducibility. Overall,
Erythrobacter Mn oxides contained about half as much aromatic C as Roseobacter Mn oxides,
comparable contributions from aliphatic and amide/carboxylic C, and slightly more O-alkyl-C
than Roseobacter Mn oxides (Supplementary Table S2).

As chemical composition appeared spatially homogeneous, a spectrum was extracted
from the entire particle. This “total” C spectral signature for Mn oxides produced both in the
Roseobacter and Erythrobacter filtrate was most similar to a protein standard, containing peaks
corresponding to aromatic, aliphatic, and amide/carboxylic C (Figure 4) and with an average
amide/carboxylic C contribution of 44 + 2% (Figure 5; Supplementary Table S2). Bulk carbon Is
NEXAFS spectra for Roseobacter Mn oxides (Figure S3) as well as Erythrobacter Mn oxides
(not shown) were consistent with the STXM spectra (Figure 4). Nitrogen 1s NEXAFS (Figure
S3, right panel) confirmed the identification of OC associated with Mn oxides precipitated by
Roseobacter as a protein, with the primary N NEXAFS peak at 401.4 eV corresponding to amide
N (Supplemental Figure S3). The C NEXAFS spectra of Mn oxides from Roseobacter and
particularly Erythrobacter contained an additional contribution from O-alkyl-C groups at ~289.4
eV, which is not found in the protein standard.

NEXAFS spectra extracted from 4 different regions of the STXM-NEXAFS stacks
appeared nearly identical for Pyrenochaeta sp. (Figure 3, top right panel). However, spectra
extracted from morphologically distinct regions of the Stagonospora sp. Mn oxides differed
slightly, as shown in the bottom right panel of Figure 3. These differences derive from peak

intensities rather than peak positions or the presence/absence of certain peaks. Region 4a is
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relatively Mn- and C-poor and contained less aliphatic and O-alkyl-C groups and more
amide/carboxylic C than the other regions, based on peak fitting results, although these
differences were not substantial (Supplementary Table S2). Regions 4b and 4c were both Mn-
and C-rich and have more distinct shoulders at ~287.3 eV, corresponding to aliphatic C. Peak
fitting results nonetheless demonstrated that Pyrenochaeta sp. and Stagonospora sp. Mn oxides
were similar to each other in overall composition, only differing significantly in their O-alkyl-C
content (~289.3 eV, p=0.038, one way ANOVA) (Supplementary Table S2). In fact, for the most
prominent functional groups (aromatic, aliphatic, amide/carboxylic, and O-alkyl-C), the average
relative standard deviation was 11.8% across all regions of both fungal samples.

Carbon associated with the two mycogenic Mn oxide precipitates had a distinctly
different C NEXAFS signature from the bacterial oxides, and specifically is more similar to the
lipopolysaccharide and neutral polysaccharide standards (Figure 4). The sample spectra were
defined by shoulders for aliphatic C (~287.3 eV, average 7.2 £+ 0.6% of total area) and amide or
carboxyl C, (~288.3 eV, average 25.6 = 3.0%) rising to a primary peak corresponding to O-alkyl-
C at ~289.3-289.5 eV (average 42.9 + 2.5%). Both mycogenic Mn oxide samples harbored
carbon with a greater contribution from aromatic groups (~285.4 eV, average 7.7 + 0.4%) and
lower aliphatic C than pure lipopolysaccharides, but the match was otherwise strong in overall
spectral shape and contribution of functional groups (LPS contains: aromatic C, 0.8%; aliphatic
C, 25.9%; amide/carboxylic C, 42.3%; O-alkyl-C 13.8%). The greater contribution from O-
alkyl-C and the more minor contribution from amide and carboxylic C in the fungal samples
compared to the lipopolysaccharide standard likely reflected a component of neutral
polysaccharides, as fitting revealed that the agarose standard is comprised of 75.2% O-alkyl-C

and no amide/carboxylic C (Figure 4; Supplementary Table S2). In contrast to the average OC
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composition of bacterial Mn oxides, then, mycogenic Mn oxides contained significantly less
phenolic/ketonic C (p=0.04, one-way ANOVA), less amide/carboxylic C (p<0.001, one-way
ANOVA), and more O-alkyl-C (p<0.001, one-way ANOVA) (Figure 5, Supplementary Table
S2).

Similar to Mn oxides formed by axenic bacteria and fungi (Figure 3), both synthetic and
actively biomineralized Mn oxides formed within the coastal water incubations had a close
association with carbon (Figure 6, Supplementary Figure S4). Overlaid Mn, C, and Fe OD maps
(red, green, and blue respectively) of Mn oxides formed in the unfiltered Oyster Pond water
incubated for 8 weeks revealed some particulate organic C not associated with Mn oxides
(regions 6 and 7, green-only) as well as some accumulated Fe (blue), but an overall spatial
correlation in the distribution of Mn and C.

In contrast to the biogenic Mn oxides formed in the axenic cultures, Mn oxides formed
within the Oyster Pond water incubations contained carbon with a more spatially heterogeneous
chemical composition (Figure 6). C NEXAFS spectra extracted from distinct regions showed a
diversity of spectral signatures that could not be matched with individual standard compounds.
Instead, the spectra contained a variety of spectral features indicative of a more complex carbon
composition. Regions where carbon was associated with Mn oxides had similar spectral
signatures (8 week incubation, excluding C-only regions 6 and 7). C NEXAFS spectra from
these regions showed the presence of aromatic, aliphatic, amide/carboxylic, and O-alkyl-C
carbon, (285.4, shoulder at ~287.3, ~288.4, and ~289.4 eV, comprising 7.3 + 1.6%, 11.3 + 2.1%,
33.3 + 2.4%, and 25.7 + 2.1% of the total fit area respectively) with the peak corresponding to
amide/carboxylic C making the greatest contribution to fit area (Figure 5, Supplementary Table

S2). Two regions (6 and 7) were composed of particulate carbon not associated with Mn (Figure
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6). Like the Mn-bearing regions in this sample, the peak corresponding to amide/carboxylic C
still made the largest contribution to overall fit area, at 36.0+ 4.2% (Supplementary Table S2).
These two regions differed from each other as much as from the Mn-bearing regions; region 6

~ had the highest aliphatic content of all analyzed regions (14.5%) and region 7 the lowest (5.9%),
while the relative contribution to fit area of the other functional groups fell within the same range
as the Mn-bearing regions.

STXM elemental mapping of two cave samples showed distinct regions for each element
with a lesser degree of C-Mn coupling (Figure 7, left panel) than observed in the culture and
water incubation samples (Figures 3 and 6). In sample “Bacon Cove 1”, Mn rich regions also
contained C, which in some instances was observed as what appears to be a coating around a
particle (see bottom middle particle in map, Figure 7). Particulate carbon was also observed that
was not associated with Mn. Iron regions are closely aligned with Mn, and thus this particulate
carbon was either not mineral associated or the minerals did not contain Fe or Mn. Si maps also
did not overlap with this particulate carbon (not shown). Unlike Bacon Cove, Mn and Fe were
distributed as discrete particles in sample “Cliff Ledge 3,” with both Mn-rich and Fe-rich
particles bearing associated carbon, including coatings along the mineral grains. The samples
also contained a substantial amount of C, both organic and inorganic, that was not associated
with Mn- and Fe-rich regions. Some of the visible C associated with Si-bearing phases, but these
were often too optically dense to extract spectra from.

C NEXAFS spectra extracted from various regions of the cave samples had similar
spectral features to the biogenic Mn oxides from the cultures and coastal water incubations,
including a peak identified as aromatic C at ~285.5 eV, a shoulder corresponding to aliphatic C

around 287.4 eV, a primary amide/carboxylic C peak at ~288.6 eV, and a minor feature at
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~289.6 eV identified as O-alkyl-C functional groups (Figure 7 right panel). Several of the
regions contained inorganic carbon, identified by the sharp peak between 290.2 and 290.6 eV.
Based on peak fitting results, however, inorganic C accounted for only 4-18% of the total carbon
in all regions (Supplementary Table S2).

To look for differences in OC composition between spectra, regions were averaged either
by site or by whether the region represented Mn oxide-associated OC or bulk OC. By site, CIiff
Ledge had a higher content of amide/carboxylic C (~288.6 eV, p=0.031, two-tailed t-test, 41.5 +
9.3% relative to 31.5 + 1.0%) but lower aliphatic C (~287.5 eV, p=0.004, two-tailed t-test, 17.1 +
1.6% compared to 25.1 + 3.4% of total fit area) (Supplementary Table S2). When classified as
Mn oxide-OC or bulk OC, the C-rich regions that did not contain Mn had higher aromatic and
phenolic/ketonic C (~285.4 eV, p=0.010, two-tailed t-test, 11.3 + 1.7% relative to 7.3 = 1.7% and
~286.4 eV, p=0.012, two-tailed t-test, 3.2 + 0.8% relative to 1.1 + 1.0%) (Supplementary Table
S2) but had no other significant differences.

Overall, the most striking difference between spectra extracted from the ferromanganese
coating samples relative to bacterial/fungal and Oyster Pond Mn oxides was the contribution
from aliphatic C groups (~287.3—287.5 eV). Averaging peak fitting results from all regions
extracted from each sample type together showed that OC in cave samples contains 22 + 5%
aliphatic groups relative to 11 + 3% and 7 + 1% for the incubation and culture samples

respectively (p<0.001, one-way ANOVA) (Figure 5, Supplementary Table S2).

2.3.4 Protein Quantification

For some samples, enough material was obtained to specifically quantify the proteins

associated with the Mn oxides (Figure 1). Within the Roseobacter filtrate, the concentration of
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proteins associated with the Mn oxides was 40.24 + 1.12 mg protein/g mineral after 96 hours of
incubation. Similar to OC, Mn oxides formed within the Erythrobacter filtrate contained
significantly more protein (187.96 + 26.18 mg protein/g mineral) than the Roseobacter Mn
oxides after 96 hours (p<0.001, two-tailed t-test).

Not enough biogenic Mn oxides were recovered to allow for quantification of the
proteins associated with Stagonospora sp. Mn oxides, but Pyrenochaeta sp. Mn oxides contained
84.55 mg protein/g mineral (Figure 1), proportionally more of the OC pool than that found
associated with bacterial Mn oxides.

The concentration of OC associated with Mn oxides formed via Mn(IT) oxidation within
the Oyster Pond water after 8 weeks was 11.8 mg protein/g mineral (Figure 1).

For the cave samples, protein concentrations are several orders of magnitude lower than
that associated with Mn oxides formed in axenic cultures, ranging from 0.05 + 0.01 (Bacon

Cove) to 0.09 + 0.05 (Cliff Ledge 3) mg protein/g mineral (Figure 1).

2.3.5 Protein Identification

As proteins were the primary form of OC associated with bacterial Mn oxides based on
C- and N-NEXAFS spectroscopy, we extracted and identified the Mn oxide-harbored proteins to
gain insight into the types of proteins present in the minerals. The majority of peptides identified
in the Roseobacter sp. AzwK-3b Mn oxide minerals (>55%, Supplementary Table S3) were
associated with animal heme peroxidases (AHPs) encoded by its genome (Andeer et al., 2015).
Several other proteins were identified in the Roseobacter extractions, but were detected at much
lower relative abundances (as measured by relative spectrum counts). The Mn oxide minerals

generated by Erythrobacter sp. SD-21 also contain a homolog to the AHPs found in
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Roseobacter, MopA (Dick et al., 2008). However several other proteins were also identified in
these Mn oxide minerals with similar spectral counts to MopA (ca. 7.9%).

In addition to these peroxidases, there were several other Mn oxide-associated proteins
involved with ion binding or transport. One such protein in the Roseobacter Mn oxides was a
putative metal permease belonging to a family associated with the cellular uptake of Mn”" and
Zn*" (Claverys, 2001). Also identified were a pair of hemolysin proteins that belong to a family
of proteins that are capable of binding Ca>* and Zn®" (Ostolaza et al., 1995). Many TonB-
receptor family proteins, which are involved with the uptake of substrates such as iron-
complexes (Koebnik et al., 2000), along with a number of proteases and peptidases, including at
least one putative metalloprotease, were identified in the Erythrobacter Mn oxides. While most
metalloproteases are associated with Zn, examples of proteases with improved activity when
bound to manganese (Graham et al., 2005) or in the presence of manganese (Kuddus & Ramteke,

2008) have been reported.

2.4 DISCUSSION

Mn oxides formed within brackish water incubations and as cave ferromanganese rock
coatings are composed of 3-MnO,, a poorly ordered layered birnessite phase, similar to the Mn
oxides formed by the bacterial and fungal cultures (see Learman et al., 2011; Santelli et al.,
2011). 5-MnQ2 is the primary type of Mn oxide formed by microorganisms (Bargar et al., 2005;
Webb, 2005; Santelli et al., 2011) and within near surface environments (review by Tebo et al.,
2004 and references therein, Bargar et al., 2009). Similar to Roseobacter Mn oxides, the

hexagonal birnessite phase formed in the brackish water incubations ripens to a more crystalline
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triclinic birnessite phase over several weeks (Supplementary Figure S1, Supplementary Table
S1).

These biogenic and natural Mn oxides harbor substantial concentrations of organic
carbon, ranging from 4.2-17.0 mol OC/kg solid in bacterial and fungal cultures and brackish
pond water incubations (Figure 1). In contrast, cave ferromanganese deposits host far less OC
(0.09-0.12 mol OC/kg solid) (Figure 1). By assigning an approximate formula of MnO, to
culture- and brackish water-derived Mn oxides, an OC:Mn ratio (mol:mol) can be calculated and
ranges from 0.36-1.47. For cave samples, we calculate an OC:Mn of 2.99-8.37, but these values
are artificially high as they reflect TOC and not just Mn oxide-associated OC. Nonetheless, the
magnitude and range of OC:Mn observed in this study are consistent with other carbon-metal
deposits, including Mn oxide deposits in a wastewater treatment facility (>0.22 OC:Mn)
(calculated from Johnson et al., 2015), estuarine and deltaic sediments (OC:Fe of 0.2-4.72,
reported by Lalonde et al., 2012), hydrothermal plume particles (OC:Fe+Mn ~2.69-17.8
calculated from Toner et al., 2009), and DOM removal by Fe-based coagulants (OC:Fe 1.9-3.5,
Henneberry et al., 2012).

Within axenic microbial cultures, uniform and distinct carbon signatures are observed for
marine bacteria versus terrestrial fungi (Figures 3 and 4). Specifically, OC associated with
marine bacterial Mn oxides is primarily proteinaceous (Figure 4, Supplemental Figure S3), while
terrestrial mycogenic Mn oxides harbor both protein and (lipo)polysaccharide-like material
(Figure 4). These signatures could derive from amino sugars, which would produce spectra with
strong peaks corresponding to both amine C and O-alkyl-C (Solomon et al., 2009). However, the
spectra closely match protein and/or lipopolysaccharide standards (for bacterial and fungal Mn

oxides respectively) and the additional N NEXAFS (Supplementary Figure S3), protein
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quantification (Figure 1), and protein extraction and identification data (Supplementary Table
S3) for the bacterial samples affirm this interpretation. These and closely related organisms are
known to have extensive secretomes (Christie-Oleza et al., 2012; Learman & Hansel, 2014;
Zeiner, 2015; Johnson et al., 2016; ); thus, while amino sugars could be present and associating
with the mineral, it is not surprising to find that Mn-associated OC derives from extracellular
proteins and lipopolysaccharides.

While the organic carbon composition of the initial growth media varied between the
cultures, the fungal and Erythrobacter sp. media is quite similar and therefore cannot account for
the differences observed between these organisms. Further, ascomycete fungi, including the two
species explored here, have extensive exoproteomes (Zeiner 2015 and references therein), and
yet their Mn oxides are dominated by a (lipo)polysaccharide signature. As the type and structure
of the Mn oxides formed by these bacteria and fungi are similar (Learman et al., 2011; Santelli et
al., 2011), these findings could point to specific biomolecules involved in Mn biomineralization
by bacteria versus fungi. However, a range of polysaccharides, proteins, and specific amino acids
has been implicated in the nucleation, precipitation and aggregation of a wide diversity of
minerals with specific organic classes not specific to particular microbial groups. For instance,
while here we see a primarily (lipo)polysaccharide signature associated with the fungal
biooxides, proteins or proteinaceous material have also been documented as templates in fungal
Mn oxide formation (Emerson et al., 1989). Conversely, the carbon associated with the bacterial
Mn oxides here is dominated by proteins, but polysaccharides template Fe oxides associated with
the sheath forming iron oxidizer M. ferroxidans (Chan et al., 2009). Similarly, Mn oxide
precipitates formed within biofilms of the bacterium Psuedomonas putida strain MnB1 were

completely enveloped by the same polysaccharide material that comprised its biofilms, where
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this association was likely a combination of templated and adsorbed organic carbon (Toner et al.,
2005). Clearly, this association of organic carbon and minerals does not appear to be unique to
particular microbial groups and rather comprises a number of factors that may vary with lifestyle
(e.g., surface associated versus planktonic) and Mn oxidation pathway.

For the Mn(Il)-oxidizing bacteria utilized in this study, the proteins involved in Mn(II)
oxidation are sequestered and potentially preserved within the ensuing Mn oxide precipitates.
Heme peroxidases and homologs, in particular, are among the most abundant mineral-hosted
proteins within the Roseobacter and Erythrobacter Mn oxides and have been linked to both the
direct and indirect (superoxide mediated) oxidation of Mn(Il) by these organisms (Anderson et
al., 2009; Andeer et al., 2015). Their presence in the mineral may be attributed to their additional
function as a template (either passively or actively) or in inducing particle aggregation (Moreau
et al., 2007). Alternatively, these proteins may play no role in particle formation or growth and
instead may simply be adsorbed between particles and/or onto the Mn oxide surfaces. In fact,
these heme peroxidases are the most abundant protein in both cell-free filtrate and the outer
membrane fraction in Roseobacter AzwK-3b (Andeer et al., 2015) and, thus their prevalent
association with the Mn oxides may simply be a function of their high abundance. Yet, minerals
produced in both bacterial cultures harbor proteins specifically related to ion binding and
transport of metals. Their metal-binding capability may lead to their preferential association with
Mn(II) or Mn oxide particles. If so, carbon ultimately sequestered within biogenic Mn oxides
may, in fact, provide some indication of the mechanism of Mn(II) oxidation and Mn oxide
formation in some cases.

Similar to the bacterial cultures, Mn oxides formed in brackish Oyster Pond waters form

in a C-rich environment and incorporate substantial quantities of OC into the mineral (Figure 1).
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The OC associated with Mn oxides formed in incubation samples is dominated by aromatic,
aliphatic, amide/carboxyl, and O-alkyl-C functional groups (Figures 5 and 6). Further, proteins
were specifically observed associated with the Mn oxides formed in the water incubations
(Figure 1). As these Mn oxides were formed during active Mn(11) oxidation and oxide
mineralization within the Oyster Pond water, we anticipate that, similar to the marine bacterial
cultures, at least a proportion of this carbon is associated with the Mn(1l)-oxidizing organisms
responsible for Mn oxide formation within these waters. We further hypothesize that associated
OC has additional sources not associated with the Mn(II) oxidation process, including biomass,
POC, and DOC. Indeed, synthetic Mn oxides (as 8-MnOy) directly incubated within Oyster Pond
water contained substantial levels of OC, indicating that Mn oxides also passively adsorb or
aggregate OC in these waters (Figure 2 and Supplemental Figure S2). By comparing the carbon
associated with Mn oxides formed during active mineralization in the Oyster Pond water versus
synthetic Mn oxides of similar structure added to the same water, ~44% of the OC associated
with the biomineralized Mn oxides can be attributed to a solely passive adsorption reaction (see
Figure 2). Further, synthetic Mn oxides incubated in 0.2 pm-filtered Oyster Pond water also
accumulated OC, about ~50% as much as the OC in the unfiltered water, indicating that a
substantial proportion of this mineral-associated OC derived from the dissolved pool (see Figure
2). Given the initial DOC concentration of 0.74 + 0.02 mmol DOC/L and an added concentration
of 100 uM synthetic Mn oxide, we calculate that the Mn oxide-associated OC in that synthetic
oxide + filtered water treatment represents ~4% of the initial DOC. This minor fraction of carbon
removed within these carbon-rich coastal waters precludes robust quantification of Mn oxide-
induced compositional changes to the DOC pool or evidence for selective partitioning to the Mn

oxides.
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Thus, OC associated with the Mn oxides formed via biomineralization in Oyster Pond
water likely reflects adsorption or incorporation of biomass and/or metabolites generated by
Mn(II)-oxidizing microorganisms during Mn oxide formation as well as OC not associated with
active Mn mineralization. Chen et al. (2014) observed an enrichment of aromatic C at low solid
phase OC:Fe ratios, similar to those OC:Mn ratios found in samples here. Eusterhues et al.
(2011) examined fractionation of both polysaccharide-rich DOM and lignin material by
ferrihydrite, observing that co-precipitation resulted in greater fractionation than adsorption-only,
and that mineral-associated lignin material was enriched in aromatics relative to the original
composition. Yet, aromatic C is not enriched in the Mn oxides formed during biomineralization
in the Oyster Pond water; in fact, aromatic C comprises a significantly smaller percentage of the
total fit area for biomineralized incubations than incubations of synthetic Mn oxides
(Supplementary figures S4 and S5; Supplementary Table S2), inverting what would be expected
if these experiments truly represented “adsorption-only” or “co-precipitation-only” scenarios.
This observation instead emphasizes that the chemical composition of OC associated with Mn
oxides in incubation samples derives from a combination of source (microbial material, POC,
DOC) and mineral-induced fractionation, and that OC interacts with the mineral via several
mechanisms.

In contrast to the low complexity and homogeneous nature of organic molecules
associating with Mn oxides precipitated in cell-free filtrate of the bacterial and fungal cultures,
Mn oxides formed in brackish Oyster Pond water and particularly in terrestrial caves bear OC
that is more complex and spatially heterogeneous in chemical composition. Compared to culture-
derived Mn oxides, C NEXAFS spectra extracted from regions within incubation and cave

samples do not clearly match singular biomolecule standards, but contain instead a diversity of
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organic carbon functional groups. Although the proportions of the different functional groups
vary both within regions of the same sample and between samples, all contain predominantly
aromatic, aliphatic, amide/carboxyl, and O-alkyl C groups. The distribution of functional groups
does not, in general, vary significantly between Mn oxides formed in cultures, brackish water,
and terrestrial caves when peak fitting results from spectra are averaged by sample type (Figure
4). Other studies of marine particles (Brandes et al., 2004) and soil aggregates (Lehmann et al.,
2008) have found similar results, where different samples nonetheless contain the same classes
of compounds.

One notable exception to the similarity in functional group distributions is an observed
higher proportion of aliphatic C within the terrestrial cave samples (Figure 9). Previous work has
interpreted enrichment of aliphatic and amide C as evidence of microbial lipids and proteins that
selectively partition onto mineral surfaces. Like this work, Keiluweit et al. (2012) found lipids
and proteins intermixed within iron-oxide rich soils, while Liu et al. (2013) found lipids and
proteins in separate 100-200 nm’ domains after adsorption of extracellular polymeric substances
to goethite. Mineral-associated OC in soil samples studied by Heckman et al. (2013) were
dominated by polysaccharides, but also enriched in lipids and proteins which were interpreted as
microbial residues. The cave ferromanganese coatings, however, lack the O-alkyl-C enrichment
that would be more indicative of polysaccharide material (as with the mycogenic oxides) and
have a variable amide/carboxyl C content comparable to incubation and culture samples,
suggesting a relatively higher lipid:protein content than that found in those previous studies on
soil. The C-rich/no Mn regions (Figure 7, BC regions 6 and 7, CL regions 8 and 9) are
significantly enriched in aromatic and phenolic/ketonic groups (p = 0.01, two-tailed t-test). These

regions could represent the fraction of non-microbially processed, more terrestrial (lignin or
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otherwise plant-derived) OC in the sample (Heckman et al., 2013) or intact fungal hyphae-like
material (Keiluweit et al. 2012). Conversely, more Mn-rich regions could be interpreted as
depleted in aromatics due to oxidative degradation by Mn oxides, as observed in Johnson et al.
(2015) who documented preferential breaking of aromatic C-C bonds and conversion to low
molecular weight compounds. However, as Mn-containing regions do not otherwise significantly
differ from C-rich regions, we cannot conclusively attribute slight compositional differences to
mineral-driven fractionation of microbial OC. Ultimately, the high aliphatic C content of cave
Mn oxides may reflect differing C sources, differences in lifestyle (i.e. more lipid-rich biofilm
formation for rock-associated microbes in cave systems), or a greater extent of microbial
processing of OC. Given the oligotrophic cave environment and low measured carbon

concentrations, this last option seems most feasible.

