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ABSTRACT

Arsenolipids are a class of arsenic-containing lipids that occur widely in modern aquatic
environments and are produced by phylogenetically diverse microorganisms through a conserved
arsenic-methylation pathway. Their potential as molecular biomarkers in the geological record,
however, has been limited by analytical, distributional, and interpretive uncertainties. This
dissertation establishes fossil arsenolipids—including both arsenic-containing hydrocarbons
(AsHCs, bearing an O=As(CHs)>— head group) and thioxoarsenolipids—as a class of element-
specific molecular fossils, systematically characterizing their analytical detection, sedimentary

distribution, and stratigraphic variability.

Chapter 2 establishes an analytical framework for fossil arsenolipid detection that
combines silica-gel solid-phase extraction (SPE), normal-phase liquid chromatography (NPLC),
and dual-energy collision-induced dissociation (CID) mass spectrometry. The framework recovers
arsenolipid signals from matrices ranging from algal biomass to ancient sedimentary rocks for

which conventional reversed-phase methods do not yield arsenolipid detection.

Chapter 3 demonstrates the broad distribution and long-term preservation of arsenolipids
through a survey of fourteen samples comprising eight modern aquatic settings (spanning algal
biomass, coastal and lacustrine sites) and six fossil sedimentary samples spanning the Quaternary
to the mid- to late Cenomanian (~94—100 Ma). At least one arsenolipid class was detected in every
sample, but the two classes differed in range: AsHCs were recovered from twelve of the fourteen
samples and thioxoarsenolipids from thirteen, across organic-rich shales, lacustrine deposits, and
carbonate-rich pelagic chalks. AsHCs were detected in fossil sediments as old as the Late
Cretaceous (~90 Ma), whereas thioxoarsenolipids persisted into the older OAE2 black-shale

interval (~94-100 Ma); together these extend the preservation record across at least ~100 Myr of

vii



sedimentary burial and indicate that the two classes differ in long-term preservation. The pelagic
chalk recovery further extends the lithological range beyond the high-TOC anoxic settings of

classical biomarker work.

Chapter 4 presents the first stratigraphically resolved record of two arsenolipid compound
classes across thirteen samples from the Holocene Black Sea sapropel sequence (GGCI18, 11.7—
0.6 ka). The two compound classes follow contrasting stratigraphic patterns involving distinct
biogeochemical controls (producer-side for AsHCs and sulfide-mediated formation for
thioxoarsenolipids), but both trace to the same upstream environmental transition (the
development of photic-zone euxinia). The ratio of AsHCs to thioxoarsenolipids (the
AsHC/thioxoarsenolipid ratio) integrates both responses into a composite metric whose
approximately eleven-fold response across the Unit III/IT boundary supports its use as an indicator

of major regime transitions in sedimentary archives.

Together, these results characterize the analytical detection, distribution, and time-resolved
environmental response of arsenolipids and support their further development as a

paleoenvironmental tool.
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Chapter 1 General Introduction

1.1 Motivation: Arsenolipids as a New Paleoenvironmental Tool

The reconstruction of past environmental conditions in sedimentary archives relies on the
identification of molecular fossils—organic compounds preserved in sediments whose
distributions and abundances carry information about the biological producers and physical-
chemical conditions of the depositional environment. The molecular-fossil framework that
paleoenvironmental geochemistry has developed over the past five decades draws primarily on
hydrocarbon biomarkers (hopanes, steranes), pigment-derived biomarkers (porphyrins, chlorin
derivatives), and isotopic signatures of bulk and compound-specific organic carbon. Each of these
classes carries information about a specific subset of producer communities or depositional
processes, and their combined application has enabled the reconstruction of marine and lacustrine
environmental change at unprecedented resolution.

Arsenolipids—organic molecules containing covalently bound arsenic atoms—occupy a
distinct position in this framework. Unlike hydrocarbon and pigment-based biomarkers, which
derive primarily from membrane biochemistry and photosynthetic activity, arsenolipid
biosynthesis depends on a distinct upstream pathway of arsenate uptake, reduction, and
methylation. Because this pathway is carried out by a broad range of producers—eukaryotic algae,
cyanobacteria, and heterotrophic bacteria—arsenolipids carry information about a producer
dimension that is complementary to that captured by classical biomarkers (Xue et al., 2014;
Glabonjat et al., 2018; Heal et al., 2022). Their chemical structures—saturated alkyl chains, fatty
acid analogs, sugar-bearing phosphatidyl variants, and sulfur-substituted thioxoarsenolipids—

offer a structural diversity comparable to that of established lipid biomarkers.