2.5 CONCLUSIONS

Here we show that manganese oxides harbor substantial concentrations of organic carbon
that remain stable despite mineral ripening and particle aggregation (Supplemental Figures S2
and S3). Biomolecules hosted within Mn oxides formed by bacteria and fungi are distinctly
different, which could point to the potential for Mn oxide-hosted carbon as a biosignature.
However, the concentration of OC associating with Mn oxides under different incubation
conditions, in addition to the complex spectroscopic signature of OC within natural Mn oxides
from the caves and brackish water incubations, suggest that environmental Mn oxides
accumulate organic carbon from a range of sources through a range of mechanisms, which will

overwrite any clear biomolecular signature.
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Regardless of the OC source, Mn oxides sequester OC at substantial levels, as long
appreciated for clay minerals and more recently Fe oxides. This association is established rapidly
within cultures and brackish water incubations (Figures S2 and S3). Thus, Mn oxides may be an
additional and important source and/or sink of OC within terrestrial and marine systems,
including the subsurface or otherwise carbon-limited environments. In marine sediments or cave
environments, Mn oxides may shuttle OC to depths where it is subsequently released and made
bioavailable either by reductive dissolution of Mn oxide minerals, other diagenetic reactions, or
an increased prevalence of exoenzymes that target the types of OC present at Mn oxide surfaces.
Of particular interest is the attenuation and possible preservation of proteinaceous carbon
within/on Mn oxide minerals (Figures 1 and 4, Supplemental Figures S2 and S3). If this
preservation endures on time scales sufficiently greater than sedimentation and burial, then this
mineral-hosted protein has the potential to fuel heterotrophic life in the deep subsurface. This
brings up the intriguing possibility that mineral-derived proteins could explain the abundance of
protein-degrading peptidases and protein-based metabolisms within some subsurface sediments
(Lloyd et al., 2013). Conversely, if associated OC remains inaccessible to microbes and is
stabilized over much longer time scales, Mn oxides may provide a mechanism for transferring
organic carbon from the surface carbon cycle to the geological carbon cycle, facilitating burial
and inhibiting remineralization. Moving forward, correlative approaches and micro-scale
techniques will be invaluable for elucidating micro-zones representing different types of mineral-
organic interactions within sediments and how the composition of Mn oxide-associated OC

changes over time and throughout diagenesis.
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Figure 1. Organic carbon and protein concentrations associated with Mn oxides formed in the
cell-free filtrate of bacterial and fungal cultures. Bacterial and fungal samples came from 96-hour
incubations while the brackish Oyster Pond water sample was incubated for 8 weeks. The
Stagonospora sample did not contain enough volume to allow measurement of proteins. TOC
and protein concentrations for cave samples are multiplied 10x such that they are visible on the

graph.
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Figure 2. Organic carbon concentrations associated with Mn oxides following different
incubation treatments in brackish Oyster Pond water: Mn oxides formed from Mn(II) over the
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Figure 3. Mn and C STXM OD maps of Mn oxides formed in cell-free filtrate of bacterial and
fungal cultures (left) generated by subtraction of a pre-edge transmission image from a post-edge
image (see methods). C 1s NEXAFS spectra (right) extracted from regions denoted on the
STXM maps. Lower right panel expands spectra taken from Stagonospora Mn oxides. Guide

lines are at 285.3, 287.4, 288.3, and 289.45 eV.
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precipitated in the cell-free filtrate of fungal (blue) and bacterial cultures (black) generated by
extracting the entirety of the STXM image for each species, shown with matching standards.

Guidelines are at 285.3, 287.4, 288.3, and 289.45 eV.

66



60

Obacterial
S0 Ofungal

incubation

Foy
o

Ncave

% of total area
w
(]

N
(o

10

aromatic aliphatic amide and carboxylic O-alkyl C

Figure 5. Average percent contribution of primary functional groups to total spectral area.

Statistical differences determined by one-way ANOV As. Letters designate significant

differences between sample types (p<0.05, see text).

67



Intensity (a. u.)

280 284 288 292 296 300 304
Photon energy (eV)

Figure 6. Transmission image (top left) and C (green), Mn (red), and Fe (blue) overlaid STXM
OD maps of Mn oxides formed in Oyster Pond brackish water after 8 weeks (bottom left) and
corresponding C 1s NEXAFS spectra (right). Guide lines are at 285.4, 287.2, 288.4, and 289.45

eV.
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CHAPTER 2 SUPPORTING INFORMATION

Supplementary materials and methods

Bulk NEXAFS of Roseobacter Mn oxides

Bulk near edge X-ray absorption fine structure (NEXAFS) spectroscopy was conducted on
beamline 8-2 at SSRL on mineral samples precipitated by bacterial and fungal cultures. 10-100
pL of concentrated biogenic MnOx were pipetted onto individual silicon wafers and dried at
30°C, covered (~ 2 hrs). Carbon and nitrogen standards were prepared in ultrapure water at an
approximate concentration of 10 mM. Standards include bovine serum albumin (protein,
BioRad), phenylalanine and lysine (amino acids), alginate and agarose (anionic and neutral
polysaccharides), lipopolysaccharide (from Escherichia coli 055:BS), phospholipids (as 1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine), and oxalic acid. Unless otherwise specified, all
standards were purchased from Sigma Aldrich.

The beamline was operated with a 500 I/mm spherical grating monochromator and an
entrance and exit slit set to 40um, yielding an absolute energy resolution of less than 0.3 eV. The
samples were attached to an aluminum sample stick in a single load and analyzed under ultrahigh
vacuum conditions (pressure ~107-9 mbar). Measurements were made in total electron yield
(TEY) mode on a spot size of less than 1 mm?, using a grazing incidence angle of either 20° or
35°, where incidence angle did not yield a difference in results (data not shown). Spectra were
collected around the carbon 1s edge, from 260 to 340 eV, with a dwell time of 2 seconds. To
avoid beam damage and variation of background due to charging, scans were taken at different
positions on the sample. Spectra shown are either single scans or the average of 2-3 scans taken
at different positions on the sample. A series of scans taken in a transect across several samples

confirmed reproducibility.

70



Dark current in the sample current was measured prior to the collection of each spectrum
and subtracted from the raw data. Spectra were then normalized to i0 current measured by a
mesh upstream of the chamber with freshly evaporated gold. An absolute energy calibration of
the carbon spectra was achieved by shifting the energy such that the first dip in the incoming
intensity due to carbon contamination on the beamline optics (carbon dip) occurs at 284.7 eV.
Spectral processing was completed by subtracting a line fit to the pre-edge region (281-283),
followed by an area normalization between 282 and 310 eV, while keeping the high-energy
intensity constant (atomic normalization). All data were processed in Igor Pro (WaveMetrics,

Inc, Lake Oswego, Oregon).

71



OP 4 weeks;
unfiltered |

OP 8 weeks |
unfiltered

k*y(k)

Cliff Ledge 3|

2 4 6 8 10 12 14
k(A"
Figure S1. k*-weighted Mn EXAFS spectra (dotted black line) and linear combination fit (solid
gray line) for the Oyster Pond water incubations in the presence of aqueous Mn(lI) reacted for 4
weeks (OP4) and 8 weeks (OPS8), and ferromanganese coatings from Daniel Boone Caverns (C1,

C3). Corresponding fitting results are provided in Table S1.

Table S1. Linear combination fits for the Mn EXAFS shown in Figure S1. Data provided as
mole percent of each phase in the total Mn signal.

Oyster Pond Incubations Ferromanganese Coatings
4 weeks 8 weeks C1 Cc3
Hexagonal Birnessite as 8-Mn02 92 51 92 93
Triclinic Birnessite 0 38 0 0
Mn(l1) 8 11 8 7
R-factor 0.03 0.03 0.05 0.03

*goodness of fit established by the minimization in the R-factor (as in Newville M. (2001)
IFEFFIT: interactive XAFS analysis and FEFF fitting. J. Synch. Rad. 8, 322-324)
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Supporting results and discussion

Observation and implications of temporal changes in Mn oxide-associated organic carbon in
culture and incubation experiments

Between 24 and 96 hours, OC associated with Mn oxides generated in Roseobacter
filtrate significantly increased from 7.21 £ 0.42 to 8.50 + 0.84 mol OC/kg mineral (p= 0.002,
two-tailed t-test, Figure S2). The concentration of proteins associated with the Mn oxides also
increased significantly over this time period (~3x) from 13.51 £ 4.02 to 40.24 + 1.12 mg
protein/g mineral (p<0.001, two-tailed t-test). In contrast, the concentration of TOC and proteins
associated with Mn oxides formed upon oxidation of Mn(IT) within brackish water from Oyster
Pond (Cape Cod, MA), decreases between 4 to weeks (Figure S2). During this time period the
initial Mn oxides within the Roseobacter and water incubations ripen from hexagonal to triclinic
birnessite (see Learman et al., 2011, Figure S1, and Table S1). Despite this ripening, substantial
levels of OC are associated with the Mn oxide precipitates.

Thus, carbon associates rapidly with Mn oxides under biomineralizing conditions within
both cell free Roseobacter filtrate and Oyster Pond brackish water incubations. The
mechanism(s) behind this rapid association are unknown, but may implicate extracellular
biomolecules in assisting mineral nucleation and/or particle aggregation, as demonstrated in
various mineralizing systems (Mann et al., 1993; Moreau et al., 2007; Kleber et al., 2015).
Polysaccharides associated with stalks of the Fe(Il)-oxidizing bacterium Mariprofundus
ferroxydans have been described as templating Fe oxides that encrust the stalks (Chan et al.
2009; Chan et al., 2011; Bennett et al., 2014). However, in contrast to the rapid association of
OC and Mn oxides in the Roseobacter secretomes observed here, concentrations of organic

carbon were low during log phase growth and corresponding Fe oxide precipitation, with
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substantial levels of mineral-associated OC only observed once M. ferroxydans entered
stationary phase. Cell lysis was hypothesized as the source of this later carbon (Bennett et al.,
2014). Thus, in that system, organic carbon templates constitute a small fraction of the total OC
associated with the biogenic Fe oxides. In our systems, Mn oxide formation occurs in cell-free
filtrate, in the absence of bacterial (or fungal) cells; instead, precipitation is mediated via
extracellular enzymes and biomolecules secreted during growth. Nonetheless, the concentration
and composition of this Mn oxide-associated carbon is established rapidly upon the onset of Mn
oxide formation.

The association between carbon and Mn oxides is also established rapidly under passive
adsorption conditions. For instance, incubation of brackish Oyster Pond waters with synthetic
Mn oxides revealed substantial carbon associated with the Mn oxides after just 6 hours of
reaction. The concentration of TOC increased moderately overtime. The concentration of OC
accumulated by the synthetic minerals incubated is significantly less than that associated with
biomineralized Mn oxides (p<0.001, one way ANOVA). Further, part of this Mn oxide
associated OC can be attributed to rapid adsorption of DOC on the Mn oxides, as evidenced by

the OC on synthetic Mn oxides that were incubated in filtered (0.2 um) Oyster Pond water.
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Figure S2. Changes in TOC and proteins associated with Mn oxides formed by Roseobacter

filtrate and brackish water incubations over time.
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Table S2. C 1s NEXAFS spectra peak fitting results for all samples and regions

Functional . . phenolic . . amide and O-alkyl-
quinone aromatic and aliphatic . carbonate
group . carboxylic C
ketonic
:;:'i';n 283.7-  284-  286.5- 287.1-  288.0- 289.2-  290-
P ) 2843 2855 2872 2877 2888 2897 2905
bulk Roseobacter
NEXAFS -8 hours bulk 0 1031 424 1125 5206 1953  2.62
Roseob
oseobacter ik 0 1167 1.91 893 5840 18.28  0.80
--24 hours
Roseobacter 0 1526 377 1019  49.18 1894 265
--72 hours
Roseobacter 0 1287 225 812 5866 1696  1.13
--96 hours
STXM- Roseobacter .
NEXAFS o hoo region 1 034 1358  10.71 880 4134 1534  9.89
region 2 0.48 13.64  11.88 740 4069 1823 768
region 3 050 1335  11.07 826 4244 1408 1030
region 4 0.46  13.19 9.26 9.15 4251 1516 1027
average 0.45 1344 1073 8.40 4174 1570 953
stdev 007 021 1.09 0.76 088 177 125
Roseobacter i1 070  11.29 7.67 629 4379 2118  9.07
--24 hours
region 2 013  10.05 8.57 561 4518 19.04 1142
region 3 010 10.12 8.64 566 4527 1895 1127
region 4 015 10.51 7.51 6.64 4337 1872 13.11
average 0.27 10.49 8.10 6.05 44.40 19.47 11.22
stdev 029 057 0.59 0.50 097 115 166
Erythrobacter ;001 025 397 4.10 616 5587 19.30 1035
--24 hours
region 2 021 737 4.74 965 4131 2568 11.03
region 3 021 697 5.02 9.10 4435 22.87 1148
region 4 023 647 4.29 883 4148 2585 1285
average 022 620 4.54 844 4575 2343 1143
stdev 0.02 153 0.42 1.56 6.89 307 106
bacterial average 031 1004 7.79 763 4397 1953 1073
average
stdev 018 322 2.74 1.50 405 382 150
Pyrenochaeta region 1 0.91 10.06 6.46 7.83 28.67 37.31 8.76
region 2 153 671 5.52 601 2687 4339 998
region 3 119 735 6.12 713 2807 4140 874
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region 4 079  7.81 5.72 6.18  27.61 4234 954
average 111 7.98 5.95 679  27.80 4111 925
stdev 033 146 0.42 0.85 076 266 061
Stagonospora region 1 1.06 9.81 6.62 5.92 25.28 42.30 9.01
region 2 053  7.26 5.22 830 2252 4626  9.91
region 3 054  6.56 5.04 9.85  23.87 44.06 10.08
region 4 093  6.25 5.94 6.67 2236 46.04 1181
average 0.77 7.47 5.70 7.69 23.51 44.66 10.20
stdev 027 161 0.73 175 136 18 117
f
ungal average 094 773 5.83 724 2566 42.89 973
average
stdev 033 145 0.56 136 251 285  1.00
|
culture average 056  9.12 7.00 747 3664 2887 10.33
average
stdev 040 285 2.33 1.42 9.83 1222 139
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Table S2, continued. C 1s NEXAFS spectra peak fitting results for all samples and regions

. phenolic amide
Functional ) . . O-
quinone aromatic and aliphatic  and carbonat
group X . alkyl-C
ketonic carboxylic
. peak
inc Neeon 2837-  284-  2865- 287.1- 2880 2892-  290-
time P ) 2843 2855 2872 2877 2888 2897 2905
syn - whole 96 01 000 1158 227 1132 4093 2179 1211
MnOx water  hours
whole 96 ion3 000 1256 220 1117 4044  21.65 11.97
water  hours
whole 96 ion4a 000 1203 230 1115 4025 21.02 13.25
water  hours
whole 96 ion5 000 1154 203 1111 4074 2128 1330
water  hours
average 000 1178 217 1113 4050 21.15 13.27
stdev 000 035 019 003 035 018  0.04
syn
MnOXx average 0.00 1193 220  11.19 4059 21.44 12.66
average
stdev 000 048 012  0.09 030 035 071
mineralized WM 8 region1 0.0 1008 498 843  29.96 24.87 21.68
water  weeks
whole 8 region2 000 660 587 1159 3482 2558 1553
water  weeks
whole 8  cion3 000 757 632 1170 3472 27.07 1262
water  weeks
whole 8 region4 0.00 633 529 1071 3564 2844 1359
water  weeks
whole 8 region5 000 616  3.89 1417 31.59 22.96 21.22
water  weeks
whole 8 region6 0.00 878  4.49 1447  33.03 2334 1590
water weeks
whole 8 region7 0.00 542  6.63 591  39.02 29.16 13.86
water  weeks
average 000 728 535  11.00 3411 2592 1634
stdev 000 164 099  3.04 295 241  3.67
—
mineralized average 000 735 527 1132 3335 2578 1693
average
stdev  0.00 162 093 206 245 210 426
incubation average 000 938 391 1126 3657 2385 1503
average
stdev 000 269 175 146 420 274 379

* excludes unfiltered water regions 6 and 7, which

contains no/low Mn
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phenolic

Functional . . . . amide and O-alkyl-
quinone aromatic and aliphatic . carbonate
group . carboxylic C
ketonic
k
:;:ion 283.7- 284-  2865- 287.1- 288.0- 289.2-  290-
P V) 2843 2855 2872 2877 2888 2897 2905
Bacon Cove '°‘£’A/n "°  region7  1.02 1070 411 2169 3043 2765  4.40
|
0‘:41‘"0 region6  1.03 1211  2.37 2127 3162 2612  5.48
Mn- .
. region5 004 918 124 2670 2906 2481 897
Mn- .
S region3 218 737 120 2888 3010 1702 1325
Mn- .
G regionl 086 872 265 2707 3112 1813 1136
Bacon Cove,
acon Love average 102 1141 324 2148 3103 2688  4.94
low/no Mn
stdev 001 100 123 0.29 0.84 1.08 0.76
Bacon Cove, average 102 842 170 2758 3009 1999  11.19
Mn-rich
stdev 108 094 082 1.14 1.03 4.21 2.14
Ba°°:“c°"e average 102  9.62 2.31 25.14 3047 2275  8.69
stdev 076 183 120 3.44 0.98 4.84 3.76
Cliff Ledge 'om/n "0 region9 043 918 375 1564 4264 1991  8.45
'Oxvn/n”c’ region8 092 1317  2.65 18.87 2808 1823  18.09
Mn- B
S region4 007 536 027 1580 4755 1623 1472
Mn- region 001 572 008 1822 4778 1556  12.63
rich 28
iff
Cliff Ledge, average  0.67 11.17  3.20 1726 3536  19.07  13.27
low/no Mn
stdev 034 282 078 228 1030  1.19 6.82
Cliff Ledge, average 0.04 554  0.18 17.01 4767 1589  13.68
Mn-rich
stdev 004 025 014 171 0.16 0.47 1.48
i L
cli alfdge average 036 836  1.69  17.13 4151 1748 1347
stdev 042 364  1.80 1.66 9.27 1.98 4.04
Mn:rlch average 0.63 7.27 1.09 23.35 37.12 18.35 12.19
regions
stdev 093 172 102 5.91 9.65 3.74 2.17
low/no Mn average  0.85 1129 322 1937 3319 2298  9.11
regions
stdev 028 173 084 2.78 6.47 4.60 6.23
cave average 073  9.06 204 2158 3538 2041  10.82
average
stdev 069 266 143 4.98 8.16 4.57 4.42

79



Supporting results and discussion

Lack of change in chemical composition of Mn oxide-associated organic carbon despite mineral
transformation

As shown in Figure S2, an OC-Mn oxide association remains intact despite mineral
ripening and coarsening of Mn oxides. In particular, despite the ripening of initial colloidal
hexagonal birnessite to more crystalline and particulate triclinic birnessite in the Roseobacter
filtrate (Learman et al., 2011) the chemical composition of the carbon shows no concomitant
transformation and in fact has the same composition at 96 hours as at 8 hours (Figure S3).
Similarly, organic carbon was retained during transformation of ferrihydrite to more stable Fe
oxides under surface conditions (Chen et al., 2015) and simulated diagenesis (Picard et al.,
2015); however, in the surface-condition experiments, at the final experiment time point (90
days), a greater proportion of OC was desorbable with H,PO4 (Chen et al., 2015), implying
decreased preservation potential. Organic carbon associated with Fe oxides formed by the Fe(II)-
oxidizing M. ferroxydans became more enriched in aromatic- and unsaturated-C throughout the
growth cycle and as the Fe oxide ripened (Bennett et al., 2014). This shift may be due to changes
in the source carbon, however, rather than mineral-induced alteration of the carbon or
preferential associations with specific mineral structures, as the organism transitioned from log
to stationary phase during the course of the experiment, generating additional OC from cell lysis.
In the experiments shown here, cells were removed prior to mineral precipitation such that lysis

cannot contribute additional carbon.
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Figure S3. Bulk C Is (left) and N 1s (right) NEXAFS spectra for organic matter associated with
Mn oxides formed in Roseobacter filtrate following 8 to 96 hours of incubation. Carbon spectra

are shown with accompanying standard compounds.
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Supporting results and discussion

Chemical composition of organic carbon associating with biomineralized vs. synthetic Mn oxides
following brackish water incubations

In comparison to the Mn oxides formed during active Mn(II) oxidation in the brackish
Oyster Pond waters (Figure 6 ), the carbon associated with the synthetic Mn oxide additions was
more homogeneous in chemical composition (average relative standard deviation of ~3% for
peak fitting of all functionalities, relative to ~19% for the mineralized sample). The C NEXAFS
spectra have with very intense aromatic C peaks at 285.4 eV, (11.9 + 0.5% of total fit area)
visible shoulders ~287.1 eV (aliphatic C, 11.2 + 0.1%), and somewhat of a plateau between
288.5 and 289.4 eV (amide/carboxylic C, 40.6 + 0.3%; O-alkyl-C, 21.4 £+ 0.4%) (Figures S4 and
S5). Results from peak fitting of extracted spectra were averaged to allow a statistical
comparison between mineralization (n=5 regions, excluding the low/no-Mn regions 6 and 7) and
synthetic Mn oxide (n=4 regions) incubations. This comparison shows that synthetic Mn oxides
accumulated a greater proportion of OC with aromatic functionalities (p= 0.005, two-tailed t-test)
but fewer O-alkyl-C groups (p=0.05, two-tailed t-test) (Figure S5).

Thus, differences were observed in the carbon distribution and composition within Mn
oxides formed either within the Oyster Pond water (active mineralization; carbon may adsorb or
co-precipitate with the oxides) or added as synthetic Mn oxides of similar structure to the same
water (adsorption only). Mn oxides produced during active Mn(II) oxidation within the pond
waters are enriched in O-alkyl-C but depleted in aromatic groups relative to the pre-formed
synthetic Mn oxides directly added to the same pond water. These functional differences may
reflect the incorporation of specific organic carbon molecules involved in templating and/or

aggregating Mn oxides as opposed to non-specific adsorption processes.
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Figure S4. Transmission image (top left) and C (green), Mn (red), and Fe (blue) overlaid STXM
OD maps of synthetic Mn oxides incubated in Oyster Pond brackish water for 96 hours (bottom
left) and corresponding C 1s NEXAFS spectra (right). Guide lines are at 285.4, 287.2, 288.4, and

289.45eV.
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Figure S5. Comparison of average percent contribution of primary functional groups to total
spectral area for Mn oxides mineralized over 8 weeks in brackish Oyster Pond water vs.
synthetic Mn oxides incubated for 96 hours in Oyster Pond water. An asterisk denotes
statistically significant differences between treatments (p=0.05, two-tailed t-test) while “NS”

denotes no significance.
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Table S3 Identified MnOx associated proteins*
% of Spectra

NCBI Protein assigned to
Putative Protein Description** Reference Sequence __genome*
Roseobacter sp. AzwK-3b
02N ) YN 4 £ 7 11 K 555 777
Sulfate ABC transporter, periplasmic substrate WP_007811278.1 5.9
binding
protein
Hemolysin-type calcium binding region, PAP2 WP_007813058.1 4.2
haloperoxidase like superfamily
Hemolysin-type calcium binding region, PAP2 WP_007817497.1 4.2
haloperoxidase like superfamily
Ribosomal protein WP_007817149.1 34
Malate-CoA ligase beta subunit WP_007812203.1 34
ABC transporter,periplasmic substrate binding WP_007817006.1 2.5
protein
S-adnosylmethionine synthetase WP_007813992.1 2.5
Carbon-monoxide dehydrogenase WP_007813459.1 2.5
TroA-family Zinc/manganese transport protein WP_050774151.1 2.5
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Table S3, continued. Identified MnOx associated proteins*
% of Spectra

NCBI Protein assigned to
Putative Protein Description** Reference Sequence genome*
Erythrobacter sp. SD-21
Porin, TonB-dependent heme/hemoglobin WP_006833849.1 11.9
receptor
family
Porin superfamily, TonB-dependent receptor WP_006833853.1 10.3
MopA WP_006834642.1 7.9
Peptidase WP_006833852.1 7.9
Outer membrane cobalamin receptor protein WP_006831923.1 6.3
peptidoglycan-associated protein (outer WP _034921711.1/E 4.8
membrane DL49045.1
OmpA)/MotB flagellar motor protein
Outer membrane receptor protein (possible Fe- WP_006833976.1 4.0
trans)
Predicted zinc metalloprotease WP_006832538.1 4.0
Peptidase WP _006833325.1 4.0
Hypothetical protein WP _006832146.1 4.0
Outer membrane receptor protein (possible Fe- WP_006832482.1 3.2
trans
Putat)ive secreted calcium binding protein WP 006833235 3.2
Outer membrane, OmpA related WP _034921497.1/E 3.2
DL49884.1
Hypothetical protein, peptidase WP _006834582.1 3.2
Periplasmic peptidase, serine protease WP_006833952.1 32
Outer membrane receptor protein (possible Fe- WP_006833518.1 2.4
trans)
TonB-dependent receptors WP_006833718.1*** 2.4
Hypothetical WP_006833057.1 2.4
Outer membrane receptor protein (possible Fe- WP_034922553.1 2.4
trans)

* - proteins were included in the table that met the following criteria using Scaffold v.4.4.6: Protein threshold
at least 99% with a minimum of 2 peptides with a peptide threshold of 95%. Identities with less than 3 spectral
counts were also omitted

** _ refer to current descriptions in NCBI's protein

database

** _ indicate other proteins present in the genome with

near identical sequences
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Chapter 3: The distribution and composition of persistent organic carbon in
oxygenated pelagic sediments

ABSTRACT

Sediments cover 70% of the earth’s surface and up to 40% of that area may be oxygenated
through basement. These oxic sediments are found underlying oligotrophic regions of the ocean
and, in contrast to anoxic systems, microbial life is electron donor rather than acceptor-limited.
Thus, understanding the concentration and chemical composition of organic carbon (OC) that
exist in these regions provides insight into the geochemical constraints on subsurface life and the
mechanisms contributing to the preservation of OC. To that end, here we interrogate oxic
sediments from the oligotrophic North Atlantic and South Pacific gyres using near edge X-ray
absorption fine structure spectroscopy (NEXAFS). We measure among the lowest concentrations
of sedimentary OC found globally (<0.1 %0OC) with OC and nitrogen concentrations decreasing
rapidly over the first 1.5 m below seafloor then plateauing to a relatively stable concentration
over depths of 25 m below seafloor and estimated sediment ages up to 24 Myr. Further, we find
measurable quantities of intact proteins, although these extractable proteins account for <<1% of
the total OC. The relative abundances of OC functional groups show substantial variation on the
bulk scale throughout the cores, but show no discernable trend with depth. The strongest
correlation between functionalities on both the bulk and micro-scale exists between aliphatic and
amide/carboxylic carbon which may be indicative of carboxylic-rich alicyclic material (CRAM).
However, the overall variability in relative functional group abundances raises the possibility
that this material consists of a spectrum of carbon species with a wide gradient in bioavailability

and chemical potential.
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3.1 INTRODUCTION

The total number of microbial cells in the subseafloor matches that found in soils and
seawater (Kallmeyer ef al., 2012). These organisms survive at the limits of life, at depths of up to
~2.5 km below seafloor (Inagaki et al., 2015) using a diverse range of metabolisms and
adaptations to garner energy from the environment (Jorgensen and Marshall 2016; Lever et al.
2015). Heterotrophic metabolisms are active in the deep subsurface (Biddle et al. 2008;
Jorgensen et al. 2013; Lloyd et al. 2013; Orcutt et al. 2011; Russell et al. 2016), sustained by
buried organic carbon and electron acceptors from the photosynthetic surface environment
(D’Hondt et al., 2004; Lomstein et al., 2012). Oxygenated sediments comprise 9-37% of the
global seafloor and likewise contain active microbial communities that couple aerobic respiration
to oxidation of organic matter, despite its scarcity in those environments (Archer et al., 2002;
D’Hondt et al., 2009, 2015; Roy et al., 2012). In contrast to coastal sediments that have high
organic carbon loads and rapidly consume electron acceptors in the process of microbially-
mediated remineralization, oxic sediments are found underlying oligotrophic regions of the
ocean and are electron donor-limited. Thus, predictions of the extent and limits on microbial life
in oxygenated sediments hinge on determining the quantity and quality of organic carbon (OC)
available.

Depth profiles of OC concentrations in sediments can be modeled by describing OC as a
single pool that becomes increasingly less reactive with depth (Middelburg, 1989; Boudreau &
Ruddick, 1992; Arndt ez al., 2013). A range of mechanisms, however, likely contribute to
decreased reactivity, from recalcitrance to preservation of otherwise more “labile” OC due to
association with mineral surfaces or electron acceptor limitation. Due to these factors, OC

content alone is not a predictor of availability (Durbin & Teske, 2012) or potential energy yields
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(LaRowe & Van Cappellen, 2011). Indeed, a review of over 250 published models of OC
degradation emphasizes that no model parameters correlate with single environmental variables
such that a model may be easily transferred from one environmental system to another (Arndt et
al.,2013).

Improved characterization of the chemical composition of OC in a range of
environments, particularly understudied regions such as oxygenated pelagic sediments, will
undoubtedly contribute to our understanding of the mechanisms contributing to OC preservation,
degradation, and bioavailability to the deep biosphere. However, sedimentary OC is notoriously
difficult to describe, and oftentimes referred to as “molecularly-uncharacterized organic matter”
(Wakeham et al., 1997; Hedges et al., 2000). Sedimentary OC and the uncharacterizable fraction
of DOC and sinking particulate matter is typified by a high amino acid or peptide-like
component (Brandes et al. 2004; Hedges et al. 2001; Hertkorn et al. 2006) and alkyl and O-alkyl
groups (Brandes et al., 2004; Dickens et al., 2006; Hertkorn et al., 2006; Mao et al., 2011)
interpreted as products of partial oxidation reactions that result in substituted and copolymerized
carbohydrate structures (Mao et al., 2011). Carbon characterization using Fourier transform ion
cyclotron resonance mass spectromertry (FT-ICR-MS) indicates an increase in the number of
compounds observed as well as larger compounds with depth in the sediments or between
bottom water and porewater, both for porewater (Schmidt ez al., 2009, 2011) and sedimentary
“water extractable organic matter” (Oni et al., 2015). Finally, N-bearing organic compounds
appear enriched in sedimentary interstitial waters relative to the marine water column (Schmidt
et al., 2009, 2011), which has been interpreted as evidence of protein degradation (Schmidt ez

al.,2011).
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Despite recent advances, NMR and FT-ICR-MS analyses remain limited in the fraction
of OC they can characterize due to requisite sample pre-processing, including demineralization
to remove paramagnetic minerals, solid phase extractions, and/or other chemical extractions.
This limitation prohibits a non-invasive, detailed characterization of organic carbon, particularly
within complex samples. In contrast, X-ray absorption spectroscopy provides an attractive
alternative to sediment characterization as it is non-invasive, non-destructive and does not
require any sample pre-processing prior to analysis. Further, as synchrotron X-rays are tunable
and have a high flux, they are ideally suited for analyzing elements present in low concentrations
and in complicated matrices (Templeton & Knowles, 2009). Further, near-edge X-ray absorption
fine structure spectroscopy (NEXAFS) provides equivalent information to NMR and FT-ICR-
MS of the structural composition of OC in sediments on the bulk scale. As such, here we
examine the content and chemical composition of OC in oxygenated pelagic sediments in order
to gain insight into carbon cycling and bioavailability in an important, understudied marine

ecosystem.

3.2 METHODS

3.2.1 Sample Collection

Sediment samples were collected via long piston corer on expeditions Knox02-RR on the
R/V Roger Revelle (South Pacific) and KN223 on the R/V Knorr (North Atlantic). Sites South
Pacific Gyre (SPG) 1 and 9 are at -23°51’N -165°39’W and -38°04’N -133°06’W, with water
depths of 5697 and 4925 m, and sedimentation rates of 0.031 and 0.05 cm/kyr, respectively
(D’Hondt et al., 2009). North Atlantic (NA) sites 11 and 12 are at 22°47°N 56°31’W and

29°41°N 58°20°W with water depths of 5557 and 5367 m, and sedimentation rates of 0.143 and
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0.109 cm/kyr respectively. Sedimentation rates were taken from D’Hondt et al. 2009 or estimates
derived from sediment thickness (Divins, 2003) and crustal age (Miiller et al., 2008), or, for SPG
1, the 65 Ma Cretaceous/Paleogene iridium anomaly (D’Hondt ef al., 2009). All samples were
kept at 4°C until analysis. Coring sites were selected as being in oligotrophic waters with
extremely low export and sedimentation rates where sediments remain oxygenated until
basement. All four sites have lithologies consisting of primarily pelagic clay; SPG sites have a
manganese oxide-rich layer at the core top with additional nodules at depth (D’Hondt ez al.,
2009) while NA sites have accessory mineral phases including iron oxide, quartz, and
plagioclase dispersed throughout (Murray et al. 2014 KN223 cruise report). Site NA 11 contains
evidence of bioturbation mottling throughout the core and occasional layers of zeolitic clay and

chertified radiolarian tests (Murray et al. 2014 KN223 cruise report).

3.2.2 Organic Carbon Quantification

Organic carbon and nitrogen were analyzed via element-analyzer isotope ratio mass
spectrometry (EA-IRMS) at the WHOI mass spectrometry facility using a Carlo Erba Elemental
Analyzer Model 1108 and a Finnigan-MAT DeltaPlus Isotope Ratio Monitoring Mass
Spectrometer. Prior to analysis, samples were freeze-dried then acidified to remove carbonate
following the procedure described in Whiteside et al. 2011. Every tenth sample was analyzed in
triplicate to determine analytical error; concentrations were calibrated and drift corrected using
USGS 40 (L-glutamic acid) reference material and an in-house glycine standard.

Intact proteins were extracted following the protocol of Ehrenreich and Widdel 1994 with
modification as described in Estes et al. 2016. Briefly, sediments were suspended in 1.5 mL

ultrapure water and sonicated three times at 40% duty cycle, keeping the samples on ice between
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sonication cycles. 300 pL of 6N hydrochloric was then added to the solution and incubated at
37°C for 30 minutes. Then, 75 puL 10 M trichloroacetic acid was added and the mixture
incubated on ice for 30 minutes. Finally, samples were centrifuged at 14,000 rcf for 15 minutes,
the supernatant decanted, and an additional 500 uL of 0.1 N NaOH was added. Samples were
boiled for 5 minutes and cooled to room temperature prior to analysis via Qubit fluorescent
reagent (Life Technologies). Fluorescence was calibrated using a six-point calibration from zero
(18 MQ water) to 187.5 pg/mL bovine serum albumin standard (BioRad). R? values for the
calibration curves were always >0.9 and usually >0.95; often decreased R* values came from the

zero-protein standard being non-linear, in which case it was excluded from the calibration curve.

3.2.3 Organic Carbon Characterization

Bulk carbon near edge X-ray absorption fine structure (NEXAFS) spectroscopy was
conducted on beamlines 8-2 and 10-1 at Stanford Synchrotron Radiation Lightsource (SSRL).
Sediment slurries were generated by subsampling ~0.1 g wet sediment from samples stored at 4
°C into a sterile microcentrifuge tube. 0.2 to 0.5 mL of 0.2 pm-filtered 18MQ water was then
added and the sample shaken. Sediment slurry (1-10 pL) was pipetted onto silicon wafers and
air-dried. The beamline was operated with a 500 I/mm spherical grating monochromator and
entrance and exit slits set to 40 pum, yielding an absolute energy resolution of less than 0.3 eV.
The samples were attached to an aluminum sample stick in a single load and analyzed under
ultrahigh vacuum conditions (pressure ~107-9 mbar). Measurements were made in total electron
yield (TEY) mode on a spot size of less than 1 mm?, using a grazing incidence angle of 45°,
where previous trials determined that incidence angle did not yield a difference in results (Estes

et al., 2016). Spectra were collected around the carbon 1s edge, from 260 to 340 eV, with a dwell
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time of 0.2 seconds. To avoid beam damage and variation of background due to charging, scans
were taken at different positions on the sample. Spectra analyzed were the average of 2-3 scans
taken at different positions on the sample. A series of scans taken in a transect across several
samples confirmed reproducibility. Dark current in the sample current was measured prior to the
collection of each spectrum and subtracted from the raw data. Spectra were then normalized to 10
current measured by a mesh upstream of the chamber with freshly evaporated gold. An absolute
energy calibration of the carbon spectra was achieved by shifting the energy such that the first
dip in the incoming intensity due to carbon contamination on the beamline optics (carbon dip)
occurs at 284.7 eV. Spectral processing was completed by subtracting a line fit to the pre-edge
region (281-283 eV), followed by an area normalization between 282 and 310 eV, while keeping
the high-energy intensity constant (atomic normalization). The entire pre-edge region appeared
linear; fitting and background subtraction was conducted over a smaller energy range due to the
presence of oxygen harmonic peaks. All data were processed in Igor Pro (WaveMetrics, Inc,

Lake Oswego, Oregon).

3.3 RESULTS

3.3.1. Site Geochemistry

To assess how oxygenated sediments preserve or degrade organic carbon (OC) globally,
we compared the geochemistry and OC chemical composition at two sites from the South Pacific
and two sites from the North Atlantic (Figure 1). The South Pacific Gyre (SPG) sites 1 and 9
were cored during expedition KNOX02-RR in 2006—2007, an IODP site survey. Site
geochemistry, lithology, and cell abundances are described in previous work (D’Hondt et al.,

2009, 2011; Fischer et al., 2009) while site metadata are summarized in Table 1. Core SPG 1
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recovered 7.8 meters sediment and core SPG 9 recovered 7.0 meters, accounting for 11% and
35% of total sediment depth at those sites (D’Hondt ez al., 2009). Sedimentation rates were 0.031
and 0.051 cm/kyr, respectively (D’Hondt et al., 2009). Assuming a constant sedimentation rate,
this estimate translates into sediment ages of 24.0 and 11.2 Ma at core bottom. Due to low
productivity in the overlying water column in addition to water depths greater than the calcite
compensation depth at both sites, these sedimentation rates are among the lowest observed on
Earth (D’Hondt et al., 2009). At both sites, dissolved O, in interstitial waters was >150 pM and
nitrate between ~35-45 uM (D’Hondt et al. 2011, Figure 2). Sediment collected from SPG sites
consisted of homogeneous dark brown clay bearing manganese nodules and crusts; SPG 9 is
slightly lighter brown than SPG 1 and contains occasional yellow-brown mottling (D’Hondt et
al.,2011).

Cores from the western subtropical North Atlantic were taken during expedition KN223
in 2014 at sites 11 and 12. At site NA 11, 28.2 meters sediment out of an estimated 100 m
sediment thickness was recovered (28%), compared to 26.0 m out of 98 m total sediment
thickness (26%) at site 12. Based on estimated sedimentation rates of 0.14 and 0.11 cm/kyr,
sediment ages at core bottoms are 18.5 and 23.4 Myr. At site NA 11, dissolved O in interstitial
waters declined from bottom water levels of ~300 uM to ~20 uM at core bottom, while at site
NA 12 concentrations remained ~70 pM at core bottom (Figure 2). Nitrate concentrations in
interstitial waters increased along the length of the core, reaching values of 58 and 45 uM at core
bottom at sites NA 11 and NA 12 respectively (Figure 2). At both sites, pH calculated from
alkalinity and DIC decreases along the length of the core (Figure 2). For site NA 11, this
decrease is nearly linear while at NA 12 the profile curves down, with a rapid decrease in the

first five meters, plateauing below that. Lithologically, both North Atlantic sites consist of
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pelagic clays, with a small fraction of radiolarian tests altered to chert towards the base of the
core (Murray et al. 2014 KN223 Cruise Report). Site NA 12 also contains a zeolite layer at 17 m

below seafloor not sampled in this study.

3.3.2. Sedimentary Carbon and Nitrogen Concentrations

Total sedimentary organic carbon concentrations in oxygenated pelagic sediments are
extremely low (<0.3 %OC) and decrease rapidly to <0.1 %OC within the first 1.5 meters below
seafloor at all four sites. Using sedimentation rate estimates derived as described above, this
initial decrease occurs over ~ 1 Ma for sites SPG 9, NA 11, and NA 12 and more slowly, over ~
3.3 Ma for site SPG 1 (Figure 3). After the initial, rapid decrease, sites SPG 1, NA 11, and NA
12 show a steady, linear decrease in OC content, reaching values <0.05 %OC at core bottom,
corresponding to sediment ages of roughly 18.5 Ma (NA 11) to 24.0 Ma (SPG 1) over sediment
depths of 26.5 meters (NA 11) and 7.0 meters (SPG 1). At site SPG 9, OC content decreases
from 0.089 % at 1.1 Ma to 0.07% at 6.0 Ma at a rate comparable to that of the other sites.
However, OC content jumps lower at 7.4 Ma, ultimately reaching 0.033 %OC at 11.23 Ma
sediment age (5.7 meters below seafloor). This jump represents a substantial depletion of OC
over a shorter time interval relative to the other sites. At all sites, the minimum %OC measured
at core bottom represented an 80-90% decrease of the maximal value at core top.

Like %0OC, %N is substantially higher in surface sediments and decreases rapidly with
depth along the core (Figure 3). At sites SPG 1 and SPG 9, %N shows greater variability along
the length of the core than %OC, but minimum values at core bottom likewise represent an
~80% decrease from the maximal values at core top (0.060 and 0.055 %N respectively

decreasing to 0.010 %N). Conversely, sites NA 11 and NA 12 decrease only by 57% and 50%
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and have secondary maxima down the length of the core, including one between 10-12 Ma (15.5
and 12.5 mbsf respectively). For sites NA 11 and 12, this muted decrease results in C/N values
<2 along most of the length of the cores, from an initial value of just below 5 at core tops (Figure
3). SPG sites have comparable C/N values at core tops but decline less along the length of the

core (varying between 2 and 4) due to the proportional decrease in %N relative to %OC.

3.3.3. Bulk Carbon Composition

Spectral deconvolution of bulk NEXAFS spectra indicates that in all samples from all
cores (sites SPG 1, SPG 9, and NA 12), amide and carboxylic carbon functionalities comprise
the majority of the fit area (Figures 4 and 5). Amide and carboxylic carbon have resonances
between 288.0 and 288.9 eV (SI Figure 1) and, in most spectra, were best fit as two peaks.
However, as the resonances overlap, they are considered as a single contribution from amide and
carboxylic carbon and will be referred to as amide/carboxylic peakl and peak 2. Here, peak 1,
which has more amide-like character, comprises 12—20% of the overall fit area, and peak 2,
representing more carboxylic-like carbon, comprises 26—50% of the fit area, for a sum of 39—
65% of the total fit area (average: 55%, Figure 4). O-alkyl carbon is the next most abundant
functionality, averaging 17% of the total fit area, and aliphatic carbon, at 10%. Aromatic carbon
is also consistently present in samples, averaging 6% of the total fit area. Carbonate averages 7%
of the total fit area, with the exception of the “nodule-rich” region of SPG 9 consisting of 32%
carbonate (Figure 4, SI Figure 1).

The average functional group composition (e.g. the relative fractions of each
functionality) of each core varies by site (Figure 4). SPG 9 has significantly less of an overall

contribution from aromatic carbon (p=0.05, one-way ANOVA) and slightly more from aliphatic
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(not significant), while O-alkyl carbon is enriched in SPG 1. Despite wide variances, the average
values for amide and carboxylic carbon peak 1, peak 2, and their sum are comparable across
sites.

None of the cores demonstrate trends in functional group abundance with depth, though
subsurface maxima and minima exist (Figure 5). Aromatic and aliphatic carbon, for instance,
oscillate sharply and inversely in the top half of the core from NA 12. Amide and carboxylic
carbon increase in the top half of the NA 12 core, before declining and plateauing in percent
contribution with depth. The net increase is driven by an increase in peak 1 (more amide-like),
followed by an increase in peak 2 (more carboxylic-like) two meters further down. The
contribution from amide and carboxylic peaks 1 and 2 in the SPG 9 core varies widely, but often
cancelling itself out such that the sum does not vary substantially. Amide and carboxylic carbon
at SPG 1, likewise, lacks a clear trend in abundance with depth. In the NA 12 core, the
subsurface maxima in amide and carboxylic carbon peak 2 correlates with the minima in both O-
alkyl carbon and carbonate, which decrease from the core top then stabilize with depth.
Manganese nodule-like material removed from SPG 9 at 5.1 m (10.0 Ma) was enriched in
carbonate relative to all other samples (Figure 4, SI Figure 1). When normalized to carbonate
content, the sample appears similar to the bulk sample taken from the same depth, though
contains a slightly greater percent contribution from aliphatic carbon (Figure 5).

Few consistent correlations between relative functional group abundances hold between
sites. Aromatic carbon has a loose inverse correlation with aliphatic carbon at sites NA 12 and
SPG 1 (Pearson correlation coefficients -0.54 and -0.56 respectively, Figure 6). A stronger
inverse correlation holds for aromatic carbon and the sum of amide/carboxylic carbon peaks 1

and 2. Aliphatic carbon and the sum of amide/carboxylic peaks 1 and 2 have a positive
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correlation, driven entirely by a correlation between aliphatic carbon and amide/carboxylic
carbon peak 1 (Figure 6). Similarly, amide/carboxylic carbon peak 1 has a strong inverse
correlation with carbonate content, but when carbonate is compared to the sum of the two
amide/carboxylic peaks, the trend only holds for site NA 12 while the rest of the data scatter over

a small range (Pearson correlation coefficient -0.84, Figure 6).

3.3.5 Protein Quantification

Protein concentrations are static with depth compared to %OC or %N. Only site NA 12
has a depth profile where extracted protein concentrations are higher in surface sediments and
show an initial, rapid decrease; for the other sites, values are nearly constant or increase slightly
with depth (Figure 7). All samples from NA 11 have an average protein concentration of 1.48 pug
protein/mg sediment + 16%; a value comparable to the standard deviation of the triplicate
extractions (average rsd 18% for site 11). Excluding the multicore samples from NA 12 (the
three towards core top that form the initial decrease), average protein along the length of the core
from NA 12 is 1.05 pg protein/mg sediment + 33%, showing that concentrations are also more
variable at this site. Samples from SPG 1 have an average protein concentration of 1.83 ug
protein/mg sediment + 12%, while site SPG 9 has substantially higher but still invariable
concentrations, with an average of 2.98 pg protein/mg sediment + 14%; again, the variability is
comparable to the average relative standard deviation for each of these sites of 10% and 15%
respectively. Nonetheless, the averages for each core pooled over all sample depths are

statistically different from each other at p=0.05 (one-way ANOVA).
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3.4 DISCUSSION

3.4.1. Organic Carbon in the Deep Subsurface

Given the low %OC content, low C/N, and low but measurable content of extractable
proteins (Figures 3,7) of these sediments, a reasonable consideration is the degree to which the
OC measured reflects biomass that slowly recycles itself rather than a relatively stable pool of
carbon delivered from the surface. Assuming an average cell carbon content of 14 fg (Kallmeyer
et al., 2012) and a sediment density of ~2.5 g/cm’, we calculate that if all OC was in living
biomass, there would be 5-7 orders of magnitude more cells in sediments than the numbers
counted for the SPG (D’Hondt et al., 2011). Likewise, assuming that nitrogen accounts for 16%
of the weight of protein, the extractable proteins quantified here via extraction and fluorescence
account for <<1% of the total %N measured in the sediment samples by EA-IRMS (0.18 = 0.13
% of total %N for SPG sites; 0.047 £ 0.013 % of total %N for NA sites). Assuming that carbon
accounts for 53% of protein weight, carbon from extractable proteins accounts for 0.22 + 0.14 %
of the total %OC for SPG sites, and 0.09 £ 0.04 % of the total %OC from NA sites. Thus, the
majority of OC measured is not present in living biomass, nor do intact extractable proteins (e.g.,
an indicator of labile OC or biomass) account for a substantial portion of the OC reservoir. This
result does not rule out rapid, cryptic recycling of labile cellular material as a mechanism of
biomass maintenance, but does imply that the majority of the OC in deep sediments turns over
on extremely long time scales and likely derives from the photosynthetic surface.