The application of arsenolipids as fossil molecular biomarkers, however, has been
constrained by three interconnected uncertainties. The first is analytical: arsenolipids occur at trace
levels in sediments and are difficult to detect against the lipid-matrix background of typical
sedimentary extracts. The second is distributional: although arsenohydrocarbons (AsHCs) have
been documented in modern biological matrices (primarily fish, algae, and surface-water
particulates), their occurrence in modern sediments has been examined at only a few sites, and—
more importantly—AsHCs in particular had not been reported in geological sedimentary archives
over significant geological time prior to this work (Glabonjat et al., 2019a; Heal et al., 2022; Xue
et al., 2022), whereas sedimentary thioxoarsenolipids were first reported only recently (Liu, 2023).
The third is interpretive: the producer organisms of arsenolipids in natural environments remain
incompletely characterized, and the formation pathways of structurally distinct arsenolipid sub-
classes—including sulfur-containing arsenolipids that have only recently been reported—are not
yet mechanistically resolved. Together, these uncertainties have limited the application of
arsenolipids in paleoenvironmental reconstruction.

This dissertation addresses these three uncertainties through three complementary
investigations: development of an analytical framework for fossil arsenolipid detection, a survey
of arsenolipid occurrence and preservation across modern and ancient sedimentary archives, and
a stratigraphically resolved case study of arsenolipid response to documented environmental
transitions in the Holocene Black Sea sapropel sequence. The work presented here sits at the
intersection of organic geochemistry, biogeochemistry, and analytical mass spectrometry, and
aims to extend the molecular-fossil toolkit to a class of biomolecules whose information content

has been largely unexplored in the deep-time record. Sections 1.2 and 1.3 introduce the



geochemical and biological background needed to interpret arsenolipid distributions in marine
sedimentary records; Section 1.4 frames the three central questions.

The principal contributions of this dissertation are: (i) the development of a single-
instrument NPLC—dual-energy CID analytical framework for fossil arsenolipid detection in
geological samples, demonstrated on matrices ranging from modern algal biomass to Cretaceous
black shale; (i1) the first reports of fossil AsHCs from sedimentary archives spanning nearly 100
million years of geological time; and (iii) the first stratigraphically resolved record of arsenolipid
response to documented redox transitions in a Holocene marine sequence, integrating two distinct

compound classes (AsHCs and the thioxoarsenolipids) into a coupled paleoenvironmental record.

1.2 Arsenic Biogeochemistry and Paleoredox Significance

Arsenic (As) is a redox-sensitive metalloid that is naturally present throughout Earth's
surface environments and is among the most globally distributed contaminants of public health
concern. Chronic exposure to inorganic arsenic via drinking water is associated with cancers of
the skin, lung, and bladder, as well as cardiovascular and developmental disorders, with an
estimated ~140 million people worldwide exposed to groundwater arsenic concentrations
exceeding the World Health Organization guideline value of 10 ug L' (Naujokas et al., 2013;
W.H.O., 2017). The U.S. Environmental Protection Agency adopted the same 10 pg L threshold
in 2001. Beyond its acute toxicological relevance, arsenic occupies a position of broader interest
in Earth-system science: as a trace element whose geochemistry is tightly coupled to those of
phosphorus, sulfur, iron, and manganese, it has been used as a tracer of redox conditions, chemical
weathering, and biogeochemical change across both modern and ancient marine systems (Smedley

and Kinniburgh, 2002; Chi Fru et al., 2015).



The modern global biogeochemical cycle of arsenic has been comprehensively re-
evaluated by Schlesinger et al. (2022) (Figure 1.1). Natural mobilization of arsenic from rock
weathering at the Earth's surface is similar in magnitude to the dissolved arsenic delivered to the
oceans by rivers, while volcanic emissions and atmospheric circulation contribute additional
natural fluxes. Human activities now dominate global arsenic mobilization: inadvertent release
from mineral extraction—including non-ferrous metal smelting, coal combustion, and phosphate-
rock processing—exceeds the natural weathering flux by roughly an order of magnitude.
Anthropogenic emissions into the atmosphere similarly exceed natural background sources,
largely as a result of the smelting of copper and other non-ferrous ores. Despite these elevated
inputs, the mean residence time of dissolved arsenic in surface seawater remains long relative to
mixing timescales, on the order of centuries (Schlesinger et al., 2022). These findings build on
earlier surveys that documented the dual contribution of natural geochemical processes (rock
weathering, volcanic emissions) and anthropogenic activities (mining, pesticide use, smelting) to
global arsenic mobilization (Neff, 1997; Moriarty et al., 2014).