Nonetheless, that small concentration of extractable proteins may still be bioavailable and
contribute to fueling heterotrophy as posited in Lloyd et a/. (2013) and Tully and Heidelberg
(2016). Assuming that an average cell in the deep subsurface with a carbon content of 14 fg has a

total mass of 20 fg, ~half of which is protein, we can convert protein measurements into an
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estimate of how many cells should be present if all protein is locked up in biomass. From this
approach, we predict ~8*10~7 — 4*10"8 cells/cm’ sediment, exceeding the 10"3 — 104 cells/em’
actually present in the SPG (D’Hondt er al., 2011). Assuming a much larger cell with 100 fg of
protein puts cell estimates within an order of magnitude of actual cell counts; however, other
researchers have shown that deep subsurface cells tend to be small and to decrease protein
content under starvation conditions (Lever ef al., 2015; Braun et al., 2016). The difference
implies a substantial fraction of intact, extracellular carbon and proteins present in this
environment. Proteins may be bound to mineral surfaces, or may be actively cycled in and out of
the biomass stock. The lack of a clear trend in protein concentration (Figure 7) with depth could
be explained by either of these phenomena, or the two in combination. Protein concentrations in
these homogeneous pelagic clay sediments may be maintained in steady state via equilibrium
with mineral surfaces, some rate of exchange on and off mineral surfaces, and some consumption

and regeneration rate of the proteins by microorganisms.

3.4.2. Evidence of Carbon Degradation

Geochemical data collected at all four sites implicate aerobic metabolisms coupled to
organic carbon degradation. These data include the oxygen profiles, which were used to calculate
a carbon mineralization rate of ~0.4 to 4.5 gC/m*/yr for the South Pacific Gyre samples (Fischer
et al., 2009). Microprofiles suggest that half the reactive organic matter is removed in the top 6
mm of sediment, with extremely low O, consumption rates at depth (Fischer et al., 2009).
Measurements of OC in this study were not high-resolution enough to observe that substantial
remineralization, but we do observe decreases in concentration between 66-72% of the value

measured at core top by ~ 3 m below seafloor and a total decrease of 80-87% (Figure 3). For
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nitrogen, only 18-52% is removed by ~ 3 m below seafloor, for a total decrease of 50-83%
between core top and bottom (Figure 3). Increasing nitrate over the length of the core (Figure 2)
is likely a combination of preformed nutrients diffusing upwards (Adkins & Schrag, 2003) and
production of nitrate from nitrification of ammonia released during the degradation of organic
matter (D’Hondt ef al., 2009). Decreasing pH with depth along the core at NA sites 11 and 12
(where pH was calculated) further suggests active respiration of OC (Figure 2).

The decrease in OC along the core length is exponential (Figure 3) and follows the
pattern observed globally and modeled in reactive continuum models. Rates of degradation,
however, appear faster than that predicted by LaRowe and Amend (unpublished, personal
communication), who model that ~50% of the initial OC reaching sediments at the start of the
Pleistocene at 2.6 Mya still endures. Here, we find that number is between 30-45%, assuming
constant sedimentation rate and OC delivery. This deviation is likely attributable to oxygen
exposure time, which controls both extent of degradation (Cowie et al., 1995; Hartnett et al.,
1998) and potentially chemical composition by enhancing the relative importance of preservation
mechanisms such as chemically selective adsorption of OC to mineral surfaces (Arnarson &
Keil, 2007).

Though faster than predicted, degradation rates are still exceedingly slow. From the OC
and N concentrations, we calculate degradation rates over the first ~1.5 m, and between 1.5 m
and core bottom. In the first ~1.5 m where OC and N concentrations decrease rapidly,
degradation rates range from 0.132 mol C/m’/kyr at both NA 11 and NA 12 to 0.048 and 0.034
mol C/m*/kyr at sites SPG 1 and SPG 9. Rates are an order of magnitude lower in the deep
subsurface than in the surface interval at SPG sites, and two orders of magnitude lower in the

deep interval relative to the surface interval at NA sites: 0.002 and 0.006 mol C/m*/kyr for SPG
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1 and SPG 9 and 0.0011 mol C/m*/kyr for both NA sites. Nitrogen rates follow similar trends,
but are less than an order of magnitude lower in the deep subsurface than in the 0-1.5 m interval.
These data demonstrate a much lower utilization of OC in the deep subsurface in the North
Atlantic gyre than at comparable sediment depths and ages in the South Pacific. This difference
could signify a more active microbial community in the SPG sediments, a community with
greater genomic potential for accessing recalcitrant OC, a difference in the chemical composition
of organic carbon buried in the two oceans, or a geochemical mechanism favoring preservation

or degradation.

3.4.3 Preferential Carbon Sequestration and/or Utilization

The stoichiometry of the organic matter preserved in the deep subsurface contradicts the
paradigm from studies of organic matter (OM) remineralization in the overlying water column,
where preferential degradation of nitrogen compounds generates particulate and dissolved OM
increasingly enriched in C. Here, C/N at core top is extremely low and decreases with depth in
the sediments (Figure 3). Core top C/N values of ~4.5-5.5 are already lower than Redfield
biomass (6.625) and quickly drop below 3.85, the C/N of protein, one of the most N-rich
biomolecules. Interestingly, the stoichiometry of degradation rates also deviates from what
Redfield stoichiometry would predict. Degradation rate C/N values are between 11 and 14 from
core top to 1.5 m, with the exception of SPG 9 at 5.4, and decline to between 2-4 from 1.5 m to
core bottom. In the top interval, these elevated numbers imply either preferential utilization of
OC relative to N or a mechanism that makes N less bioavailable. Below 1.5 m, degradation rate

C/N values roughly match the composition of the organic matter at those depths; hence, organic
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matter in the deep subsurface is degraded non-selectively, with microbes using exactly what’s
present, assuming all N is organic N.

Low C/N in sedimentary OM has been previously observed but typically attributed to
adsorption or fixation of NH;" produced by OM remineralization in clays (Meyers, 1997) or
analytical uncertainty (Ziebis et al., 2012). Here, we rule out analytical uncertainty, as sample
peak areas were on average 32x greater than the average blank size. Seven samples from SPG 1
and SPG 9 were less than 10x the blank; the lowest was still 4x greater than the blank. Further, a
subset of sections from core NA 12 were resampled and the separate sediment aliquots were
separately analyzed for C and N concentrations. Equivalent results to the previous sediment
analysis demonstrate reproducibility (SI Figure 2). A final subset of samples from core NA 12
was washed in 18MQ water and sonicated three times to remove readily exchangeable N (such
as electrostatic or outer-sphere adsorption); these samples also reproduced previous
measurements verifying that contributions from those forms of N are minimal (SI Figure 2).

Nevertheless, strongly adsorbed or fixed NH;" could be a more viable explanation as
these pelagic sediments consist primarily of clays (D’Hondt et al. 2011; Murray et al. 2014
KN223 Cruise Report), although some discrepancies remain. In sediments from the central North
Pacific, exchangeable nitrogen accounted for <5% of total nitrogen, while fixed NH,;" comprised
19-45% of the total nitrogen (Muller, 1977). Thus, a conservative estimate would assume 50% of
the total nitrogen we measure derives from inorganic nitrogen. Recalculating C/N values under
that assumption gives a still-low C/N range of 2.6-11.2 instead of 1.3-5.6. Further, data from a
carbonate-dominated site in the North Atlantic show equivalently low C/N values between 1.7-
5.1 despite lower clay content (data not shown). Combined, these data suggest that another

mechanism must be responsible for enriching sedimentary organic matter in N. Preferential
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preservation of N-rich compounds at mineral surfaces may explain observed C/N (Lalonde et al.
2012; Muller 1977). In fact, adsorption to mineral surfaces is likely the predominant OC
preservation mechanism operative in oxic sediments on the time scales considered here
(Arnarson & Keil, 2007). Fixation of NH4 in clays may, however, contribute to the non-
stoichiometric decrease in C and N at NA sites 11 and 12, where the total decrease in OC
exceeds the decrease in N. As these sites experience higher sedimentation rates and become
more depleted in oxygen toward core bottom relative to SPG sites, NH,~ produced by the
microbial degradation of organic matter may have a longer residence time in the system with
which to react with clays prior to nitrification.

A final explanation for preferential preservation of N is the formation of alkyl amides via
abiotic amidation of esters with NH," produced by organic matter degradation (McKee &
Hatcher, 2010). However, this process has only been studied in organic-rich anoxic sediments
and whether that reaction is viable in oxic, carbon-poor sediments remains unknown. The
prevalence of O-alkyl carbon transitions in NEXAFS spectra (Figures 4, 5, and discussion
below) suggests the presence of ester groups available for amidation, but such a reaction would
have to occur faster than the energetically favorable nitrification of NH4". As peptide bonds
contain similar carbon configurations to alkyl amides, the moieties are likely indistinguishable
via either C 1s or N 1s NEXAFS spectroscopy and therefore the presence of alkyl amides cannot

be tested in this study.

3.4.4 Composition of Organic Carbon

With extractable proteins comprising a vanishingly small fraction of the total OC as

discussed above, spectroscopic characterization is essential to describing the rest. NEXAFS
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reveals that amide and carboxylic carbon predominate in all samples with additional
contributions from O-alkyl (likely alcohol or ether groups), aliphatic, and aromatic carbon
(Figures 4 and 5). These results align with previous studies on dissolved organic matter, sinking
particles and sediments, which identify amino acid- or peptide-like material including preserved
proteins, carbohydrates, and alkyl or O-alkyl groups as primary components (Hedges et al.,
2001; Brandes et al., 2004; Dickens et al., 2006; Hertkorn et al., 2006; Mao et al., 2011; Hatcher
et al., 2014). In terms of relative contribution of each functional group and overall spectral
shape, humic acid and bovine serum albumin protein standard most closely match sample spectra
(Figure 8). These similarities further affirm our interpretation of this material as N- and O-rich
proteinaceous material, with aliphatic and aromatic carbon secondary to amide/carboxylic and O-
alkyl groups.

The elevated proportion of amide/carboxylic carbon observed could also denote the
presence of carboxylic-rich alicyclic material (CRAM) or aminosugars, or both. CRAM derives
from biomolecules structurally similar to sterol and hopanoids (Hertkorn et al., 2006) while
aminosugars are abundant in POM (Benner & Kaiser, 2003) and the building blocks of
peptidoglycan, a constituent of bacterial cell walls resistant to microbial degradation. In
examining ultrafiltered dissolved OM samples from the surface and 4000 m depth in the Pacific,
Hertkorn et al. (2006) uses NMR to document a substantial increase in CRAM-like material and
a lesser increase in peptidic material with depth at the expense of heteropolysaccharides. Both
compound classes may thus persist in sediments as well.

Gaussian deconvolution of spectra shows that aliphatic C comprises only ~10% of the fit
area on average, but correlates strongly with amide/carboxylic C (Figure 6). This trend could

indicate a substantial contribution from CRAM-like material. However, Hertkorn et al. (2006)
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describe CRAM as having carboxylic-C:aliphatic-C ratios of between 1:2 to 1:7, while here the
ratio here in terms of peak area is ~5-6:1 on average, with SPG 9 having slightly less
amide/carboxylic carbon. The molar absorption coefficient of aliphatic carbon is weak in
comparison to amide/carboxylic carbon (Brandes et al., 2004); yet differences in resonance
strength cannot account fully for that difference in ratio. Further, peaks in the 287.0—287.9 eV
range represent C 1s-n*c.3 and C 1s-6*c.n/3p Rydberg-like transitions of CH and CH; groups
(Hitchcock & Ishii, 1987; Solomon et al., 2009); in amino acids, o* C-H excitations may
dominate over ©*, resulting in a broad hump that represents a series of unresolved transitions
(Kaznacheyev & Osanna, 2002) and in-line with the relatively broad peaks observed in sediment
samples here. Thus, the observed aliphatic peak may represent a combination of aliphatic carbon
in alicyclic configurations as well as C-H bonds in amide-rich material, whether proteins or
aminosugars.

While aminosugars are a theoretically reasonable component of sedimentary organic
matter, they likely constitute a minor component. If samples contained a significant fraction of
aminosugars, we would expect O-alkyl carbon to correlate more strongly with amide/carboxylic
carbon (Figure 6). Aminosugar standard compounds have sharp peaks above 289 eV
corresponding to the C 1s-3p/c* transitions of C-OH (Solomon et al., 2009). In sediment
samples analyzed here, the O-alkyl carbon peak manifests as a subtle hump (Figure 8, SI Figure
1) and represents ~17% of the total fit area (Figures 4 and 5). Like aliphatic carbon, resonances
for the C-OH o* transition of O-alkyl carbon is disproportionately weaker than that for
amide/carboxylic 7* transitions (Solomon et al., 2009; Hawkins & Russell, 2010) such that an
absence of distinct peaks at ~289.5 eV does not imply an absence of aminosugars. However, we

argue that the peak fit here as O-alkyl carbon contains contributions from a broad band of ¢*
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transitions generated by a range of alcohols, ethers, and esters (e.g. partially oxidized
functionalities) in this material and not purely the C-OH o* transition of aminosugars. We draw
this conclusion based on the peak width and its variable position between ~289.5 and 289.7 eV,
slightly higher than that of aminosugar standard compounds (Solomon ef al., 2009). Specific
measurements of four aminosugars made in coastal Peruvian sediments found that aminosugars
in total accounted for <2.5% of total OC and <4% of total N and that the ratio of glucosamine to
muramic acid (13—68) did not suggest the presence of peptidoglycan, which has a 1:1 ratio
(Niggemann & Schubert, 2006). Similar proportional abundances were found in a study on
particulate and dissolved organic matter, where particulate organic matter actually contained /ess
aminosugars that dissolved (Benner & Kaiser, 2003) such that particles may not act as an
effective delivery mechanism for aminosugars in the sediments.

Ultimately, NEXAFS spectra reveal an organic carbon composition common to all three
of the oxic sites examined via NEXAFS: amide- and carboxylic-rich functionalities in a
scaffolding of aliphatic/alicyclic and O-alkyl carbons. Aromatics are probably present as side
chains of amino acids in peptidic material and aminosugars, or as unsaturations in CRAM-like
material. This finding of extremely high amide/carboxylic and O-alkyl content may represent a
more extreme version of the observations of Mao et al. (2011) who found substituted and
copolymerized carbohydrates and O-enriched compounds increased in abundance from sinking
particles to surface sediments and attribute that finding to partial oxidation reactions. Alternately,
this overall composition could reflect a carbon-limited environment that allows for the selective
preservation of proteinaceous (protein-derived) material. The persistence of oxygen-bearing

compounds in these oxic sediments demonstrates the unique set of degradation mechanisms
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operative over kyr- and myr-time scales, contrasting anoxic settings where O/C of organic

compounds typically decreases with depth (Hatcher et al., 2014).

3.5 CONCLUSIONS

Here we quantified organic carbon, nitrogen, and protein content of ~20 Ma oxic pelagic
sediments deposited in the North Atlantic and South Pacific gyres. These sediments have some
of the slowest known sedimentation rates and lowest microbial abundances globally, yet
maintain life despite limitation. Organic carbon and nitrogen content are among the lowest
measured globally, but by comparing OC, N, and protein content, we calculate that living
biomass accounts for very little of the observed OC and that intact, extracellular proteins persist
but are potentially bioavailable in this environment. C/N values are extremely low and subvert
the paradigm that N-bearing compounds are selectively degraded producing organic matter
depleted in nitrogen. Alternate explanations such as fixation in clays cannot fully account for the
abundance of nitrogen in these samples; thus, we conclude that in these oxic, carbon-limited
sediments, N-bearing compounds that are likely proteinaceious in origin are well-preserved.
Calculated degradation rates for both carbon and nitrogen imply that organic matter utilization in
the deep subsurface (>1.5 m below seafloor) is non-selective, with microbes consuming organic
matter of approximately the same composition as the bulk. In the top ~1.5 m of three of the four
cores analyzed, however, we find that carbon is preferentially utilized over nitrogen. We posit
that in such a carbon-poor environment, microbes are more limited by carbon than other
nutrients and may thus generate N-enriched compounds by preferential degradation of carbon.

This paper also represents the first attempt to spectroscopically characterize OC from

oxic sediments using NEXAFS. We find that amide and carboxylic carbon functional groups
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predominate in all samples and likely exist in a scaffolding of aliphatic/alicyclic and O-alkyl
carbons, whether esters, alcohols, or ethers. We hypothesize that this material may be an
extremely O-rich version of carboxylic-rich alicyclic material (CRAM, Hertkorn et al. 2006) or
the product of successive partial oxidation reactions (e.g. Mao, Tremblay, and Gagné 2011)
carried to a greater extreme than previously observed. In either case, low C/N ratios, the presence
of intact proteins, and NEXAFS spectroscopy results suggest the material is proteinaceous in
origin. We observe that despite substantial processing of this material, no substantial changes in
composition occur along the depth of the cores. The persistence of a diversity of molecules
implies non-selective preservation, at least on these long time scales. Our findings suggest that
this diversity of compounds, including a fraction of intact proteins, may sustain heterotrophic

metabolisms in the deep subsurface.
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Figure 1. Study site locations (labeled points) overlaid on map of surface ocean chlorophyll-a
concentrations. Black dashed lines delineate regions with <0.14 mg/m“" chlorophyll-a, used to

define the boundaries of oligotrophic gyres.

Table 1. Site locations and sediment properties

0, at

water sediment sediment basement . .
sedimentation 1.5m

Site latitude/longitude depth recovered thickness age
rate (cm/kyr)  depth
m m m)* Ma)**
m  (m) (mp*  (Ma) i
SPG 1*** 1?51531806'5\;\! 5699 7.79 71 100 0.031 207
SPG 9 *** 112%3575_’,5\;\] 4924 7.015 20 39 0.051 159
NA 11 éé“gi(l)':‘l\; 5557 26.75 100 70 0.143 187
29°40.6'N
: 25.92 98 98 0.1 158
NA 12 Catna i 5367 9

* Divins 2003
**Miiller et al. 2008
***SPG values taken from D’Hondt ef af. 2009, 2011

116



02 (uM) NO; (M) pH

0 100 200 300 0 20 6 6.5 7 7.5 8
0 om B
O =
ENA 11 '5
5 5 ONA 12 0D g®
° @spG1
T OsPG 9 D =
@ 10 O @
2
o om
= 02 (uM)
E 15 0 100 200 300 O g
=
5 ’ “a
s 20 g U
B = o
4
25 ' DE]
6 ]
30 8

Figure 2. Depth profiles of oxygen, nitrate, and pH of interstitial waters. pH is calculated from
measurements of alkalinity and DIC and only done for North Atlantic sites. Inset shows oxygen
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clarity.
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measured following freeze-drying and acid fumigation of sediments. Estimated sediment ages at

the bottom of the cored intervals are 24.0, 11.2, 18.5, and 23.4 Ma for SPG 1, SPG 9, NA 11, and

NA 12 respectively.
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seafloor (see text).
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Figure 5. Stacked bar plots showing relative percent of total fit area of functional groups with
depth along the core for SPG 1 (top), SPG 9 (mid), and NA 12 (bottom). Note that amide and
carboxylic were best fit as two separate peaks but that each likely contain a contribution from the
other. The two amide and carboxylic peaks are indicated here as “a/c peak 1” and “a/c peak 2.”
As carbonate content varies between samples and sites semi-independent of organic carbon

composition, percent contributions to total fit area were normalized excluding carbonate.
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SI Figure 1. Raw C 1s NEXAFS spectra from all sites and depths, stacked so that samples from
core top appear at the top of the figure and descending in order of depth. The spectra shown in
grey from SPG 9 represents Mn nodule-like material concentrated from sediment from the same
depth as the spectra above. It appears enriched in carbonate (290.4 eV) and aliphatic carbon
relative to other samples. Dashed guide lines at 285.4, 287.7, 288.8, and 289.4 eV correspond to

approximate peak centers for aromatic, aliphatic, amide and carboxylic, and O-alkyl carbon.
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months after the original data to test for reproducibility and storage artifacts. White circles
represent samples that were rinsed in 18.2 MQ water and placed in a sonicating bath for 10
minutes three times in order to test whether elevated %N values were due to adsorbed nitrate or
nitrate salts. Gray squares are the re-ran data where porewater content was calculated from
weight change before and after freeze-drying and the porewater nitrate content was subtracted.

Neither washing nor nitrate corrections substantially alter the value of OC or N measured.
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Chapter 4: Coupled microscopic and spectroscopic approach to evaluating the
compositional diversity of organic carbon in pelagic sediments on the
microscale

ABSTRACT

Sediments cover 70% of the earth’s surface and more than half of their volume is pelagic.
Because of their inaccessibility and the analytical challenges inherent in analyzing low
concentrations of carbon, we lack an understanding of the rates and mechanisms of carbon
cycling in pelagic sediments. This dearth of information limits insight into predicting the extent
of life and the carbon storage capacity of these environments. Here we contrast sediment cores
from 14 locations in the South Pacific and North Atlantic spanning a range of estimated ages
from two to 50 million years and a gradient of geochemical conditions from fully oxygenated to
crustal basement to fully anoxic within millimeters below the seafloor. Organic carbon and
nitrogen concentrations are extremely low (max values of 0.6 and 0.1 % respectively) and, at the
majority of sites, decrease by an order of magnitude from sediment surface to the bottom of the
cored interval but do not reach zero. Carbon and nitrogen degradation processes show unique
stoichiometry, as carbon may be a more limited resource in these environments. Coupled
scanning transmission X-ray microscopy and near edge X-ray absorption fine structure (STXM-
NEXAFS) spectroscopy reveals a diversity in the chemical composition of organic matter on the
microscale. Overall composition is similar between sites and we posit that in extremely old
pelagic sediments with extended redox gradients, electron donor availability is the best metric for
determining organic carbon concentration and composition rather than oxygen exposure, age, or

sedimentation rate as have been applied previously.
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4.1 INTRODUCTION

Pelagic sediments comprise more than half of global sediments but are understudied
relative to more accessible near-shore environments. As exploration of these sediments
continues, there is increasing awareness that pelagic environments contain key differences from
coastal sediments and that global estimates of sediment chemical composition, nutrient cycling
and storage, and the extent of life need to be more carefully considered. Kallmeyer et al. (2012)
lowered estimates of total microbial mass in ocean sediments by 1-2 orders of magnitude from
previous estimates following the collection of new data from low productivity regions of the
ocean. D’Hondt et al. (2015) determined that 9-37% of the global seafloor is oxygenated; thus,
cell abundance, active microbial metabolisms, and carbon content and composition may be
strikingly different than that described in electron acceptor-limited organic-rich coastal
environments.

Low sedimentation rates generate old, carbon-starved sediments with organisms utilizing
an array of metabolisms and adaptations to garner energy from the environment (Lever ef al.,
2015; Jorgensen & Marshall, 2016) and partitioning into niches along gradients in organic
carbon concentrations (Durbin & Teske, 2012; Jorgensen et al., 2013). This biomass turns over
on extremely long time scales (Lomstein et al., 2012) and may primarily be dormant or engaging
in cell repair but not division (Lomstein ef al., 2012; Lever et al., 2015). Despite the scarcity of
energy, heterotrophic metabolisms are active and measurable in the deep subsurface (Biddle et
al., 2008; Orcutt et al., 2011; Jorgensen et al., 2012; Lloyd et al., 2013) and, in oxygenated
sediments, couple aerobic respiration to the oxidation of organic matter (D’Hondt et a!l., 2009,
2015; Roy et al., 2012; Russell et al., 2016). While microbial communities could maintain

populations via necromass recycling, buried organic carbon from the photosynthetic surface
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ultimately sustains life (D’Hondt et a/., 2004; Lomstein er al., 2012). Understanding the
concentration, distribution, and chemical composition of organic carbon in pelagic sediments is
thus integral to predicting the extent and limits of life and, conversely, determining the quantity
of carbon stored in these sediments and its stability on geological timescales.

Oxygen exposure time is a common metric used to explain the concentration and
distribution of organic carbon in sediments, where organic carbon burial is inversely correlated
with time of exposure to molecular oxygen (Cowie et al., 1995; Hartnett et al., 1998; Arnarson &
Keil, 2007). The parameter nicely encapsulates other metrics that have been considered (age,
primary productivity, distance from shore, etc.) but studies targeting this effect have not yet
extrapolated results from millennia to the million-year time scales that organic matter in pelagic
sediments experience. Chapter 3 describes low but stable concentrations of OC in oxic, pelagic
sediments that well exceed the concentration of OC predicted were it comprised of biomass
alone. From these results, we predict that oxygen exposure time may be a less useful metric on
extremely long time scales. Composition and other factors such as mineral-based protection may
better explain OC persistence on million-year time scales. Indeed, even on millennial time scales,
Arnarson and Keil (2007) found that 50% of preserved carbon was adsorbed to mineral surfaces
in continental margin sediments.