In aquatic environments, the speciation and mobility of arsenic are governed primarily by
redox state and pH (Figure 1.2). In oxygenated waters, arsenic occurs predominantly as inorganic
pentavalent arsenate (As(V), HAsO+*/H2AsO4 at circumneutral pH), whereas under reducing
conditions trivalent arsenite (As(IIl), H3AsOs°) becomes increasingly important; both species can
coexist over a range of natural Eh-pH conditions, and microbial processes often maintain
disequilibrium between them (Smedley and Kinniburgh, 2002).

Total dissolved arsenic concentrations in the open ocean are remarkably uniform, reflecting
the long oceanic residence time relative to mixing timescales (Cutter et al., 2001). In contrast,

freshwater and coastal systems show much greater variability, ranging from low concentrations in



unimpacted waters to elevated levels in groundwater systems affected by reductive dissolution of
arsenic-bearing iron oxyhydroxides—most notably across the Bengal Basin, where naturally
elevated arsenic in shallow aquifers represents one of the largest mass exposures to a geogenic
contaminant in human history (Smedley and Kinniburgh, 2002).

The fate of arsenic in marine sediments is closely tied to the cycles of iron and sulfur.
Under oxic conditions, arsenate is efficiently scavenged from the water column by adsorption onto
iron and manganese (oxyhydr-)oxides, and these phases deliver the bulk of authigenic arsenic to
surface sediments (Tribovillard, 2021). When pore-water conditions become reducing, arsenic
associated with iron oxyhydroxides may be remobilized; whether arsenic is then retained in
sediments or returned to the overlying water column depends on the availability of reactive iron
and dissolved sulfide. In sulfidic sediments, arsenic is incorporated into authigenic pyrite and other
iron-sulfide phases, where it can be preserved over geological timescales (Gregory et al., 2015).
Because the partitioning of arsenic between dissolved, oxide-bound, and sulfide-bound pools is
sensitive to ambient oxygen and sulfide concentrations, bulk arsenic content of ancient sediments
has been used—alongside the more widely applied U, Mo, and V proxies—as a paleoredox
indicator, that is, a chemical fingerprint of the redox conditions at the time the sediment was
deposited. This approach has linked sedimentary arsenic enrichment to perturbations in
atmospheric oxygen across the Proterozoic (Chi Fru et al., 2015) and to organic-rich sapropelic
intervals in younger marine successions (Gallego-Torres et al., 2010). The same geochemical
sensitivity that makes arsenic a tracer of past redox transitions also raises the prospect that arsenic-
containing biomolecules, if preserved, could record information about ancient microbial activity
and biogeochemical cycling that is complementary to bulk inorganic proxies—a possibility that

motivates the molecular-level investigation pursued in this dissertation.



1.3 Microbial Production of Organoarsenicals

The reactivity of arsenic with biological systems begins at the cell membrane. Because
arsenate (AsO4*") is a structural and chemical analog of the essential nutrient phosphate (PO4*"), it
is inadvertently taken up by aquatic microorganisms via high-affinity phosphate transporters,
particularly under phosphate-limited conditions (Wang et al., 2013). Once intracellular, arsenate
inhibits ATP synthesis and other phosphate-dependent reactions, imposing a metabolic cost that
has driven the evolution of dedicated detoxification pathways across all three domains of life
(Bhattacharjee and Rosen, 2007).