This work seeks to determine the balance of these preservation mechanisms in pelagic
sediments from the South Pacific and North Atlantic ranging in age from two to 50 million years
and in redox state from oxic to anoxic by examining OC content and composition. In work on
sediments from the South Pacific Gyre, Fischer et al. (2009) use oxygen microprofiles to
determine that half of the organic matter delivered to the seafloor is remineralized in the top 6

mm of sediment with very little oxygen consumption occurring at depth. Yet, in the same
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sediments, Durbin and Teske (2011) find that oxygen and nitrate concentrations structure
microbial communities along the entire sediment column. Increased nitrate concentrations are
interpreted as resulting from continued microbial activity, remineralization of organic nitrogen,
and subsequent oxidation of ammonia (D’Hondt et al., 2009). Reduction of oxygen coupled to
oxidation of organic matter accounts for only 20% of the downward oxygen flux; low rates of
organic matter degradation are attributed to increasing recalcitrance of organic matter with depth
and sediment age (D’Hondt ef al., 2009). In these gyre sediments, therefore, oxygen exposure
time is not the primary determinant of OC persistence, leaving limited bioavailability as a more
viable explanation.

Recalcitrance and physical or chemical protection by minerals offer the most viable
explanations for the limited bioavailability of deep subsurface OC. Lithology and interstitial
water geochemistry have been linked to variations in community structure (Picard & Ferdelman,
2011; Jorgensen et al., 2012; Jargensen et al., 2013). Likewise, Lalonde et a/. (2012) find that up
to 20% of OC over a range of sedimentary environments is associated with iron oxide minerals
and that associated OC is enriched in 8'°C, suggesting that the abundance of specific mineral
classes could affect both the content and composition of OC. Chapter 3 determined that the
composition of OC in oxic pelagic sediments is similar to that of “molecularly uncharacterizable
carbon” described in other works, (Hedges ef al., 2000; Brandes et al., 2004; Dickens et al.,
2006; Hertkorn et al., 2006, Mao et al., 2011) containing a high fraction of amide and carboxylic
carbon as well as O-alkyl carbon. Mao et al. (2011) interpreted this composition as evidence of
partial oxidation reactions resulting in substituted and copolymerized carbohydrate structures.
Interactions with mineral surfaces include catalysis of aromatic bond breaking and

copolymerization reactions as well as preferential sorption of carboxylate groups (Johnson et al.,
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2015) and nitrogen-bearing compounds (Lalonde ef al., 2012). Thus, the chemical signature of
molecularly uncharacterizable carbon could derive from a range of processes in the sediment.

By comparing the content and composition of organic carbon at geochemically distinct
sites, we aim to tease apart the mechanisms dictating the balance between organic carbon
preservation and degradation. We introduce the use of coupled synchrotron-based scanning
transmission X-ray microscopy and near edge X-ray absorption fine structure (STXM-NEXAFS)
spectroscopy to this end. X-ray absorption spectroscopy is non-invasive and non-destructive and
does not require pre-processing of samples (e.g. removal of salts or demineralization to remove
paramagnetic minerals for NMR analysis) that might destroy the relationships we intend to
observe. As synchrotron X-rays are tunable and have a high flux, they are ideally suited for
analyzing a range of elements present in low concentrations and in complicated matrices
(Templeton & Knowles, 2009). Here, we analyze organic carbon content and composition via
bulk and micro-scale analyses and correlate these results with varying geochemical conditions
between sites, along the length of individual sediment core, and on the micro-scale. We evaluate
the influence of geochemical parameters and inform the paradigmatic mechanisms of OC

recalcitrance and mineral-based protection.

4.2 METHODS

4.2.1 Sediment samples

4.2.1.1 Collection and storage
Sediment samples were collected via long piston corer on expeditions KNOX02-RR on

the R/V Roger Revelle (South Pacific Gyre, SPG) and KN223 on the R/V Knorr (North Atlantic,
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NA), or by drilling during IODP leg 201 (IODP site 1231) in the Peru Basin. SPG sediments
were subsampled from split core at the University of Rhode Island Graduate School of
Oceanography Core Repository. Sediment at the surface of the split core was scraped away with
a sterile spatula and only underlying, unexposed sediments were sampled. NA sediments were
subsampled from whole rounds on board during expedition KN223 and kept cold at 4 °C until
analysis. A second set of samples was frozen at -20 °C and used to determine that no difference
in carbon concentration of mineralogy, as determined by X-ray diffraction, existed due to
preservation artifacts (data not shown). Samples from IODP site 1231 were received as frozen

whole rounds and kept frozen at -20 °C until subsampling and analysis.

4.2.1.2 Site locations and description

Lithologically, the majority of sites are characterized as pelagic clays. SPG sites 1-4
consist of homogeneous dark brown clays with a high content of manganese nodules and
micronodules (D’Hondt et al., 2011). The shallower site SPG 6 contains calcerous nanofossils as
it sits above the carbonate compensation depth (D’Hondt ef a/., 2011). SPG sites 9 and 10 are
also homogeneous clays, but are lighter in color and contain yellow-brown mottling throughout.
Suboxic SPG 12 is situated just outside of the gyre and is composed primarily of siliceous ooze
(D’Hondt ez al., 2011). Like oxic SPG sites, the oxic NA sites consist of pelagic clays varying
from yellowish brown to dark brown. At both NA 11 and NA 12, slight mottling and ~ 5%
radiolarian tests altered to chert were observed toward the bottom of the cored interval, while NA
12 additionally had a distinct layer of zeolites at 17.2 m below seafloor (Murray et al., 2014
KN223 Cruise Report). Suboxic NA sites 3 and 10 consist of nanofossil clay and clayey

nanofossil ooze, alternating at ~75-100 cm intervals and with clay content decreasing down core
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(Murray et al., 2014 KN223 Cruise Report). Short intervals (mm-scale) bearing brownish-black
Mn oxides are found below 1 m depth along the cores. Both NA 15 and NA 16 host a wide
variety of lithologies, including clay, silty clay, sand, and intervals of radiolarian ooze. NA 15
contains a layer of white nanofossil ooze in between turbidite deposits at ~16 m below seafloor,
and has an increasing contribution from biosiliceous material at >24 m below seafloor (Murray et
al., 2014 KN223 Cruise Report).

Sedimentation rates (Table 1) were estimated from sediment thickness (Divins, 2003) and
either basement age (Miiller ez al., 2008) or, for SPG 1, the 65 Ma Cretaceous/Paleogene iridium
anomaly (D’Hondt et a/., 2009). Estimates do not correct for compaction or changes in sediment

porosity with depth.

4.2.2 Oxygen and nitrate measurements

For the North Atlantic cores collected during expedition KN223, dissolved oxygen
concentrations were measured shipboard using needle-shaped optical O, sensors (optodes,
Fischer et al. (2009), PreSens, Regensburg, Germany). Optodes were calibrated using a two-
point calibration with sodium sulfite (Na,SOs)-saturated 18 MQ solution (0%) and water-
saturated air (100%) as standards. Conversion of the measured luminescence lifetime of the
optode to oxygen values was done internally by the instrument. Sealed, capped core sections
were allowed to thermally equilibrate for 6-24 hours prior to analysis. Analyses were conducting
by drilling holes into the core liner, inserting the probe into the central part of the core, and
allowing the sensor to stabilize over the course of 120 seconds. Temperature was monitored
using a sensor (PT 1000) inserted into an adjacent hole. The optodes and temperature sensor

were connected to a MICROX TX3 (PreSens) single-channel fiber-optic oxygen meter and
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signals recorded with OxiView software (TX3, version 6.02). Optode and temperature
measurements were conducted at 10 cm intervals near the sediment surface until three
consecutive measurements showed consistently zero oxygen concentration. From that point on,
optode measurements were taken at 2—4 depths per section (30-75 c¢m intervals). Sampling
resolution increased towards core bottom at sites where the bottom of the cored interval
approached basement. Diffusion of oxygen over the distance from core liner to core center did
not occur during the period of time over which measurements were taken. Further, low oxygen
consumption rates within the core ensured that oxygen concentrations did not change measurably
during the thermal equilibration process. The sensor tip was rinsed with 18 MQ water between
measurements. Uncertainty at NA sites was 1.3 uM on average, calculated as three times the
standard deviation of the residuals of detrended data. Oxygen concentration profiles of SPG
cores are published in Fischer er al. (2009) and methods for data collection are described therein.
Samples of interstitial waters for nitrate and nitrite analysis were collected via Rhizon
Soil Moisture Samplers (Rhizosphere Research Products, Wageningen, The Netherlands) and
analyzed shipboard. Rhizon sampling extracts porewater from the sediment core by suction
filtering through thin tubes of hydrophilic porous polymer with a mean pore diameter of 0.1 pum.
Blanks consisted of 18 MQ water pulled through a Rhizon sampler. Interstitial waters were
analyzed for nitrate and nitrite via ion chromatography coupled to UV/Vis (Metrohm 844
UV/VIS Compact IC) fitted with a 150 x 4.0 mm Metrosep A SUPP 8 150 column kept at 30 °C.
Approximately 0.8 mL of water was injected into the 250 puL. sample loop (such that the loop was
flushed with several volumes of sample water before the fraction actually analyzed) and eluted

using 0.45-pm filtered 10% NaCl solution. Nitrate and nitrite absorption was quantified at 215
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nm. A 50 uM sodium nitrate standard as well as a deep water sample from site NA 2 was run

after every fifth or sixth sample depending on instrument stability as drift control.

4.2.3 Organic carbon and nitrogen quantification

Organic carbon and nitrogen were analyzed via element-analyzer isotope ratio mass
spectrometry (EA-IRMS) at the WHOI mass spectrometry facility using a Carlo Erba Elemental
Analyzer Model 1108 and a Finnigan-MAT DeltaPlus Isotope Ratio Monitoring Mass
Spectrometer. Prior to analysis, samples were freeze-dried then acidified to remove carbonate
following the procedure described in Whiteside et al. (2011). Every tenth sample was analyzed
in triplicate to determine analytical error; concentrations were calibrated and drift corrected using
USGS 40 (L-glutamic acid) reference material and an in-house glycine standard. Carbon
integrated peak areas were, on average, 52 + 22 times higher than the blank; ten samples were <5
times higher than the blank, with the lowest from IODP site 1231 still 3 times higher. Nitrogen
measurements were 32 + 6 times greater than the blank. Thirteen samples were <5 times greater
than the blank; the two lowest were from SPG 6 and still 2.5 times greater.

Intact proteins were extracted following the protocol of Ehrenreich and Widdel (1994)
with modification as described in Estes et al. (2016). Briefly, sediments were suspended in 1.5
mL ultrapure water and sonicated three times at 40% duty cycle, keeping the samples on ice
between sonication cycles. 300 pL. of 6N hydrochloric was then added to the solution and
incubated at 37°C for 30 minutes. Then, 75 pL. 10 M trichloroacetic acid was added and the
mixture incubated on ice for 30 minutes. Finally, samples were centrifuged at 14,000 rcf for 15
minutes, the supernatant decanted, and an additional 500 uL of 0.1 N NaOH was added. Samples

were boiled for 5 minutes and cooled to room temperature prior to analysis via Qubit fluorescent

135



reagent (Life Technologies). Fluorescence was calibrated using a six-point calibration from zero
(18 MQ water) to 187.5 pg/mL bovine serum albumin standard (BioRad). R* values for the
calibration curves were always >0.9 and consistently >0.95; often decreased R? came from the

zero-protein standard being non-linear, in which case it was excluded from the calibration curve.

4.2.4 Organic carbon characterization via STXM-NEXAFS

4.2.4.1 STXM-NEXAFS analyses

Scanning transmission X-ray microscopy (STXM) coupled to near edge X-ray absorption
fine structure (NEXAFS) spectroscopy was conducted on beamline 11.0.2 at the Advanced Light
Source (ALS, Lawrence Berkeley National Laboratory, Berkeley, CA). The STXM endstation
uses Fresnel zone plates to focus the monochromatic X-ray beam and plane grating
monochromator to resolve energy. Sediment slurry samples (1-10 pL) were pipetted onto silicon
nitride membranes (Si3Ny, Silson, Ltd., Northampton, England) and air-dried. For each sample,
200x200 pum transmission images were used to find a region that was not too optically dense.
Then, optical density (OD) maps ranging between 50x50 and 15x15 pum in size were taken over
the C, N, Al, and Si K-edge and the Mn and Fe L3 edge, with OD = In (/y/]), and maps achieved
by subtracting a pre-edge transmission image from a post-edge image. Finally, a C K-edge stack
was collected from 279 to 320 eV at step sizes as small as 0.1 eV, a dwell time of 1 ms, and a
spatial resolution of 75-100 nm. Image processing, alignment, and 10 normalization was
conducted using the IDL package aXis2000. OD maps of all elements as well as specific carbon
functional groups were used to generate “masks,” e.g. a region from which C K-edge spectra

could be extracted representing the composition of carbon in areas where a certain element or
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functional group is elevated in concentration. These spectra were imported into Igor Pro
(WaveMetrics, Inc, Lake Oswego, Oregon) and intensity and area normalized then further
processed as described below. Finally, pixel-by-pixel correlations of the OD maps were
generated by decreasing image resolution and exporting to R (R Core Team (2015), R
Foundation for Statistical Computing, Vienna, Austria) where pixel intensity was normalized to a
scale of 0-100, converted to a vector, and correlated. Pixels with normalized intensity <0.05 were

excluded to remove noise from the correlation plots.

4.2.4.2 Gaussian deconvolution of NEXAFS spectra

Gaussian deconvolution of carbon NEXAFS spectra extracted from STXM-derived
masks was conducted using PeakFit software (SeaSolve Software Inc., San Jose, CA, USA) and
following the peak assignments and parameters described in Keiluweit et al. (2012) and
references therein. In brief, spectra were fit using six Gaussian peaks corresponding to
approximate positions of major functional group resonances, according to the convention
followed in the literature (Schumacher et al., 2005; Solomon & Lehmann, 2005; Kleber et al.,
2011; Keiluweit et al., 2012); these approximate positions were also utilized to define the
energies used to generate optical density maps of individual functional groups. Peak magnitude
and energy were allowed to vary freely and always constrained themselves to the energy ranges
expected for each functionality. As in previous works (Kleber ez al., 2011; Keiluweit et al.,
2012), the ionization threshold was fit using a ‘transition’ function in PeakFit set at 290 eV that
approximates the arctangent function used by other researchers (Solomon ez al., 2005), while c*
transitions were fit with two-three additional asymmetric Gaussians. Fit results were expressed

as ‘percent of the fit area’, excluding the transition function and ¢* Gaussians as they were above
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the energy range of interest and did not affect peak areas. Data presented here also exclude
inorganic carbonate carbon (~290.4 eV) from the ‘percent of the fit area’ as its concentration

varies widely between samples as a function of lithology rather than organic carbon cycling.

4.3 RESULTS

4.3.1 Site descriptions and geochemistry

To compare the influence of geochemical parameters on the content and composition of
organic carbon in pelagic sediments, samples were acquired from the South Pacific Gyre (SPG),
western subtropical North Atlantic (NA), and from the Peru Basin (PB, IODP site 1231 holes B
and E). Table 1 contains basic site descriptions and classifies each core as oxic, “suboxic,” or
anoxic. Oxic cores contain measurable dissolved oxygen in the interstitial waters throughout the
length of the cored sediment, with nitrate concentrations in the interstitial waters increasing with
depth (Figure 1, D’Hondt et al., 2009; Fischer et al., 2009). Oxygen concentrations at 1.5 meters
depth range from 158 to 207 uM (Table 1). These values are depleted relative to core top and
bottom water samples, but still demonstrate deep oxygen penetration and low respiration rates
(e.g. Fischer et al., 2009, in microprofiles of SPG sites). Cores NA 3, NA 10, and SPG 12 are
considered “suboxic,” meaning that oxygen is present towards core top, but depleted within 3
meters below seafloor (Figure 1). Interstitial water nitrate and nitrite profiles demonstrate an
extended redox gradient; at site NA 3 in particular, the decline in nitrate between 3 and 10 meters
below seafloor is coupled to increasing nitrite which peaks at ~8 meters depth and then declines
to zero at ~21 meters below seafloor (Figure 1). Sites NA 3 and NA 10 were cored at the same
longitude/latitude and are discussed interchangeably throughout this paper. Anoxic sites contain

no measurable oxygen or nitrate in interstitial waters even in the first few millimeters. These

138



sites are reducing but not sulfidic, with chemical potential seemingly deriving from redox-active
metals such as iron and manganese (data not shown).

All sites are pelagic, with water depths >3700 meters and ranging from 3705—5699
meters (Table 1). Sedimentation rates at SPG sites correlate with distance from gyre center,
ranging from 0.008 cm/kyr (SPG 3) to 0.111 and 0.178 cm/kyr at sites SPG 6 and SPG 12
respectively (D’Hondt et al., 2009). Oxic NA sites have marginally higher sedimentation rates of
0.143 and 0.100 cm/kyr (NA 11 and NA 12). These incredibly low sedimentation rates result in
total sediment thicknesses between 6 and 130 meters (Table 1, D’Hondt et al., 2009). The
suboxic sites NA 3 and 10 have a sedimentation rate of 0.250 cm/kyr, higher than the
comparable SPG site 12. Anoxic site NA 15 has a sedimentation rate very similar to that in the
Peru Basin (0.376 relative to 0.338 cm/kyr), while NA 16 has the highest rate included in this

study of 0.992 cm/kyr, resulting in a sediment thickness >1000 m.

4.3.2 Organic carbon and nitrogen content

4.3.2.1 Concentrations and stoichiometry

Regardless of oxygenation, solid-phase organic carbon (OC) and nitrogen (N)
concentrations in the sediments analyzed in this study are among the lowest measured globally.
At the oxic and suboxic sites, concentrations decrease exponentially with depth from surface
maxima at oxic sites ranging from 0.076% (SPG 6) to 0.28% (SPG-1) towards deep minima of
0.018% (SPG 6) to 0.055% (SPG 10), with NA sites falling on the higher side but well within the
range of the SPG sites (Figure 2). Suboxic site NA 10 displays a comparable concentration

profile, while concentrations at suboxic site SPG 12 are marginally higher, decreasing from
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0.33% to 0.18% (Figure 2). At the NA anoxic sites, OC concentrations are variable and, on
average, higher than at the oxic and suboxic sites. OC concentrations at NA 16 initially increase
with depth from core top to ~ 5 m depth, then slowly decrease towards core bottom, never going
below the minimum value of 0.31% observed at 0.5 m depth (Figure 2). Concentrations at NA 15
are extremely low (0.05%) in and around the two sandy turbidite layers between ~ 13-21 meters
and in the carbonate layer at 16.5 meters below seafloor, but increase again towards the bottom
of the cored interval. At anoxic site IODP 1231 hole B and hole E (HB and HE respectively),
concentrations plateau just above 0.01% at ~60 m below seafloor (Figure 2). These lowest values
are still a factor of 3.5 greater than the average of the blank.

Nitrogen concentrations follow similar trends, decreasing with depth at the oxic and
suboxic sites while not showing any clear pattern with depth at the anoxic NA sites (Figure 2).
For the SPG sites, the decrease is more linear than exponential, with no rapid initial decrease at
the core top excepting site SPG 12. The NA sites have a more typical rapid initial decrease at
core top, but show greater variability with depth. At several sites, the overall decrease in nitrogen
is less than the overall decrease in organic carbon; this trend is particularly notable for the North
Atlantic sites. For the oxic sites NA 11 and 12 and the suboxic site NA 10, OC decreases by
~80% along the length of the core, while N decreases 57, 47, and 35%, respectively. At sites NA
15 and 16, OC and N profiles are more variable, but OC decreases 45 and 37% relative to the 28
and 24% decrease in N. Oxic sites SPG 2, 3, and 4 and suboxic site SPG 12 also have
disproportionate decreases in OC relative to N, although the differences are not as substantial.
Finally, SPG 1, 9, 6, and 10 as well as the anoxic IODP 1231 holes B and E show proportional

decreases in OC relative to N, ranging from ~65% at SPG 10 to 97 and 94% for OC and N
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respectively at [ODP 1231 HB. These trends further emphasize partial decoupling of C and N
cycling in carbon-poor environments, regardless of sediment oxygenation state.

C/N values at all sites are extremely low, ranging from 1.3 at 15.4 m below seafloor at
site NA 11 to 10.5 at 1.5 m below seafloor in the core from anoxic site NA 15 (Figure 2). C/N
profiles primarily follow the OC profiles, decreasing rapidly in the top interval and then
stabilizing with depth, but, unlike the OC profiles, tail upwards again toward core bottoms at

several sites including all the oxic sites, SPG 12, and IODP 1231 holes B and E.

4.3.2.2 Calculated stoichiometry of degradation

To further assess decoupling of C and N processing in these sediments, organic carbon
and nitrogen degradation rates were calculated for the top ~1.5 meters, where concentrations
decrease rapidly, and then the bottom portion of each core, where concentrations often decrease
almost linearly, by taking the difference in concentration over the difference in estimated
sediment age. Degradation rates at the six oxic sites in the SPG for which rates were calculable
range from 0.001 to 0.049 mol OC/m’/kyr in the top interval and 0.0006 to 0.0055 mol
OC/m’/kyr in the bottom (SI Table 1). Rates are approximately an order of magnitude lower in
the bottom interval than in the top, though this trend does vary by site. At SPG 3, for instance,
degradation rates are comparable in core top and bottom, although this observation may be a
function of the extremely low sedimentation rates such that we lack the spatial resolution to
capture the more rapid degradation occurring towards core top. As sedimentation rates are higher
at the oxic NA sites, OC degradation rates are proportionally higher as well in the top interval, at
0.133 and 0.132 mol OC/m’/kyr for NA 11 and NA 12 respectively (SI Table 1). Rates in the

bottom interval are more comparable to those in the bottom interval the in SPG, however, at
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0.0011 mol OC/m’/kyr. Likewise, OC degradation rates in the surface interval at the suboxic and
anoxic sites (IODP 1231 HB was the only anoxic site at which a surface rate could be calculated)
are comparable or higher than at the oxic sites (0.122, 0.419, and 0.356 mol OC/m’/kyr for NA
10, SPG 12, and IODP 1231 HB) and higher in the deeper interval (0.002, 0.08, and 0.009 mol
OC/m’/kyr respectively, SI Table 1).

Comparing rates in the deeper interval to the top interval, however, does not show clear
trends by site type. NA 11 and NA 12 have rates in the deeper interval <1 % of that in the top,
while the oxic SPG sites have values ranging from 2.5 to 110% (at SPG 3). OC degradation rate
in the deeper interval at site NA 10 is 2% of that in the top, while at SPG 12 the value is 20%.
Finally, at IODP site 1231, OC degradation rate in the lower interval is 2.5% of that in the top
(SI Table 1). Within a given interval, degradation rate correlates linearly with the initial
concentration of OC (R? of 0.87 and 0.94 for the surface and deep intervals respectively, SI
Figure 1), while the correlation between degradation rate and estimated sediment age follows a
power law (R? of 0.88 and 0.71 for the surface and deep intervals). In the surface interval,
oxygen content at the bottom of the interval does have a rough inverse correlation with
degradation rate (linear fit, R? = 0.66), but no such correlation exists in the deep interval or if
anoxic and suboxic sites are removed from the plot (SI Figure 1). Finally, we use the percent
decrease in OC concentration from core top to bottom (as an estimate of OC burial efficiency)
and sediment age (as a proxy for oxygen exposure time, where at the suboxic sites OET is set as
the estimated sediment age where oxygen concentrations are undetectable) to directly compare
organic carbon to OET, finding no correlation (R? of 0.02, SI Figure 1).