In the canonical detoxification route, intracellular arsenate is first reduced to arsenite by a
thiol-dependent arsenate reductase (ArsC), and the more mobile arsenite is then exported from the
cell by a membrane efflux pump (ArsB or Acr3) as the primary detoxification response (Figure
1.3). In addition to direct efflux, many microorganisms further transform intracellular arsenic via
methylation: the S-adenosylmethionine-dependent arsenite methyltransferase (ArsM) catalyses
the stepwise addition of methyl groups to arsenite, generating mono-, di-, and trimethylated
arsenicals through a series of redox-coupled intermediates of which the trivalent forms (MMA(III),
DMA(III)) are highly reactive (Chen and Rosen, 2020). The ars gene cluster encoding these
activities 1s widely distributed across bacterial, archaeal, and eukaryotic lineages, indicating that
the capacity to take up, reduce, and methylate arsenic is an ancient and broadly conserved trait
rather than the property of any single taxonomic group (Chen and Rosen, 2020). The methylated
arsenic pool is widely accepted as the precursor pool from which more complex organoarsenicals
are derived, but the downstream pathways that produce the structural diversity of arsenolipids are
characterized to varying degrees: biosynthetic routes for arsenosugars have been outlined in

eukaryotic algae through culture studies (Glabonjat et al., 2018), whereas the formation pathways



of arsenohydrocarbons (AsHCs) remain incompletely constrained and may involve both direct
biosynthesis and post-cellular or diagenetic transformations (Glabonjat et al., 2019a; Heal et al.,
2022).

In marine and freshwater systems, this metabolic machinery is found not only in eukaryotic
algae such as Dunaliella and Picocystis—two of the most frequently used model organisms for
arsenolipid biosynthesis studies in culture—but also in cyanobacteria and a range of heterotrophic
bacteria (Xue et al., 2014; Heal et al., 2022). The functional consequence is that organoarsenic
synthesis is a widespread metabolic capability among adapted aquatic communities, providing the
biological basis for the diverse pool of organoarsenicals introduced below.

The organoarsenic compounds produced through the uptake-reduction-methylation
pathway described above accumulate within aquatic food webs and are broadly divided into water-
soluble species and lipid-soluble species, the latter of which are known as arsenolipids (Rahman
et al., 2012). Compared with the extensively studied water-soluble forms—which include
arsenobetaine, arsenocholine, and the arsenosugars—arsenolipids represent a more recently
recognized and analytically challenging class. To date, over 260 arsenolipid species have been
identified (Xue et al., 2022), and the structural diversity of this pool reflects the metabolic
complexity of organoarsenic synthesis across the aquatic biosphere. The methodological
framework developed in Chapter 2 builds on this biological and geochemical foundation to enable

the detection of fossil arsenolipids in sedimentary archives.

1.4 Scope and Structure

The investigations presented in this dissertation are organized around three complementary
questions that together address the analytical, distributional, and interpretive dimensions of

arsenolipids as fossil molecular biomarkers.



How can fossil arsenolipids be reliably detected against the matrix background of complex
sedimentary extracts? Chapter 2 develops a
analytical framework for the recovery of arsenolipid signals from complex sedimentary matrices
where conventional reversed-phase methods fail is proposed in Chapter 2.

How widely are arsenolipids distributed across modern aquatic environments, and how
well are they preserved across geological time and across diverse sedimentary lithologies? Chapter
3 surveys fourteen samples—eight modern aquatic settings and six fossil sediments ranging from
Quaternary to Cenomanian (~94-100 Ma)—and evaluates the distribution of arsenolipids in
modern systems and their preservation across geological time and contrasting sedimentary
lithologies.

How does arsenolipid composition respond to documented environmental transitions in a
single, well-characterized sedimentary sequence? Chapter 4 examines both compound classes
across thirteen samples from the Holocene Black Sea sapropel sequence (GGC18), whose well-
documented limnic-to-euxinic transition provides an independently constrained framework for
evaluating arsenolipid responses to environmental change.

Together, these three investigations provide an integrated framework for evaluating the
occurrence, preservation, and paleoenvironmental significance of arsenolipids in sedimentary
archives. Chapter 5 synthesizes the findings of these investigations, discusses their broader

implications and limitations, and outlines directions for future research.
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Figure 1.1. Schematic of the global biogeochemical cycle of arsenic, showing major
reservoirs (atmosphere, land surface, ocean, sediments and crust) and the fluxes connecting them.
Annual fluxes are reported in units of 109 g As yr—1; ranges indicate the spread of published
estimates. Anthropogenic fluxes (metal mining, smelting, coal combustion, fertilizer application,
groundwater extraction) are shown in the upper-left landscape; natural fluxes (volcanic outgassing,
biomass burning, sea spray, hydrothermal venting, subduction) are distributed across the

remaining panels. Modified after Schlesinger et al. (2022).
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Figure 1.2 Stability diagram for aqueous arsenic species in the As—0>—H>O system at 25 °C
and 1 bar total pressure. Field boundaries delineate the pH and Eh (or pe) ranges over which each
dissolved species is thermodynamically dominant. At circumneutral pH, oxidized waters favor
pentavalent arsenate species (H2AsOs—, HAsO4?"), whereas reducing conditions favor trivalent

arsenite (predominantly H3AsOs°). Modified after Smedley and Kinniburgh (2002).
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Figure 1.3 Schematic of the conserved microbial arsenic uptake-reduction-methylation
pathway and downstream incorporation into arsenolipid headgroups. Arsenate (As(V)) enters the
cell via high-affinity phosphate transporters (Pit/Pst) and is reduced to arsenite (As (III)) by the
cytoplasmic arsenate reductase ArsC. As(IIl) is either expelled to the extracellular environment by
efflux pumps (ArsB or Acr3) as the primary detoxification response, or methylated stepwise by
the arsenite S-adenosylmethionine methyltransferase ArsM to monomethyl- (MMA), dimethyl-
(DMA), and trimethylarsenic (TMA) species via a series of redox-coupled intermediates whose
trivalent forms (MMA(III), DMA(III)) are highly reactive. The methylated arsenic pool is the
presumed precursor for more complex organoarsenicals. Biosynthetic pathways for arsenosugars

have been outlined in eukaryotic algae, whereas the formation pathways of arsenohydrocarbons
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(AsHCs) remain incompletely constrained and may involve both biological synthesis and
diagenetic transformation. Evidence levels (well established / partially established / hypothesized)

are indicated in the figure legend.
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Chapter 2 Background and Analytical Methods for Detecting Fossil Arsenolipids in

Marine Sediments

2.1 Introduction

Arsenolipids are a class of organic molecules with potential as molecular fossils. The
upstream metabolic pathway through which arsenate is taken up, reduced, and methylated by
aquatic microorganisms was presented in Chapter 1 . The biological diversity of this pathway gives
rise to a structurally diverse pool of organoarsenicals, of which more than 260 lipid-soluble species
(arsenolipids) have been identified to date (Xue et al., 2022). This chapter develops the analytical
framework needed to detect fossil arsenolipids in sedimentary archives, with a methodological
focus on arsenohydrocarbons (AsHCs)—the class whose detection required the new
chromatographic method developed here. The same workflow is also used to detect the sulfur-
containing thioxoarsenolipids first reported by Liu (2023), whose sedimentary record is examined
in Chapter 4. The structural diversity of arsenolipids relevant to methodological work identifies
why AsHCs are the methodological focus, and describes the analytical challenges that the

subsequent sections of this chapter address.

2.1.1 Structural diversity of arsenolipids: eight categories

Based on their molecular structures, these identified arsenolipids can be grouped into eight
categories (Figure 2.1): (i) arsenic-containing hydrocarbons (AsHCs), characterized by a polar
dimethylarsinoyl headgroup linked to a hydrophobic tail (Taleshi et al., 2008); (ii) arsenic-
containing fatty acids (AsFAs), fatty acid analogs in which the terminal methyl group is replaced
by a dimethylarsinoyl moiety (Rumpler et al., 2008; Amayo et al., 2013; Arroyo-Abad et al., 2013);
(iii)) AsFA-containing intact polar lipids, in which common phosphatidylcholine (PC),

phosphatidylethanolamine (PE), phosphatidylglycerol (PG), and phosphatidylinositol (PI)
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incorporate an AsFA as their fatty acyl chain (Viczek et al., 2016; Rezanka et al., 2019); (iv)
arsenosugar  phospholipids  (AsSugPLs), acylglycerol phospholipids comprising a
dimethylarsinoyl-sugar-glycerol headgroup (Morita and Shibata, 1988; Edmonds et al., 1992;
Garcia-Salgado et al., 2012; Raab et al., 2013); (v) arsenosugar phytyl esters (AsSugPhytols),
ether-linked arsenosugars in which the 2-O-methyl arsenosugar is esterified to phytyl alcohol
(Glabonjat et al., 2017, 2020); (vi) phosphatidylarsenocholine, a phospholipid with an
arsenocholine headgroup (Edmonds et al., 1992; Fukuda et al., 2011); (vii) trimethylarsenio fatty
alcohols (TMAsFOHs), fatty alcohols containing a trimethylarsenio moiety (Amayo et al., 2013;
Pétursdottir et al., 2018); and (viii) sulfur-containing analogs of oxo-arsenolipids in which an
arsenic—oxygen bond is replaced by an arsenic—sulfur bond, ranging from simple thio-derivatives
of AsHCs (Miiller et al., 2018; Xiong et al., 2022) to the structurally more complex sedimentary

thioxoarsenolipids reported by Liu (2023).