Figure 3 contrasts C/N of bulk material with the calculated C/N of degradation over a

given interval (blue bars) for all cores where both elements decreased in concentration along the
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length of the core (site NA 15 is excluded due to variable concentrations and SPG 6 excluded
due to its short length and minimal data). At the majority of sites, C/N of degradation in the
surface interval is substantially higher than in the deep interval, as OC is being removed at a
faster rate than N. These values are as high as 21.0 at NA 10, 14.3 at NA 11 or 13.7 at both SPG
1 and IODP 1231 HB (Figure 3, SI Table 1). At depth, values decrease to match the actual
composition of the organic matter present. For instance, at SPG 1, the C/N of sedimentary
organic matter is 2.76 relative to a C/N of degradation of 2.36 (Figure 3, SI Table 1). Exceptions
to this trend include SPG 3, where C/N of degradation in the surface interval is 2.05, increasing
marginally to 2.70 in the deep interval. SPG 10 also shows only a minor decrease, while at the
suboxic site NA 12, C/N of degradation actually increases from 5.90 to 8.91. At NA 10, the
North Atlantic suboxic site, the extremely high surface C/N of 21.0 declines to 8.56. At the
anoxic sites, NA 16 did not show a clear enough decrease in OC or N in the surface interval to
calculate a degradation rate, but has a high C/N of degradation in the deep interval (11.6). IODP

site 1231 HB has a C/N of 13.7 in the surface interval, decreasing to 4.72 (Figure 3, SI Table 1).

4.3.3 Protein guantification

Unlike OC and N profiles, protein concentrations do not show consistent trends with
depth. As described in Chapter 3, protein concentrations in the core from site NA 12 display a
more typical depth profile, decreasing rapidly in the first few meters and plateauing to a
relatively constant value around 1 pg protein/mg sediment at depth (Figure 4). Average
concentrations at site NA 11 and SPG 1 are slightly higher, at 1.48 £ 16% and 1.83 + 14% ng
protein/mg sediment respectively. Both sites have profiles that are static with depth, whereas site

SPG 9 has higher concentrations (average 2.98 £ 14% pg protein/mg sediment) that increase
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with depth in the bottom half of the cored interval (Figure 4). At all four oxic sites analyzed for
protein content, the relative standard deviation of the triplicate extractions is on the same order as
the total variability along the length of the cores; thus, trends with depth should be interpreted
cautiously.

Protein concentrations measured at suboxic site NA 10 are substantially lower and more
variable than at the oxic sites, ranging from a maximum of 1.36 + 30% pg protein/mg sediment
at 2 m below seafloor, to zero or near-zero values at 8, 11, and 26.4 m below seafloor (Figure 4).
Within a meter-long interval, concentrations jump from 0.07 £ 84% to 0.57 + 64% pg protein/mg
sediment (samples at 11.1 and 11.8 m below seafloor). Again, the average for the entire core
(0.48 + 93% pg protein/mg sediment) has a standard deviation on the order of that for the
relative standard deviation of an individual depth’s triplicate extraction (average: 71%). The
subsurface maxima and minima are reproducible and contain multiple data points such that
jumps in concentration are not simply outliers or bad data. Rather, we expect that variability is
real and the high error in the triplicate extractions is due to the carbonate content at this site,
where the efficiency of the acidification step of the protein extraction procedure may be
diminished.

At site NA 15, protein concentrations decrease across the first five meters and then
stabilize until ~11 m below seafloor (Figure 4). Interestingly, concentrations drop to near-zero in
the two sandy layers at ~13 and 21 m below seafloor and in the nanofossil ooze layer at 16.5 m
below seafloor, but also remain comparably low in the samples taken between these distinct
strata, at 15.6 and 18 m below seafloor. By the bottom of the cored interval, concentrations again
increase to be comparable to values at core top (2.6 £ 5.8% vs. 2.5 + 3.1% pg protein/mg

sediment for core top and bottom respectively, Figure 4). IODP site 1231 HB has a more typical
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depth profile, decreasing from the surface, reaching <0.2 pg protein/mg sediment by 60 m below
seafloor and the declining further to ~0.02 pg protein/mg sediment at core bottom (Figure 4).
IODP site 1231 HE also had a protein concentration of just over 0.02 pg protein/mg sediment
toward core bottom, but reached extremely low values <0.15 pg protein/mg sediment by the
shallowest sample analyzed, at 28.1 m below seafloor (Figure 4). Finding such low

concentrations at that depth is anomalous relative to all other sites analyzed in this study.

4.3.4 STXM-NEXAFS
4.3.4.1 Micro-scale spatial distribution of mineral-forming elements

Transmission images, element optical density maps, and carbon 1s NEXAFS spectra
were collected for five samples along the lengths of the multi-core and long core from site NA
12 (0.02, 1.74, 7.88, 14.7, and 23.9 m below seafloor), two depths along the core from suboxic
site NA 3 (0.025 and 21.345 m below seafloor), and three depths along the length of the anoxic
core NA 15 (0.025, 12.575, and 24.155 m below seafloor), where two regions from the mid-
depth sample were analyzed to better understand microscale heterogeneity in carbon spatial
distribution and chemical composition. Figures 5-7 show transmission images (column 1) and
false-colored overlaid optical density maps for the distribution of iron (Fe), potassium (K), and
carbonate (column 2).

Carbonate carbon likely reflects the presence of calcium carbonate minerals; in the
shallowest samples the morphology suggests a biological origin. The deepest sample at NA 3
(21.345 m below seafloor) and the mid-depth samples from NA 15 (12.575 m below seafloor)
still contain particle fragments that presumably derived from carbonate biominerals; however,

with increasing depth, carbonate is distributed more sporadically and homogeneously and less as
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discrete, morphologically distinct particles (Figures 5-7). Potassium is ubiquitous in all samples
from all sites, though its predominance varies by sample. At most sites, potassium is visible as
large, (>1 um in one dimension) discrete particles, though in a number of samples it also appears
more homogeneously spread across the sample, either as extremely abundant nanoparticles not
resolved in the STXM imaging or as K-rich regions in larger grains (e.g. in all samples from NA
15 except 12.575 m below seafloor region 1, Figure 7). Iron is present as discrete particles, likely
iron oxides, although Fe K-edge EXAFS (data not shown) identifies an additional contribution
from iron-bearing clays. Iron and carbonate co-occur in several samples, especially the deepest
sample analyzed from NA 12 (23.905 m below seafloor, Figure 5) and NA 15, 12.575 m below
seafloor, region 1 (Figure 7). Iron and K also co-occur, primarily in samples where K is more
homogeneously distributed. Carbonate and K likewise co-occur, including in the upper sample
from NA 12 (0.02 m below seafloor, Figure 5) where they both comprise portions of circular
features interpreted as biological carbonates and, more consistently, in the deeper sample from
NA 3 (21.345 m below seafloor, Figure 6) where, likewise, particle morphology suggests a

biological origin.

4.3.4.2 Micro-scale spatial distribution of organic carbon

In Figures 5-7, the third column of images shows false-colored red-green-blue (RGB)
overlay maps of the distribution of three of the most abundant organic carbon functionalities,
aliphatic, amide and carboxylic, and O-alkyl carbon. These functionalities are strongly co-
located and together their distribution mirrors that of total OC. Organic carbon is present and
enhanced both as a matrix surrounding the mineral particles and also in association with specific,

discrete mineral particles. Regions where all three functionalities substantially contribute to the
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composition of OC appear white in the RGB overlays. These regions tend to match the
distribution of discrete mineral particles rather than appearing in the more loosely distributed
matrix. These particles are often identifiable as carbonates, although there are regions in samples
from NA 3 in particular where the particles bearing high concentrations of all three
functionalities are composed of Fe, K, or both (Figure 6). Beyond these high-OC discrete
mineral particles, there are regions where one functional group appears brighter than the others.
In the surface sample from NA 12, for instance, O-alkyl carbon visibly correlates with carbonate
carbon and less strongly with the distribution of the other organic carbon functionalities (Figure
5). In other samples, the functional group appearing most intense varies over <100 nm domains.
We note that these images are scaled such that each individual color spans the same intensity
range as the others; thus a region appearing particularly enriched in a certain functional group
may still contain a large contribution from the others, if the others are relatively more enriched in
different areas across the sample.

Pixel-by-pixel correlations derived from the functional group distribution maps allow
examination of compositional trends on the micro-scale. Most functionalities display some
degree of correlation, and all correlations with Pearson coefficients >0.15 in magnitude are
positive. The strongest, most consistent correlation observed is between aliphatic and amide and
carboxylic carbon (Figures 5-7, column 4). Pearson correlation coefficients are >0.5 for all
samples, except the bottom of NA 15 where scatter is high. Amide and carboxylic carbon also
correlates strongly with O-alkyl carbon, except for the previously mentioned surface sample
from NA 12 where the distribution of O-alkyl carbon mirrors that of carbonate (Figure 5, SI
Figure 2). Aliphatic carbon additionally correlates with O-alkyl carbon, although the strength of

these correlations is more variable between samples (SI Figures 2-4, SI Table 2). At a few sites,
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including the deepest sample from NA 12 and the two mid-depth samples from NA 15, all
functional groups correlate strongly with each other. For the NA 12 sample, Pearson correlation
coefficients are >0.7, whereas for the NA 15 samples, Pearson correlation coefficients are >0.5
with the exception of the amide and carboxylic and O-alkyl carbon correlations with carbonate,
where the strength of the correlation is lowered by the existence of two trendlines (SI Figure 4,
SI Table 2).

For carbonate in general, pixels can be divided into two separate correlations, one high in
carbonate and the other high in organic functionalities. This trend is particularly noticeable at site
NA 15. Conversely, in samples from NA 12, a correlation between amide and carboxylic carbon
and carbonate develops with depth. The top sample has no correlation between the two
functionalities (Pearson correlation coefficient -0.01), by the mid-depth sample a slight
correlation is evident (Pearson correlation coefficient 0.67), and by the deepest sample analyzed
the correlation coefficient increases to 0.83 (SI Figure 2, SI Table 2). Such a trend emphasizes
the importance of micro-scale examination of carbon composition, as amide and carboxylic
carbon and carbonate are inversely correlated in the core from site NA 12 on the bulk scale
(Chapter 3).

The two images and carbon stacks generated from sample NA 15 12.575 m below
seafloor provide an opportunity to determine the spatial scale over which carbon and mineral-
forming elements vary. Both images are 20*20 pm and contain particles of similar sizes and
classes (Figure 7). Region 2 contains a greater number of small (<100 nm) K-rich domains as
well as a greater amount of organic carbon “matrix.” For both, pixel-by-pixel correlations are
strong (>0.5) for all functional groups, except for the carbonate correlations described above.

Region 1 has less strong correlations between aromatic carbon and other functional groups, but
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the correlations are still stronger than those found in many other samples. Their overall similarity
suggests that trends observed in a 20*¥20 um map scale to the entire 1*1 mm window of prepared

sample and potentially the entirety of a sample from a given depth.

4.3.5 Carbon chemical composition and compositional heterogeneity

Principal component and clustering analyses can be applied to STXM-NEXAFS energy
stacks in order to identify regions of a sample containing carbon of a significantly different
composition than other regions. Here, instead, we quantify differences in chemical composition
over the image region by mapping regions enriched in a single functional group or mineral-
forming element and comparing the composition of that region to regions relatively enriched in
different functional groups. Optical density maps of the individual functional groups were used
to extract average spectra representing these “end-member” carbon compositions. For each
organic functional group or element map, a “mask” was generated using the top 2/3 most intense
pixels and a spectrum extracted from that region, showing the overall composition of carbon in
regions where one particular functional group is enriched. Spectra were then fit following a
Gaussian deconvolution procedure, assigning peaks within a certain energy range to electronic
transitions associated with specific functional groups. Figure 8 shows an example of a raw
spectrum, the fit line, and, below, the deconvoluted peaks from NA 15, 12.575 m below seafloor
region 1, the “all carbon” mask. Results from peak fitting are summarized in Figure 9, where
each column of the heat maps corresponds to a mask and each row shows the relative percent
contribution the four most abundant functional groups make to the total fit area for a given mask.
Note that relative percent abundances are calculated excluding the carbonate peak (~290.4 eV)

from the total fit area as its intensity was the most variable between samples and a function more
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of sample lithology than organic carbon cycling. Amide and carboxylic carbon was best fit as
two peaks; however, as their transitions overlap, we report here the sum of the two peaks and do
not distinguish between the two functionalities.

First, amide and carboxylic carbon is the most abundant functional group in nearly all
samples from all sites (Figure 9, SI Figure 5). Relative percent abundance ranges from 17.3%
(the manganese mask from the core top sample at NA 12) to 61.2% (the potassium mask from
the core top sample at NA 3) and averages 39.6 + 7.9% (SI Figure 5). O-alkyl carbon is the
second most abundant functionality, averaging 19.3 + 5.0%. These two functional groups are
significantly different from each other and from aromatic and aliphatic carbon in terms of
average percent abundance. Aromatic and aliphatic carbon comprise 15.9 £ 6.7 and 15.3 £ 3.6%
of the total fit area on average, respectively, and are not statistically different from each other
(two-tailed t-test, p<0.05, SI Figure 5). Excluding an extremely low outlier, O-alkyl carbon
ranges from 11.5% in spectra derived from the aromatic mask in the core top sample from NA 3,
to 35.1% in the O-alkyl mask of that same sample, demonstrating compositional diversity on the
micro-scale. Aliphatic carbon ranges from 28.0% to 7.5%, while aromatic carbon has a broader
range, from 4.7% to 44.0% (SI Figure 5). The minimum percent contributions for aliphatic and
amide and carboxylic carbon are found in the same spectrum as the maximum relative percent
contribution from aromatic carbon, in the manganese mask from the surface sample of NA 12.

For aromatic and O-alkyl carbon, spectra were enriched in the functional group
corresponding to the mask the spectrum was extracted from (e.g. aromatic carbon enriched in the
spectrum derived from the aromatic mask), though this enrichment is not substantial (Figure 9).
This trend holds less true for aliphatic and amide and carboxylic carbon as they are prevalent

components across all samples and co-occur.
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To assess whether and how geochemical parameters affect carbon composition and
distribution, we examined trends between sites, along the lengths of individual cores, and
between carbon and mineral particles in individual samples. We note that the surface samples
analyzed from each site have the highest variability in composition, with the average value for
each functional group having a higher relative standard deviation than down-core samples.
Notably, at NA 12, the variability in chemical composition on the micro-scale, within a single
sample, is often comparable to or greater than the variability observed along the length of the
entire core in the bulk NEXAFS spectra (chapter 2). The variability in O-alkyl carbon across all
the masks for an individual sample at NA 12, for instance, ranges from 3-35%, relative to
variability in bulk spectra along the entire length of the core of 16%. Likewise, relative standard
deviation for amide and carboxylic carbon for all spectra extracted from masks within an
individual sample at NA 12 ranges from 4-37%, relative to a relative standard deviation along
the entire length of the core in bulk NEXAFS spectra of 7% (see chapter 2).

By taking the average of relative percent contributions of an individual functional group
for all spectra from all masks at a given site, we can compare compositional differences between
sites. Site NA 3 is significantly depleted in aromatic carbon (average 10.6 + 3.5 % relative
contribution, compared to 15.7 £ 9.1 and 18.0 + 3.6 % for NA 12 and NA 15, one-way ANOVA,
p = 0.05, SI Figure 5), while all sites have significantly different average relative percent
contributions from amide and carboxylic carbon. NA 3 has the highest amide and carboxylic
carbon content, at 45.7 + 9.3 % relative to 36.4 + 8.7 and 39.9 + 4.7% for NA 12 and NA 15
respectively (one-way ANOVA, p = 0.05, SI Figure 5). Aliphatic and O-alkyl carbon were

statistically the same at all sites.
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Finally, the composition of mineral-associated organic carbon can be used to evaluate
potential roles for minerals in OC preservation and degradation. While limited by challenges
inherent in collecting quality data from particles of varying optical densities, this dataset reveals
preliminary trends in composition as a function of mineral-association. First, spectra extracted
from both the iron and manganese masks for the surface sample from NA 12 are strongly
enriched in aromatic carbon and depleted in aliphatic and amide and carboxylic carbon (Figure
9). In the surface sample from site NA 3, the inverse is true; aromatic carbon is depleted in
spectra derived from iron and manganese masks while aliphatic and amide and carboxylic carbon
are slightly enriched but still within the range found in all spectra derived from masks of organic
functional groups. At site NA 15, likewise, spectra derived from iron, manganese, and potassium
maps contain relatively higher percent contributions from amide and carboxylic carbon. Thus,
site lithology and the presence of specific minerals may influence the diversity in chemical

composition of OC.

4.4 DISCUSSION

4.4.1 Stoichiometry of organic matter and degradation

By contrasting OC concentration and composition in sediment cores from geochemically
distinct sites, we can investigate geochemical mechanisms determining the balance between OC
preservation and degradation in these environments. Concentrations of organic carbon and
nitrogen do scale with sediment oxygenation state, typically being higher in the anoxic and
suboxic settings (Figure 2). However, oxygenation is not the sole control on sediment OC and N
content. The lowest concentrations measured were toward the bottom of the cored interval at site

IODP 1231. Sites SPG 2 and 3 have older sediments at core bottom and, as these cores are oxic,
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oxygen exposure times at these sites are likely on the order of millions of years greater than for
IODP site 1231. Thus, oxygenation does not fully explain extent of carbon degradation. This
observation lies in contrast to previous studies where oxygen exposure time effectively explains
extent of degradation in younger sediments that experience a redox gradient (Cowie et al., 1995;
Hartnett ez al., 1998; Arnarson & Keil, 2007), allowing for anoxic preservation of carbon by
electron acceptor limitation. However, we posit that for old sediments (>~3 Ma) that have been
continually exposed to oxygen, other mechanisms must provide protection against
remineralization and may, in fact, offer greater protection than at sites such as IODP 1231 where
shifts in microbial community and strong chemical gradients may allow a wide variety of
metabolisms to remain viable. For instance, mineral-based protection of OC may only account
for a small fraction of protected carbon in OC-rich anoxic sediments, but preserve a larger
fraction of OC in oxic sediments.

Disproportional decreases in OC and N with depth along the core also provides insight
into organic matter degradation pathways in these systems (Figure 2). The SPG sites where the
decrease in OC was proportional to that of N (SPG 1, 9, 6, and 10) have the highest downward
O, flux at 1.5 m below seafloor (D’Hondt et al., 2009, no data exist for SPG 6). Oxygen
penetration and availability may thus contribute to equal remineralization of OC and N. The
other two sites where the decrease in OC was proportional to that of N were the IODP site 1231
holes B and E (Figure 2). Again, this trend may be a function of the variety of active
metabolisms contributing to near-complete remineralization or, conversely, may relate to an
upward flux of oxygen from the basalt basement (D’Hondt et al., 2011), or sediment age.

The other factor that distinguishes sites with a constant stoichiometry of degradation from

those where N decreased much less than OC is sedimentation rate. Sedimentation rates at NA
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oxic sites and site SPG 12 are not substantially higher than at site SPG 6, but rates in the North
Atlantic are overall higher and the oxygen flux at depth (not calculated) likely lower. Calculated
degradation rates correlate with initial OC content and sediment age; these parameters are
partially a function of sedimentation rate (SI Table 1, SI Figure 1). These correlations are not
wholly unexpected; higher concentrations should drive reaction rates while older sediments will
likely host both lower concentrations of OC as well as less bioavailable OC. However, these
correlations seem less strongly driven by oxygen exposure than might be expected, with no
correlations existing between oxygen and degradation rates in the deeper intervals. Regardless of
underlying mechanism, these data suggest decoupling of OC and N processing and that N may
be retained in the organic pool relative to C.

The stoichiometry of organic matter and of organic matter degradation in these old,
carbon-poor sediments is also unique and does not vary clearly with sediment oxygenation. C/N
values at all sites are exceptionally low, averaging 4.0 + 2.0 for all depths at all sites (Figure 2).
Values tend to be higher at anoxic sites and lowest at the oxic sites. Redfield biomass has a C/N
of 6.625, while protein, the most N-rich biomolecule, has a C/N of 3.85. The higher values found
at all sites in this study fall within the range expected for marine algal organic matter (4-10,
Meyers 1994), but while degradation typically increases C/N due to preferential utilization of
proteinaceous material (Meyers, 1997), here C/N decreases with depth. Previous work has
attributed the low C/N values found in sediments and soils to adsorption of ammonia produced
by degradation of organic nitrogen to clays (Meyers, 1997) or analytical uncertainty (Ziebis et
al., 2012). As discussed in Chapter 3, however, we believe the contribution from ammonia to be
less than previous estimates (Muller, 1977) as C/N values do not correlate with clay content and

as geochemical and metagenomic data both suggest that ammonia produced by organic matter
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degradation undergoes nitrification in oxic SPG sediments (D’Hondt et al., 2009; Tully &
Heidelberg, 2016).

An organic carbon pool dominated by intact proteins being recycled in and out of
biomass could contribute to the low C/N observed here. Single-cell genomic as well as
metagenomic analyses demonstrate the metabolic potential for protein degradation and uptake in
the deep subsurface (Lloyd ef al., 2013; Tully & Heidelberg, 2016). Protein content at oxic sites
does appear to reach some sort of steady-state with depth along the cores, (Figure 4) which in
Chapter 3 was interpreted as evidence of equilibrium between extracellular intact proteins,
proteins adsorbed to mineral surfaces, and proteins in biomass. In Chapter 3, extractable proteins
quantified were primarily extracellular; if the total measured protein content were in biomass
there would be 4 orders of magnitude more cells than actually found. However, extractable
proteins were found to account for <<1% of total OC, making it unlikely that intact proteins
exclusively fuel heterotrophy or control C/N values. Chapter 2 also describes OC at oxic sites, as
determined by bulk-scale NEXAFS, to consist primarily of amide and carboxylic carbon in a
scaffolding of aliphatic/alicyclic and O-alkyl carbon. This material may thus be proteinaceous in
origin and reflect a degraded, N-enriched, recalcitrant sink for the intact proteins described
above.

By comparing the C/N of bulk sedimentary organic matter to the calculated C/N of
degradation, we find further evidence to affirm the interpretation made in Chapter 2 that, in
carbon-poor sediments, carbon may be preferentially utilized relative to nitrogen. For the
majority of sites, C/N of degradation in the surface interval is substantially higher than in the
deep interval, where it declines to match the C/N of bulk material (Figure 3). If this C/N of

degradation parameter is interpreted as a measure of what microorganisms are utilizing,
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microbes preferentially consume or respire OC relative to N in the surface interval and, as
organic matter becomes even more limited in the deep interval, transition to using the entirety of
what is present, causing the C/N of degradation to mirror the C/N of the bulk organic matter.
This trend is independent of site type; while suboxic site SPG 12 is an outlier and full data are
only available for a single anoxic site, it appears that this stoichiometry of degradation is more a
signature of carbon-poor environments than a function of sediment oxygenation and oxygen
exposure time. Further, it is possible that the suboxic sites are not truly outliers, but rather that
the chemical gradient at those sites allows for higher metabolic activity relative to other sites;
indeed, cell counts are marginally higher at suboxic site SPG 12 relative to the other SPG sites
(D’Hondt et al., 2011). It remains plausible that up to 50% of measure N derives from ammonia
fixed in clays, as discussed more extensively in Chapter 3. Subtracting this conservative estimate
of fixed and exchangeable N from total N values to achieve organic N results in doubled C/N
values. In the deep interval, C/N of bulk material would then fall within a more reasonable range
for N-rich biological molecules, while in the surface interval C/N values approach Redfield
biomass. However, such a shift does not alter interpretation of the C/N of degradation, which
would also double and still implicate preferential utilization of organic carbon relative to
nitrogen.

Yet, D’Hondt ef al. (2009) argue that production of nitrate at depth and its positive flux
towards the sediment-water interface at SPG sites implies that the oxidation of organic nitrogen
rather than carbon supports a greater proportion microbial life in these environments. Tully and
Heidelberg (2016) observe that while nitrification in these sediments is likely linked to
autotrophic carbon fixation, it seems inefficient for those same microbes, or for any

heterotrophic organisms, to then uptake and reduce that nitrate for biomass. Beyond measures of
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genomic potential, however, identification and quantification of active metabolisms has proven
difficult due to slow reaction rates. In one study of metabolic activity in anoxic, high OC
sediments (1.2%) spiked with labeled '*C and '°N compounds, N was preferentially taken up by
cells relative to C; however, °N assimilation was primarily from ammonium with glucose,

pyruvate, and amino acids also stimulating growth but not methane (Morono et al., 2011).

Thus, the results of Morono et al. (2011) do not directly contradict the findings of this study, but
rather reflect environmental redox state and different operative OC-protection mechanisms (e.g.
anoxia), emphasizing that pelagic sediments represent a functionally different environment in
need of additional investigation.