2.1.2 Arsenohydrocarbons: distribution, source organisms, and preservation potential

While the identification of these compounds highlights the structural diversity of
arsenolipids, arsenohydrocarbons (AsHCs)—comprising a dimethylarsinoyl headgroup linked to
a long-saturated-hydrocarbon chain—are distinguished by their simple molecular structure, a
feature that subsequent degradation studies (Glabonjat et al., 2019a; discussed below) suggest may
favor preservation in sediments. The arsenohydrocarbons were first isolated and structurally
characterized from the oil of the plankton-feeding marine fish capelin (Mallotus villosus) by
Taleshi et al. (2008), establishing the canonical structural framework against which subsequent
reports of AsHCs across diverse biological matrices have been interpreted. In that first study,
AsHC-332, AsHC-360, and AsHC-404 together constituted at least 70% of total arsenic in the fish

oil. Since then, AsHCs have been identified in many additional sources. In commercial fish oils
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and salmon, these homologs were identified as major arsenolipid components (Sele et al., 2014;
Xiong et al., 2022). In the brown macroalga Ectocarpus, AsHC-360 represented 50-80% of total
arsenolipids (Pétursdottir et al., 2016), while AsHC-388, though less frequently detected, has been
identified in the brown macroalga Ecklonia radiata, constituting 3—13% of total arsenolipids
(Glabonjat et al., 2019a). Additionally, AsHCs are consistently found in suspended particles of
marine surface water, comprising approximately 5-12% of the total particulate arsenolipids
(Glabonjat et al., 2021; Heal et al., 2022). These findings indicate that AsHCs occur across diverse
aquatic organisms and microbial source communities, including eukaryotic algae, cyanobacteria,
and heterotrophic bacteria (Heal et al., 2022), and highlight their role as a molecular tool for

investigating the biogeochemical cycle of arsenic.

Although degradation experiments indicate that a large fraction of algal-produced
arsenolipids is rapidly remineralized under oxic conditions (Glabonjat et al., 2019a), a small but
significant portion may escape degradation, become incorporated into settling particles, and
ultimately be preserved following burial under anoxic or reducing conditions. Notably, AsHC-388
was reported to persist longer than the co-occurring arsenic phospholipids under long-term
degradation, although the underlying mechanism remains uncertain (Glabonjat et al., 2019a); this
differential persistence is consistent with the structural simplicity and saturated hydrocarbon
backbone of AsHCs. Despite their detection in a number of modern environmental samples—
including marine surface waters (Glabonjat et al., 2021; Heal et al., 2022) and the hypersaline
sediments of the Great Salt Lake (Glabonjat et al., 2019b)—prior to the work presented in this
dissertation, fossil AsHCs from ancient sedimentary records had not been reported. This absence
of a fossil record currently hinders the application of AsHCs as paleoenvironmental proxies for

arsenic biogeochemistry and connected processes.
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2.1.3 Sulfur-containing arsenolipids in sedimentary records

Beyond the oxo-arsenolipids discussed above, a structurally distinct class of sulfur-
containing arsenolipids has recently been recognized in sedimentary records. Liu (2023) reported
a suite of novel thioxoarsenolipids in modern and ancient marine sediments, including a
Cretaceous black shale. These thioxoarsenolipids are structurally distinct from the simple thio-
derivatives of AsHCs. Their fragmentation patterns indicate that, in addition to the As=S
headgroup, a second sulfur atom is directly bonded to the carbon chain, yielding a more complex
molecular framework whose precise structure remains to be elucidated. Although Glabonjat et al.
(2014) demonstrated that the oxo-headgroup of AsHCs can be rapidly converted to a thioxo group
in the presence of HaS, the thioxoarsenolipids reported by Liu (2023) are not simple thio-AsHC
derivatives generated through this nucleophilic substitution pathway, and their formation routes
remain an open question. This dissertation reports the same family of compounds within the
Holocene Black Sea sedimentary record (Chapter 4), where their abundance is examined alongside

that of fossil AsHCs across redox transitions.