Production of hydrogen by radiolysis of water following radioactive decay of trace
radioactive elements in mineral grains may also provide an energy source (D’Hondt et al., 2009).
This process, however, would be entirely cryptic, with the oxygen required to re-oxidize the
hydrogen equal to the oxygen produced by the initial reaction (Fischer et al., 2009). Conversely,
hydroxyl radicals produced in the hydrolysis reaction may react with organic matter to produce
more bioavailable low molecular weight compounds (e.g. carbonyls and carboxylic acids).
Hydroxyl radicals are powerful because they are non-selective and reactive with a wide range of
organic compounds (Buxton et al., 1988). However, they react especially rapidly with aromatic
and alkene compounds (Buxton ef al., 1988; similar to Johnson et al., 2015), which are not
observed in high concentrations in oxic sediments (Chapter 2, Figure 9, SI Figure 5). These
radicals may thus be quenched by other reactions given the low availability of organic reactant.

The stoichiometry of sedimentary organic matter is therefore constrained by several

competing processes whose precise rates in these environments will need to be investigated
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further. First, understanding the relative rates of adsorption, diffusion, and nitrification reactions
will be important to fully eliminating ammonia adsorbed to clays as an explanation for elevated
N. Secondly, given the excess of nitrate and dearth of organic compounds in these environments,
it will be important to understand the relative energy costs of assimilating and reducing nitrate
relative to solely using organic nitrogen in organic matter as a source of N in biomolecules.
Based on the data presented in this study, we posit that measured C/N values are real and reflect
preferential utilization of carbon in organic compounds relative to nitrogen. As this pattern holds
between all sites, we further hypothesize that in old, carbon-poor sediments, oxygen exposure
time is not an effective metric for carbon burial. Rather, all sites seem to sustain metabolic
activity and slow carbon degradation via interactions between heterotrophs and

chemolithoautotrophs, so long as some form of electron acceptor is present.

4.4.2 Spatial distribution and composition of organic carbon on the micro scale

Organic carbon is present both as discrete particles and, in some samples, as a matrix
surrounding the larger mineral particles. While discrete particles bearing high concentrations of
organic carbon are often identifiable as carbonates, OC also associates with Fe-rich and K-rich
particles in other samples (Figures 5-7). Matrix-like OC may correlate slightly with K-rich
domains smaller than could be spatially resolved in these samples (<50-100 nm), suggesting that
OC associates with aluminosilicate clays. This trend would match previous observations of
mineral-organic interactions, finding that, in anoxic coastal settings, clay and opal content
predicted OC concentration though the slope of the trend line varied by clay type, further
suggesting a chemical rather than physical mechanism of adsorption (Ransom et al., 1998).

Unfortunately, carbon spectra from regions with a high density of mineral grains are often
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saturated due to variability in particle density, precluding determination of chemical composition
and complete evaluation of mechanisms of mineral-OC associations.

Nonetheless, we note that OC was much less tightly associated with mineral particles
than hypothesized (Figures 5-7). Previous bulk-scale research finds that in a wide range of
environments (estuaries, coastal, pelagic, anoxic, sulfidic) ~20% of OC was extracted
simultaneously with iron oxides (Lalonde et al., 2012), suggesting a preferential association of
OC with iron oxide mineral surfaces. On century to millennia timescales, Arnarson and Keil
(2007) observe that 50% of OC was adsorbed to mineral surfaces in denser sediment fractions,
with 22% preserved in diatom frustules. They contrast that finding with data from sediments
years to decades old, where OC exists in mineral-organic aggregates (Arnarson & Keil, 2007),
based on density fractionation followed by bulk scale X-ray photoelectron spectroscopy analysis.
In another experiment utilizing density separation of sediments to roughly fractionate samples by
mineral class, OC associated with dense, fine-grained mineral phases was N- and BC-enriched
and of primarily marine origin relative to OC associating with other density fractions in
Washington coast sediments (Dickens ef al., 2006). This chemical selectivity was interpreted as
evidence for mineral-based protection via adsorption; no obvious trends in mineral-OC
associations implicating mineral-based protection were observed in Mexican margin sediments,
however, where detected OC was also of marine origin (Dickens et al., 2006). Heckman et al.
(2013) also observe that the densest fractions of soils host organics enriched in proteins, lipids,
and N-bearing compounds relative to other soil density fractions.

While demonstrating an association between mineral and OC and hinting at an
underlying chemical mechanism, these studies do not define the nature of the association. It is

possible that STXM images in this study show relatively large mineral-OC aggregates (e.g. >1
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umz), where lack of direct correlation does not indicate lack of interaction. However, this
interpretation is unlikely. In more carbon-rich systems, aggregation is viable and we might
expect the type of structuring described in Kleber ez al. (2007), where an inner layer of
molecules forms inner-sphere complexes with the mineral surfaces, preferentially selecting for
carboxyl and amide groups, followed by a mid-layer of hydrophobic compounds, and an outer
layer of organic molecules and metal cations bound together via electrostatic attractions. Aging
and degradation will strip away these layers, leaving only the tightly-sorbed inner layer.
Compositionally, we do observe high proportions of amide and carboxylic carbon (Figure 9) that
likely derive from proteinaceous material, but that enrichment is general and not specifically
correlated with mineralogy. Spectra derived from masks of mineral-forming elements do
occasionally have extremes in carbon composition relative to spectra derived from masks of
organic functionalities (e.g. surface sample of NA 12, Figure 9), but for the spectra successfully
extracted and analyzed, trends are not consistent by mineral type and do not apply to all samples
(e.g. NA 15, minerals do not induce compositional extremes, Figure 9).

Other research examining mineral-OC interactions on the micro-scale within more
carbon-rich environments finds much closer correlations between mineral surfaces and organic
carbon and clearer compositional trends. For biotic Mn oxides precipitated in brackish estuarine
waters, the majority of OC in mineral aggregates was directly co-located with the minerals (Estes
et al., 2016). Biomineralizing iron-oxidizing bacteria likewise form minerals containing OC
templates and additionally adsorb OC from the environment (Chan et al., 2010; Bennett et al.,
2014), resulting in very strong spatial correlation between mineral particles and OC. Iron-carbon
aggregates in a hydrothermal plume exhibit a more carbon-matrix-like effect, with Fe(II)

adsorbed or complexed with OC (Toner et al., 2009); however, those samples have OC:Fe+Mn
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molar ratios of ~2.69—17.8 ( Estes et al., 2016, calculated from Toner et al., 2009;), far
exceeding the OC content observed in pelagic sediments.

Ultimately, mineralogy does not determine the spatial distribution of OC on the
microscale. We therefore examine spatial variation in chemical composition in an attempt to
determine both average composition and recalcitrance of pelagic OC. A majority of studies
employing STXM-NEXAFS to examine carbon composition find statistically different chemical
compositions in morphologically distinct regions of samples (Brandes et al., 2004; Lehmann et
al., 2008; Solomon et al., 2d 12; Knopf et al., 2014). These studies emphasize the chemical
heterogeneity of carbon on a very small spatial scale. In a study on litter decomposition in soils,
organics of distinct chemical compositions were separated spatially, ranging from fungal hyphae
to iron oxides hosting lipids and proteins that were interpreted as a microbial residue (Keiluweit
et al., 2012). In their study, and for biogenic Mn oxides documented by Estes et al. (2016),
aliphatic and amide carbon intermixed on the mineral surface, while Liu et al. (2013) observed
lipids and proteins in separate 100-200 nm” domains across the surface of goethite following
reaction with extracellular polymeric substances. These separate domains more closely match the
distributions observed here; OC is generally co-located, but with 50-100 nm? or less sized
domains where one functional group appears more predominant than others (Figure 5-7). This
observed scale matches well with what might be predicted for material of proteinaceous origin;
with an average protein volume of 25 nm® (Phillips ef al., 2009), observing variability of
composition of domains within the same magnitude suggests that these variations are real and
rooted in real chemical variations. Indeed, for simpler systems, STXM-NEXAFS can be applied

to mapping out the distributions of specific peptides and proteins (Stewart-Ornstein et al., 2007).
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In contrast to previous studies, principal component and cluster analyses do not identify
significantly different carbon compositions that appear in spatially distinct regions of samples (SI
Figure 6). These statistical techniques, however, function best when identifying major
differences in spectra and where chemically distinct compounds are not co-occurring (Brandes ez
al., 2004; Lehmann et al., 2008; Keiluweit et al., 2012; Solomon ef al., 2012; Knopf et al.,
2014), in contrast to observations in this study. Here, the variation in relative proportions of
functional groups is less but there are still quantifiable differences in carbon composition across
samples. To quantify these differences in lieu of cluster analysis, we generated “masks” based on
the distributions of organic carbon functional groups as well as mineral-forming elements.
NEXAFS spectra were then extracted from the regions defined by those masks, e.g. where that
functional group or element was enriched. Using Gaussian deconvolution, we fit spectra and
determine end member compositions as shown in Figure 9.

Across all samples, amide and carboxylic carbon was the predominant functional group,
followed by O-alkyl carbon, and then closely followed by aromatic and aliphatic carbon. Across
all samples, amide and carboxylic carbon varied the least (average relative standard deviation of
12%, range from 4 to 37%, SI Figure 5), as compounds appear evenly enriched in this
functionality. This result is supported by findings from Chapter 3, where in bulk NEXAFS
spectra amide and carboxylic carbon was also the most abundant functionality and the one that
varied least with depth along the length of each core. O-alkyl carbon is present in approximately
the same proportion as in bulk NEXAFS spectra from Chapter 3, and varies an average of 17%
between different masks within a sample (range 2 to 38%, SI Figure 5). STXM-NEXAFS spectra
have on average a greater content of aliphatic and aromatic carbon at the expense of amide and

carboxylic carbon than the bulk spectra described in Chapter 3. Interestingly, this trend is not
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simply a function of sediment oxygenation as suboxic site NA 3 has the lowest average aromatic
content and NA 12 has the lowest amide and carboxylic content as quantified by STXM-
NEXAFS, despite being the only site analyzed here also analyzed in the bulk spectra. Aromatic
content is the most variable within a given STXM-NEXAFS sample, varying by 5-84% between
masks from a single sample with an average of 22%. Finally, aliphatic carbon varies by an
average of 16% between spectra derived from masks for a given sample (SI Figure 5).

By contrasting these “end member” carbon compositions derived from function group
and element masks, it appears that there is spatial diversity in the chemical composition of OC
on the microscale, even if the variation is only by 10-20%. These results align with the
composition of bulk carbon described in Chapter 3 as amide and carboxylic carbon in a
scaffolding of O-alkyl and aliphatic carbon; here, O-alkyl, aliphatic, and aromatic carbon all act
as variably present side chains or, perhaps, linkages between co-polymerized compounds. OC
stored in pelagic sediments may not be comprised of the same range of biomolecules as particles
(Brandes et al., 2004; Toner et al., 2009; Knopf et al., 2014), terrestrial soil systems (Lehmann et
al., 2008; Keiluweit et al., 2012; Solomon et al., 2012), or biominerals (Chan et al., 2010;
Bennett et al., 2014; Estes et al., 2016), but they do display compositional variability on the
microscale (in terms of relative standard deviation in the percent abundance of a functional group
between masks) that is often equivalent to variability along the length of the entire core in the
bulk spectra within Chapter 3. Thus, on these million-year time scales, increased age and

degradation do not seem to alter or eliminate particular compound classes.
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4.5 CONCLUSIONS

This work emphasizes the uniqueness of pelagic sediments relative to better-studied
coastal environments. Pelagic sediments account for nearly half the world sediment volume (Hay
et al., 1988) but their inaccessibility and trace carbon content historically made them difficult to
study. Here, we demonstrate that carbon cycling in these environments does not strictly follow
expectations and interpret our findings as they pertain to determining the limits of microbial life
as well as the potential for organic carbon preservation on geological time scales. In this work,
we examine the content and composition of organic carbon (OC) in pelagic sediments over a
range of spatial, temporal, and geochemical gradients with the goal of identifying the primary
geochemical factors that control the balance between OC preservation and degradation. These
sites include South Pacific and North Atlantic gyre sediments that remain oxic to basement,
suboxic sites with redox gradients extending over the course of tens of meters, and sites that are
anoxic but not sulfidic due to reduction of redox-sensitive metals such as iron and manganese.
We document some of the lowest OC and nitrogen (N) concentrations measured globally, yet are
still also able to quantify a pool of extracellular, intact proteins <<1% of the total OC. While OC
and N concentrations towards core top do scale with sediment oxygenation, concentrations in the
deep subsurface are more similar. Degradation rates are extremely slow such that OC depth
profiles appear stable.

In these sediments, OC and N concentrations, C/N ratio of preserved organic matter, and
the C/N of degradation calculated from changes in concentration and sediment age are similar
between all sites. We interpret this similarity as evidence that, for old, carbon-poor sediments
that likely comprise the majority of the ocean floor, oxygen exposure time is a less useful

indicator of carbon content and composition than it is for younger, carbon-rich coastal and
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margin sediments. Instead, we propose that the content and composition of OC in these
environments is a signature of persistent heterotrophic metabolisms despite carbon limitation that
pares an initial OC pool in the surface interval down to an even barer minimum.
Chemolithoautotrophs are present (Tully & Heidelberg, 2016), as partially indicated by the
accumulation of nitrate, and may supplement the starving heterotrophic majority by fixing
additional carbon; however, the continued slow degradation of OC along the length of the core
implicates present, active heterotrophs in generating the observed content and composition of
OC.

The extremely low C/N values of sedimentary organic carbon, coupled with the elevated
C/N of degradation in the surface interval and the high dissolved nitrate concentrations, imply
that organisms are more carbon- than nitrogen-limited and may preferentially utilize C over N
from the pool of organic matter. The amide and carboxylic-rich composition of OC as measured
by both bulk NEXAFS (Chapter 3) and STXM-NEXAFS affirms this interpretation, as
preferential utilization of C would be a mechanism for generating such N-rich compounds.

We apply STXM-NEXAFS spectroscopy to further investigate how factors such as
lithology or oxygenation may influence OC content and composition on the microscale. This
technique has never been employed in sediments and is advantageous over other analytical
methods for determining OC chemical composition as it is non-destructive, non-invasive and
requires no preparative steps that might alter the observed composition or associations between
molecules. In contrast to previous studies on terrestrial systems, marine particles, aerosols, and
biominerais, we observe no clear correlations between the distribution of organic carbon and
mineral particles despite the hypothesis that mineral-based protection may be an important

variable in carbon preservation for old, oxic sediments. Additionally, while other studies
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employing STXM-NEXAFS on environmental samples identify a greater diversity of compound
classes within a single sample, we nonetheless observe compositional variability across each
sample. This variability indicates that a diversity of compounds is present, despite the paradigm
that this old OC is “recalcitrant.” Microorganisms living in this environment will still encounter
a range of substrates. Evidence that these microbes are capable of consuming proteins (Lloyd et
al.,2013; Tully & Heidelberg, 2016) is supplemented by quantification of intact proteins, while
Tully et al. (2016) demonstrate the genomic potential for organisms in the South Pacific to
metabolize oligosaccharides—a compound class that bears some semblance to the composition
of OC (dominated by amide and carboxylic as well as O-alkyl carbon) observed here. Further
microbiological studies, including isolation and culture studies, metagenomics, and
metatranscriptomics, will therefore be important to determining whether proteins with specific
annotations (e.g. peptidases) are also capable of degrading the more recalcitrant, proteinaceous
material observed here.

The variability in chemical composition within a single sample on the microscale (<50
pm?) as determined here by STXM-NEXAFS is often equal to or greater than the variability in
bulk NEXAFS spectra along the entire length of a given core (Chapter 2). This finding could be
interpreted as affirming non-selective degradation (Hedges et al., 2001; Brandes et al., 2004) on
the one hand, as all particle types are measurable at all depths, but we contrast this conclusion
with the observed stoichiometry of degradation and overall carbon composition unlike any
identifiable surface molecule. It seems impossible to generate such a composition without
selective degradation at some stage. Instead, we posit that for the deeper sediment intervals,
where the C/N of degradation matches the C/N of bulk sedimentary organic matter,

microorganisms are utilizing exactly the organic matter available to them, resulting in non-
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selective preservation on geological time scales of the diversity of compounds that survive the

traverse from the surface ocean to shallow sediments to the deep subsurface.
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Table 1. Site locations and sediment properties. Information for South Pacific Gyre samples

taken from D Hondt ef al. (2009). Bolded site names indicate that STXM-NEXAFS analyses

were made at these sites.

water sediment sediment basement sedimentation 0,atl.5
Site  Classification latitude/longitude depth recovered thickness m depth
age {Ma) rate (cm/kyr)
(m) (m) (m) (uMm)
23°51.0'S,
i 7.79 7 0.031
SPG 1 oxic 165°38.6'W 5699 1 100 207
26°03.1'S
i ! . .01
SPG 2 oxic 156°53.6'W 5126 8.145 17 100 0.017 179
. 27°56.5'S,
SPG 3 oxic 148°35.4'W 4856 5.49 6 71 0.008 198
26°28.9'S
P i ! 7.24 1 . 0.028 175
SPG 4 oxic 137°56.4'W 4285 0 33.5
27°55.0'S
P i ’ .585 . 0.111 198
SPG 6 oxic 123°09.7'W 3705 2.58 15 13.5
oo i [ ,
SPG 9 oxic 38°03.75 4924 7.015 20 39 0.051 159
133°05.5'W
39°18.6'S,
i . . 7
SPG 10 oxic 139°48.0'W 5283 5.4 22 58 0.037 176
45°57.8'S
i ! . 17 4
SPG 12 suboxic 163°11.0'W 5306 4.98 130 73 0.178 4.49
14°24.0'N
NA boxi ! 4453 28.6 1 40 0.25 34.9
3 suboxic 50°37 2W 5 6 00 0
14°24.0'N
NA 1 boxi ’ 4455 32.22 1 40 0.250 50.8
0 suboxic 50°37 2W 5 00
22°47.0'N
NA11 i ! 7 26.75 1 70 0.143 187
oxic 56°31.1'W 555 00
29°40.6'N
i ! .92 .
NA 12 oxic 58°19.7'W 5367 259 98 98 0.100 158
33°29.0'N
A i ! 515 26.83 3 0.37
NA 15 anoxic 54°10.0'W 5 31 88 6 0
NA 16 anoxic 33041'2‘N' 4575 40.22 1012 102 0.992 0
57°36.9'W
12°1'S
PB- i ! 4812 115.2 115 ~34 0.338 0
HB anoxic 81°54'W
12°1'S
- i ! 4812 118.6 115 ~34 0.338 0
PB-HE anoxic 81°54'W
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Figure 1. Depth profiles of oxygen (top) and nitrate/nitrite (bottom) for all oxic and suboxic
sites. Inset at top right expands the top portion of the oxygen profile to highlight the decrease in

oxygen. Nitrite data for SPG 12 do not exist.
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Figure 2. Depth profiles of organic carbon (top), nitrogen (middle), and C/N (bottom) for all
sediment cores, organized by site classification (oxic, left; suboxic, middle; anoxic, right). Note

differing depth and concentration scales.
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Figure 3. C/N of bulk material (data points) overlaid on calculated C/N of degradation (blue
bars) for a given depth interval for all sites where OC and N profiles allowed for calculation of
degradation rates. SPG 6 is excluded due to sparse data, while NA 15 does not show clear down-

core trends or decreases in OC and N concentration.
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Figure 4. Depth profiles showing concentrations of intact proteins measured in oxic (left),
suboxic (middle), and anoxic (right) cores. For site NA 12 (green circles) the multi core and long
core samples are contrasted as the multi core data capture a rapid decrease in concentration from
the surface not otherwise visible in the long core data. Error is standard deviation of triplicate
extractions; for IODP site 1231 HB and HE samples, a single sample was extracted in triplicate

and the error applied to the entire core. Individual error may be lesser or greater.
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Figure 5. STXM transmission images of samples from five depths along the length of the core
from oxic site NA 12 (column A) and overlaid, false-colored optical density maps showing the
distribution of iron, potassium, and carbonate (red, green, and blue, column B) and aliphatic,
amide and carboxylic, and o-alkyl carbon (red, green, and blue, column C). Column D shows the
pixel-by-pixel correlation of aliphatic C and amide and carboxylic C, in arbitrary units, where
pixels with zero value were excluded and Pearson correlation coefficients are shown in the lower

corner of each plot.
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Figure 6. STXM transmission images of samples from two depths along the length of the core
from suboxic site NA 3 (column A) and overlaid, false-colored optical density maps showing the
distribution of iron, potassium, and carbonate (red, green, and blue, column B) and aliphatic,
amide and carboxylic, and o-alkyl carbon (red, green, and blue, column C). Column D shows the
pixel-by-pixel correlation of aliphatic C and amide and carboxylic C, in arbitrary units, where
pixels with zero value were excluded and Pearson correlation coefficients are shown in the lower

corner of each plot.
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Figure 7. STXM transmission images of samples from three depths along the length of the core
from anoxic site NA 15 (column A) and overlaid, false-colored optical density maps showing the
distribution of iron, potassium, and carbonate (red, green, and blue, column B) and aliphatic,
amide and carboxylic, and o-alkyl carbon (red, green, and blue, column C). Column D shows the
pixel-by-pixel correlation of aliphatic C and amide and carboxylic C, in arbitrary units, where
pixels with zero value were excluded and Pearson correlation coefficients are shown in the lower

corner of each plot. Two sample regions were analyzed from the mid-core sample.
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Figure 8. Normalized spectra from NA 15, 12.575 m below seafloor region 1, the “all carbon™
mask (top solid line), its deconvoluted peaks (bottom), and the fit line (top, dashed line, R?=
0.97). Peaks <295 correspond to carbon transitions, including 285.13 eV (aromatic), 286.6 eV
(phenolic and ketonic), 287.5 eV (aliphatic), 288.07 and 288.65 eV (amide and carboxylic),
289.39 eV (O-alkyl), and 290.18 eV (carbonate). Broad ¢* transitions are fit with an asymmetric
Gaussian at 292.8 eV and the ionization threshold set at 290.0 eV fit with a “transition” function
that approximates an arctangent function. Peaks at 297.32 and 299.89 are the L, and L3 edges of

potassium. (See methods for details.)

180



L L %
= z %
2 8 8
8 8 8
h=)
cos 3§ ess 8§ ce5_§§
E53233§ EE8Z288 E58288
S8ETISsesy SS538s8es. B 5383308

aromatic
aliphatic

amide and carboxylic

0.02 mbsf
0.025 mbsf
0.025 mbsf

o-alkyl

aromatic

aliphatic

amide and carboxylic
o-alkyl

1.735 mbsf

b aromatic

B ! o
o £ aliphatic
E w0
10 "u‘; amide and carboxylic
@ o~
o - o-alkyl
- % aromatic
2 2
£ E aliphatic
[T} 2 i i
< & amide and carboxylic
< o o-alkyl
-

aromatic

aliphatic

amide and carboxylic

o-alkyl

23.905 mbsf
21.345 mbsf
24 155 mbsf

NA 12 (oxic) NA 3 (suboxic) NA 15 (anoxic)

Figure 9. Concentration grid showing composition and variability in composition of STXM
samples for NA 12, NA 3, and NA 15 (left, middle, right) along the length of each core (with
core top samples at the top of the figure). Individual columns within a grid correspond to region
masks, either an organic functional group or mineral-forming element. Rows contain the relative
percent abundance of each of the four most abundant functional groups, derived from fitting
spectra extracted from mask regions (such that the sum of each column is ~100%). Squares

within a grid are color coded by relative percent contribution, with warmer colors higher.
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CHAPTER 4 SUPPORTING INFORMATION

SI Table 1. Calculated OC and N degradation rates over a given depth interval, the C/N of

degradation, and the average bulk C/N over that depth interval.

Site depth interval age interval oc degrada!tinn rate N degrada:ion rate " average C/N over
(m) (approx. Ma) (mol/m’/kyr) (mol/m’ /kyr) depth interval

SPG 1 0.025—1.02 0.08—3.31 0.0488 0.0036 13.7 3.94
SPG 1 2.02—7.42 6.53—23.9 0.0022 0.0009 2.36 2.76
SPG 2 0.02—1.26 0.15—7.38 0.0073 0.0012 5.80 293
SPG 2 1.78—8.08 10.4—47.5 0.0010 0.0003 2.89 242
SPG 3 0.025—1.07 0.31—134 0.0011 0.0005 2.05 3.29
SPG 3 1.52—4.00 19.1—49.9 0.0012 0.0004 2.70 2.83
SPG 4 0.025—1.06 0.09—3.77 0.0238 0.0024 9.74 494
SPG 4 2.06—5.18 7.34—18.5 0.0006 0.0002 3.88 4.27
SPG 6 NA NA NA NA NA NA
SPG9 0.075—-1.62 0.15—-3.19 0.0339 0.0063 5.39 3.73
SPG9 2.57—5.72 5.05—11.2 0.0055 0.0024 2.26 3.08
SPG 10 0.175—1.06 0.47—2.88 0.0240 0.0066 3.65 2.80
SPG 10 1.78—5.42 4.80—14.7 0.0016 0.0007 2.15 2.64
SPG 12 0.012—0.41 0.01—0.23 0.4192 0.0710 5.90 5.13
SPG 12 1.32—2.72 0.74—1.63 0.0848 0.0095 8.91 435

NA3 0.002—1.52 0.008—0.610 0.2848 NA NA NA

NA3 2.96—27.5 1.18—11.0 0.0017 NA NA NA
NA 10 0.05—2.04 0.02—0.816 0.1222 0.0058 210 4.52
NA 10 5.10-32.1 2.04—128 0.0026 0.0003 8.56 232
NA 11 0.1—1.52 0.07—1.07 0.1327 0.0092 143 3.46
NA 11 3.01—-26.5 2.11—18.5 0.0011 0.0006 1.98 192
NA 12 0.02—1.15 0.018—1.06 0.1323 0.0117 113 337
NA 12 251-25.4 2.30—23.4 0.0011 0.0005 2.41 183
NA 15 NA NA NA NA NA NA
NA 16 5.30—40.1 0.535—4.05 0.0517 0.0044 116 6.98
PB-HB 1.75—5.15 0.301—0.886 0.3563 0.0259 13.7 5.40
PB-HB 5.15—57.1 0.886—25.3 0.0088 0.0019 4.72 3,52
PB-HE NA NA NA NA NA NA
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SI Figure 1. Correlations between calculated degradation rates and OC content (A: OC% at core
top vs. degradation rate in the surface interval, B: OC(%) at the top of the deep interval vs. deep
degradation rate), calculated degradation rate and sediment age (C, D, for the surface and deep
intervals respectively), and calculated degradation rate and oxygen content in interstitial waters
at the bottom of the given depth interval (E, F, for the surface and deep intervals respectively).
Circled area of plot E shows where the oxic sites cluster and gives a R* value for oxic sites-only.
Plot G shows the lack of correlation between the percent decrease in OC over the entire core (as
a proxy for carbon burial efficiency) and sediment age as a proxy for oxygen exposure time
(OET, where for suboxic sites OET is set as estimated sediment age where oxygen becomes

undetectable).
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SI Figure 2. Pixel correlation derived from STXM maps of organic functionalities at site NA 12,
organized by depth with the sample from NA 12 core top at the top of the Figure. Fit lines are
shown for correlations >0.5; Pearson correlation coefficients are shown in the lower corner of

each plot.
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SI Figure 3. Pixel correlation derived from STXM maps of organic functionalities at site NA 3,
organized by depth with the sample from NA 3 core top at the top of the Figure. Fit lines are
shown for correlations >0.5; Pearson correlation coefficients are shown in the lower corner of

each plot. Note the divergent possible fit lines in the amide/carboxylic vs. carbonate plots

(right).
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SI Figure 4. Pixel correlation derived from STXM maps of organic functionalities at site NA 15,
organized by depth with the sample from NA 15 core top at the top of the Figure. Fit lines are
shown for correlations >0.5; Pearson correlation coefficients are shown in the lower corner of

each plot. Note the divergent possible fit lines in the amide/carboxylic vs. carbonate plots (right).
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SI Table 2. Pearson correlation coefficients for all possible correlations of the most abundant
organic functional groups (aromatic, aliphatic, amide and carboxylic, and O-alkyl, abbreviated

“arom,” “aliph,” “ac,” and “oalk” respectively) as well as carbonate (“CO3”).

NA12 NA 12 NA 12 NA 12 NA12 NA3 NA3 NA 15 NA15L9-1 NA15L9-2 NA 15
0.02 mbsf 1.735mbsf 7.875 mbsf 14.705mbsf 23.905mbsf 0.025 mbsf 21.345mbsf 0.025 mbsf 12.575 mbsf 12.575 mbsf 24.155 mbsf

arom/aliph 0.08 0.76 0.34 0.47 0.79 0.35 033 0.15 0.73 091 0.21
arom/ac 0.01 0.88 0.35 0.33 0.83 0.27 0.32 0.15 0.60 0.90 0.20
arom/oalk 0.18 0.66 0.30 0.06 0.83 0.26 0.34 0.14 0.58 0.93 0.10
arom/CO3 -0.14 -0.04 0.16 0.19 0.76 0.04 0.27 -0.18 0.52 0.87 0.21
aliph/ac 0.64 0.82 0.72 0.50 0.89 0.70 0.52 0.54 091 0.88 0.32
aliph/oalk 0.24 0.79 0.70 0.41 0.86 0.54 0.54 0.43 0.91 0.89 0.36
aliph/CO3 0.03 0.04 0.52 0.22 0.72 -0.10 0.24 0.54 0.80 0.76 0.22
ac/oalk 0.32 0.77 0.80 0.51 0.91 0.65 0.69 0.71 0.95 0.82 0.47
ac/CO3 -0.01 0.19 0.68 0.70 0.83 -0.13 0.16 0.33 0.47 0.39 0.25
oalk/CO3 0.53 0.36 0.65 0.43 0.83 -0.19 0.32 0.21 0.45 0.33 0.30
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SI Figure 5. Box plots showing the relative abundance of organic functional groups overall (top)
or by site (4 lower images, plots separated by functional group and labeled in upper right). Note
different y-axis scales. For the overall comparison, aromatic, and amide and carboxylic boxplots,
letters above each box designate statistically significant sample groupings (p = 0.05, one-way
ANOVA).
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Chapter 5: Conclusions and future directions

5.1 Concluding remarks

This work examines the concentration and composition of organic carbon (OC) in
primarily carbon-poor environments with the goal of identifying the mechanisms that dictate the
balance between OC preservation and remineralization over a range of time scales. In Chapter 2,
OC associating with biogenic manganese (Mn) oxide minerals was characterized in pure cultures
of Mn-oxidizing microorganisms, incubations in brackish estuarine waters, and in
ferromanganese precipitates in karstic cave systems in order to examine the selectivity and
stability of mineral-organic associations. Chapter 3 tests the effect of long-term exposure to
oxygen on the content and composition of OC in oxic pelagic sediments. Chapter 4 then
contrasts results from these oxic sediments with suboxic and anoxic pelagic sites. Analyses
conducted on both the bulk and micro scale allow examination of the effects of a range of
parameters, from sediment age and redox conditions to lithology. All chapters utilize
synchrotron-based near edge X-ray absorption fine structure (NEXAFS) spectroscopy to
characterize carbon. This work contributes to the development of that technique for application
to environmental samples and allows insight into carbon speciation without requiring chemical
extractions prior to analysis. Thus, this work is the first to document the composition of the
entire, unaltered carbon pool and its micro-scale distribution in pelagic sediments.

In a series of experiments with Mn-oxidizing bacterial and fungal cultures and brackish
estuarine waters, Chapter 2 describes how Mn oxide-OC associations form rapidly (on the order
of hours) yet are stable over the course of days to weeks as the Mn oxide minerals undergo
structural ripening, transforming from hexagonal to triclinic birnessite. Proteinaceous carbon

associates particularly strongly with these oxides, suggesting that minerals could act as a protein
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shuttle, offering initial protection against remineralization but ultimately transporting the protein
to an environment (e.g. the deep subsurface, as in Lloyd et al. (2013)) where geochemical
conditions or biological adaptations make the compounds more bioavailable. The two bacterial
and two fungal cultures tested have consistent, distinct chemical compositions of OC associating
with precipitated Mn oxide minerals (bacterial Mn oxides host proteinaceous OC, mycogenic Mn
oxides are polysaccharide-rich), suggesting the possibility that biomineral-associated OC could
act as a biomarker of the precipitating organism. While these trends do not hold up compared to
other studies of biomineralizing organisms (Toner et al., 2005; Chan et al., 2011), proteins
extracted and sequenced from the mineral-organic aggregates could provide insight not only into
the biomineralizing organism but also the Mn oxidation and precipitation mechanism. Finally,
results from incubation experiments with both biogenic and synthetic Mn oxides in estuarine
waters combined with results from cave ferromanganese deposits demonstrate the Mn oxides
accumulate OC from a range of sources by a range of mechanisms. This observation emphasizes
the potential for these minerals to sequester large quantities of OC, but also indicates that
biosignatures may be quickly over-written (as also shown in Bennett er al. (2014)).

Chapter 3 focuses on the effects of age and continual oxygen exposure on the content and
composition of organic carbon in pelagic sediments. We observe a relatively stable reservoir of
OC preserved on geological time scales in the deep subsurface despite the availability of oxygen,
implying that another mechanism contributes to preservation. More rapid degradation of OC
towards the surface of sediments does occur, but in contrast to better-studied coastal and margin
systems, this degradation process appears to preferentially remove C relative to N from organic
matter, generating the extremely low C/N values observed at depth. Intact proteins are present

throughout the sediment column though account for <<1% of total OC and may exist in a steady-
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state equilibrium partitioned between biomass, free, extracellular proteins, and those adsorbed to
mineral surfaces. The question remains of how rapidly this small pool turns over and to what
extent its recycling sustains life, as the genomic potential for protein metabolisms has been
documented in these systems (Lloyd ef al., 2013; Tully & Heidelberg, 2016). NEXAFS
spectroscopy further reveals preserved OC to be proteinaceous in origin, consisting primarily of
amide and carboxylic carbon in a scaffolding of aliphatic and O-alkyl carbon. This composition,
found throughout all cores analyzed at all depths, may be the net result of oxidative degradation
on extremely long time scales.

To contextualize results from Chapter 3 and to address whether oxygen is the sole
variable controlling OC content and composition, Chapter 4 compares pelagic sediments from
oxic, suboxic, and anoxic but not sulfidic sites in the South Pacific and North Atlantic. While
concentrations of OC, N and the C/N ratio do scale with sediment redox state, concentrations in
the deep subsurface are more similar than expected between site types and likewise suggest
preferential utilization of C over N in the surface interval. We propose that in these pelagic
sediments that are either oxygenated to basement, receive a flux of oxygen diffusing up from the
basalt basement ((D’Hondt ez al., 2009; Ziebis et al., 2012)), or experience redox gradients
extended over tens of meters, organic carbon content and composition is more likely a signature
of continual heterotrophy as a dominant metabolism than it is of continual oxygen exposure.

Scanning transmission X-ray microscopy (STXM) coupled to NEXAFS spectroscopy
was further employed in Chapter 4 to examine variability in OC content and composition on the
micro-scale. Interestingly, we observed minimal differences in composition between site types
(oxic, suboxic, and anoxic) or over the 2-5 depth intervals analyzed at each site. Further, OC

does not clearly associate with mineral surfaces nor does mineral-associated OC have a
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chemically distinct composition from the bulk. While interpretations are limited here due to
technical challenges of collecting quality data from mineral particles, these preliminary
observations imply that mineral-based protection via chemical adsorption or physical protection
may not contribute as substantially to the preservation of OC in these systems. We instead
conclude that the remaining OC is recalcitrant and thereby protected from immediate
remineralization by microorganisms, resulting in some of the lowest cell counts observed in
sediment environments (Kallmeyer ez al., 2012) and the extremely slow OC degradation rates
calculated here. However, we observe that compositional variability within a single sample on
the micro-scale is equal to variability along the entire length of the core in the bulk spectra
analyzed in Chapter 3. Thus, a diversity of compounds does persist over the course of millions of
years of slow degradation and diagenetic reactions and could continue to fuel the vanishingly
small population living at the limits of life.

Combined, these chapters highlight the interplay of a range of geochemical variables in
controlling organic carbon content and composition in the environment. On extremely long time
scales, recalcitrance of organic carbon may limit life and ensure that a small quantity of OC is
preserved and transferred from the surface to the geological carbon cycle. Constancy of OC
chemical composition and the relative diversity of percent contributions from different organic
functional groups in the deep subsurface suggest non-selective preservation. However, we note
that in the first weeks to kilo-years of preservation, we do observe selective preservation both by
mineral-OC associations that fractionate composition and by the unique oxygen-driven
degradation dynamics that result in preferential utilization of C over N in C-limited pelagic

sediments. Thus, while pelagic sediments appear to subvert several paradigms of marine carbon
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cycling and preservation (Burdige, 2007), the same combination of mechanisms is at play just in

different magnitudes and on differing temporal scales.

5.2 Future steps

5.2.1 Continued development of NEXAFS and STXM-NEXAFS for applications to environmental
samples

Relative to other elements, analysis of carbon at synchrotrons is in its infancy. Beamlines
designed to access the “soft X-ray” energy range are typically uséd for materials science
applications, but interest has grown in recent years towards adapting these lines for
environmental analyses. These techniques hold vast potential for being able to simultaneously
speciate carbon, nitrogen, oxygen, sulfur, aluminum, silicon, iron, and manganese (among other
elements) and for probing how these elements co-vary and alter each other’s speciation on the
micro-scale. Chapters 3-4 describe the first application of bulk NEXAFS and STXM-NEXAFS
to pelagic sediments, where low OC concentrations generated additional challenges. This work
further helps standardize data normalization and spectral fitting methods (e.g. Gaussian peak
deconvolution) in order to translate spectra into information that can be assigned geochemical
meaning.

In well-constrained systems, these techniques are capable of differentiating and mapping
the distributions of individual proteins or peptides (Stewart-Ornstein et al., 2007) and of
identifying the specific mineral-organic bonds formed during polypeptide templation of biogenic
calcium carbonate (Metzler et al., 2008). For environmental samples, however, the compound
mixtures are often too complicated to fully decompose. Increasing the database of standard

compounds (Kaznacheyev & Osanna, 2002; Solomon et al., 2009) and developing conversions
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for translating peak intensity ratios to molar ratios of individual functional groups will be
important next steps. Once biomolecules and degradation products are more readily quantifiable
in complicated matrices, it may be possible to couple STXM-NEXAFS and NanoSIMS analyses
to examine what compounds cells uptake as well as cellular quotas of biomolecules (e.g., protein
content, C/N/O/P/micronutrients, etc.) as a function of sediment geochemistry.

Another vital step in developing NEXAFS spectroscopy will be quantifying spectral
differences between mineral-adsorbed and free biomolecules. Theory predicts that direct bonding
between hydroxyl groups on mineral surfaces and organic functionalities will alter the functional
groups observed, their peak positions, and their relative intensities. Examining this effect will
then potentially permit both better characterization and identification of compounds in
complicated matrices as well as quantification of the mineral-associated fraction of OC in a

given sample.

5.2.2 Linking short-term and geological time scales

Chapters 2—4 address questions regarding biogeochemical controls on carbon content
and composition on very different time scales. Chapter 2 documents stable mineral-organic
associations, while Chapter 4 finds that extremely old OC is protected from remineralization due
to its recalcitrance, but that mineral-based protection and continual exposure to oxygen or other
energetically favorable electron acceptors induce preferential preservation and degradation,
producing the recalcitrance observed on > 1 million year time scales. A crucial future step will
link these time scales, through not only continued analysis of environmental samples but also

laboratory incubation experiments.
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Turbidite deposits offer an opportunity to study the content and composition of OC
protected by anoxia and the rate at which OC degradation occurs following re-exposure to
oxygen (Cowie ef al., 1995; Meyers & Silliman, 1996). Sediment ponds and other sites where
oxygen may diffuse upwards from basement fluids (D’Hondt et al., 2009; Ziebis et al., 2012;
Russell et al., 2016) are also good targets. At these sites, oxygen fluxes into sediments both from
bottom waters and the basement, often with an anoxic or suboxic zone in the middle of the
sediment column. As with turbidites, changes in OC content and composition with depth could
be easily correlated with re-exposure to oxygen in such an environment if content and
composition are such that they are still susceptible to oxic degradation.

Analyzing sediment cores with a wider range of sediment ages and redox states will also
add to the results. This study, in particular, did not fully cover suboxic sites, or anoxic sites
where sulfate reduction and methanogenesis predominate. Following the logic applied to results
from oxic sediments in this study, old sediments (>1 Ma) will contain a similar content of OC
with similar composition to that observed here so long as electron acceptors are not limiting. In
locations where sediments become electron-acceptor limited on a shorter time scale, we expect
preservation of a greater content of carbon and possibly of a greater chemical compositional
diversity. As autotrophic fixation of carbon will contribute to replenishing the carbon pool, and
as recently fixed OC will likely be more bioavailable than older OC transported from the surface
ocean, a greater contribution from autotrophy to total metabolic activity will support a higher
baseline concentration of OC.

Still, extensive field campaigns accessing deep, old sediments are not always possible,
particularly at sites with high sedimentation rates, nor do the complicated matrices of

environmental samples always allow de-coupling of variables. For these reasons, laboratory
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experiments remain critical to linking short-term and long-term preservation dynamics. Having
determined in Chapter 2 that mineral-organic associations form rapidly and are stable during
mineral structural transformations, a series of experiments subjecting OC associated with varying
mineral classes (Mn and Fe oxides, aluminosilicates, carbonates, biogenic silica, etc) to early
diagenetic reaction conditions could expand on that work and make it more applicable to
understanding sedimentary processes. Picard et al. (2016) examined high temperature/pressure
effects on preservation of cellular material encrusted in biogenic iron oxides, finding that
proteins disappeared in diagenetic treatments but lipids and extracellular polysaccharides were
better preserved. However, this study submits samples to more extreme diagenetic conditions
without pre-aging the OC and is better designed to address the potential for preservation of
biosignatures than assess OC preservation potential more broadly. Experiments following this
basic premise, but instead employing lower temperatures and pressures and active microbial
communities, may better examine remineralization and re-partitioning of OC during early
diagenesis. For instance, mineral-OC associations could be generated as they were in Chapter 2,
with mineral precipitates then spiked into sediments maintained at redox potentials and pressures
reflective of pelagic seafloor environments. Such a series of incubations would reveal the
bioavailability of mineral-associated carbon and, for oxide minerals held at lower redox
potentials, the fate of associated carbon during partial or complete mineral reduction. Iron
oxides, for instance, may transform from one phase to another depending on redox conditions;
whether associated OC would be liberated remains unknown. Experiments such as the one
outlined here will test how systems transition from a stage where mineral-OC associations
provide preservation to one that has reached a pseudo-steady state preserving only the most

inaccessible, recalcitrant carbon.
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5.2.3 Evaluating mineral-organic carbon interactions in environmental samples

While this research did not demonstrate a spatial correlation between OC and mineral-
forming elements, we do not eliminate the idea of mineral-based protection entirely.
Composition data derived from micro-scale STXM-NEXAFS are not high enough quality to
assess the possibility of chemically-selective chemisorption processes, while the spatial scales of
physical protection are not well-established. Bulk-scale data does implicate some degree of
chemisorption and protection in a range of environments (Ransom et al., 1998; Dickens et al.,
2006; Arnarson & Keil, 2007; Lalonde et al., 2012; Roy et al., 2013); bulk and micro-scale
analyses as well as chemical extractions targeting specific mineral phases or organic compounds
should be used in tandem to more intentionally evaluate this mechanism and its role on the
geological time scale. Such work should include examination of the rock record and OC stored in
lithified, uplifted sediments.

Physical protection was originally conceptualized as involving micropores <10 nm on
mineral surfaces, where enzymes could not access OC wedged into those spaces (Mayer, 1994).
Sedimentary OC profiles can be fit, however, by a reaction-diffusion model parameterized by
cell spacing, sediment porosity, and the distance over which extracellular enzymes can diffuse
before becoming inactivated (Rothman & Forney, 2007). Thus, in deeper sediments, a cell may
be limited by its distance from bioavailable OC. Metagenomic (Tully & Heidelberg, 2016) and
metatranscriptomic (Orsi ef al., 2013) evidence exists for motility and chemotaxis in the deep
subsurface, but estimated mean metabolic rates suggest that flagellar motility should not be
energetically possible (Hoehler & Jorgensen, 2013).

To better evaluate chemical and physical protection mechanisms, then, a multi-pronged

approach should be taken. Improved STXM-NEXAFS preparation techniques that ensure even
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optical density across the sample window and allow extraction of quality carbon NEXAFS
spectra from mineral surfaces will contribute to knowledge regarding if and how mineral
surfaces protect OC against remineralization and to what extent such a process is chemically
selective. A greater number of STXM-NEXAFS observations, coupled with fluorescence
microscopy of cells and transcriptomic analyses, could validate the model of Rothman and
Forney (2007) by providing actual observations of cell spacing, OC distributions, and the
plausibility of motility.

Higher resolution sampling and sampling techniques (benthic landers, multi-cores)
designed to preserve the sediment-water interface will also allow better characterization of the
surface interval where C appears to be utilized preferentially over N. This effect could be
produced not only by C-limited microorganisms but also, in part, by compositional fractionation
due to mineral-based protection. Chemical sorption to mineral surfaces selects for amide and
carboxylic functionalities that complex with hydroxyl groups on the mineral surface. Thus, while
we did not observe extensive mineral-organic associations in sediments (Chapter 4), that
possibility is not fully eliminated.

Another approach to investigate the extent of mineral-organic interactions would be to
simultaneously collect interstitial waters and solid phase samples and quantify partitioning
between solid and aqueous phases. Amino acids are a promising compound class for this
analysis, as their side chains contain a diversity of functionalities that will interact to varying
degrees with mineral surfaces. Amino acids may be simultaneously used as a degradation index
(Lomstein et al., 2012) and contribute to interpretation of our findings of abundant proteins in
these sediments by providing insight into protein source (e.g. detrital or more recent biomass).

This information will allow us to distinguish between longer-term protection of proteins
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followed by release at depth or a “sediment microbial loop” wherein relatively fresh microbial
residues and proteins are temporarily stored on mineral surfaces prior to consumption and further
recycling; the difference between these two scenarios has important implications for estimating

the extent of life in the deep subsurface.

5.2.3 Identifying active metabolisms

This work advocates the idea that in old (>1 Ma) sediments where life is not limited by
electron-acceptors, heterotrophic metabolisms persist and continually degrade OC, ultimately
reaching a pseudo-steady state of minimal OC and sparse cells. What organisms in these systems
are actually metabolizing and to what extent they are capable of growth and cell division remains
uncertain. Microbes likely recycle necromass, but to sustain life this source of OC must be
supplemented either by old, recalcitrant carbon delivered from the surface ocean or fixation of
new OC by autotrophs. Proteases and oligosaccharide-degrading enzymes have been observed in
genomic studies (Lloyd et al., 2013; Tully & Heidelberg, 2016), but linking genomic potential to
expression and function has not yet been accomplished. A final remaining question regards the
significance of the compositional variability observed and the bioavailability of deep OC.
Through NEXAFS and STXM-NEXAFS, we gain an understanding of the relative percent
abundance of functional groups and the variability in composition both between sites, along the
length of a core, and on the micro-scale. C/N of degradation values that match bulk C/N values
suggest that, at depth, microbes non-selectively consume available organic matter and that the
compositional diversity may not matter. Without knowing what of that material microbes are
accessing and consuming, however, we cannot fully assess what mechanisms determine

reactivity.
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Efforts to isolate and cultivate organisms from the deep subsurface will aid in
determining true metabolic potential (Russell e al., 2016), as will improved genome annotations.
For instance, we question whether deep subsurface proteases may be capable of hydrolyzing the
amide bonds observed in NEXAFS spectra that are likely hosted by extremely degraded
proteinaceous material, and to what extent that reaction continues to be energetically beneficial.
Incubation studies using °C- and '°N labeled compounds combined with NanoSIMS analyses
(e.g., Morono et al., 2011) can guide understanding of what compound classes may stimulate the
microbial communities; however, in organic matter-limited sediments, addition experiments may
not provide an accurate representation of the majority of organisms in that environment, possibly
adapted to starvation. An inverse approach could concentrate organic matter from this system
and, in controlled laboratory incubations, examine whether and how microbial communities
access that material. Newly developed bioreactor systems capable of analyzing the content and
isotopic composition of CO, generated by OC degradation (Beaupre et al., 2016), for instance,
offer an intriguing way to assess bioavailability, particularly if combined with NEXAFS or

another spectroscopic approach.
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