2.2 The Analytical Challenge

The detection of fossil arsenohydrocarbons in geological samples has historically faced
two distinct analytical challenges. The first concerns instrumental configuration: arsenolipid
identification has long depended on the parallel coupling of two mass-spectrometric platforms.
Liquid chromatography—inductively coupled plasma mass spectrometry (LC-ICP-MS) provides
element-specific detection of arsenic at high sensitivity, while electrospray ionization mass
spectrometry (LC-ESI-MS) supplies the molecular and structural information needed to assign
chemical identity (Amayo et al., 2011; Xue et al., 2022). This dual-platform approach has been

highly productive in the analysis of seafood, algae, and other biological matrices where arsenolipid
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abundances are relatively high (Sele et al., 2014; Glabonjat et al., 2018, 2019a). For most
geological laboratories, however, simultaneous access to both ICP-MS and high-resolution ESI-
MS instruments is not routinely available, and the complexity of operating a coupled configuration
further limited the application of arsenolipid analysis to sedimentary archives. This obstacle was
substantially resolved by Liu (2023), who demonstrated that high-voltage collision-induced
dissociation (CID at 200 eV) within a single LC-ESI-qTOF-MS platform can dissociate the
covalent bonds linking arsenic to organic substrates, producing the monatomic arsenic cation As*
(m/z 74.9216). This provides arsenic-selective detection without a separate ICP-MS instrument
(Section 2.4.3). This advance brought arsenolipid screening within reach of standard organic

geochemical laboratories.

The second challenge concerns chromatographic separation of trace-level arsenolipids in
complex sedimentary matrices. Reverse-phase liquid chromatography (RPLC), which separates
compounds primarily by hydrophobic chain length, is the standard method for arsenolipid analysis
in biological samples and performs well when target compounds are abundant relative to the lipid
background (Garcia-Salgado et al., 2012; Raab et al., 2013). In sedimentary samples, however,
AsHC:s typically occur at concentrations several orders of magnitude lower than co-extracted non-
arsenic lipids—including fatty acids, hopanoids, and steroidal compounds—that share similar
hydrocarbon chain lengths with AsHCs and therefore co-elute in the same retention-time window
on RPLC columns. The resulting matrix interference suppresses ionization efficiency, elevates
background signals in the extracted ion chromatograms of AsHC molecular ions, and frequently
renders AsHC peaks undetectable in low-abundance samples. Consistent with this challenge, Liu
(2023), using RPLC coupled to the dual-energy CID strategy, reported a suite of novel

thioxoarsenolipids in modern and ancient marine sediments while no AsHCs were observed in any
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of the geological samples examined—a result that motivates the chromatographic development

pursued in this dissertation.

These chromatographic limitations motivate the combined SPE-NPLC workflow
developed in this dissertation. A silica-gel solid-phase extraction step is used to enrich trace-level
arsenolipids and reduce bulk lipid interferences, while the NPLC method separates AsHCs
according to head-group polarity rather than hydrocarbon chain length. Together with the dual-
energy CID strategy of Liu (2023), these steps constitute the analytical framework employed
throughout this dissertation. While neither silica-gel SPE (Glabonjat et al., 2014) nor normal-phase
chromatography is itself a new technique, their combination and optimization for fossil AsHC
detection in geological matrices is the principal methodological contribution of this dissertation. It
enables the detection of fossil AsHCs in geological samples for the first time—compounds that
remained undetectable under the RPLC-based configuration of Liu (2023), in which only
thioxoarsenolipids, and no AsHCs, were observed in the geological samples examined. Their

performance relative to conventional RPLC analysis is evaluated in Section 2.5.3.

2.3 Sample Preparation

Sample preparation for arsenolipid analysis in this dissertation follows a two-stage
workflow. All sediment samples are first subjected to total lipid extraction; subsequent silica-gel
solid-phase extraction (SPE) cleanup is applied only to low-abundance samples in which matrix

interference precludes direct LC-MS analysis of the total lipid extract.

2.3.1 Sediment freeze-drying and powdering

Wet sediment samples are first freeze-dried to remove water and homogenized into fine

powder using a manual mortar and pestle prior to extraction. This step ensures uniform exposure
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of the sediment to the extraction solvent and minimizes between-aliquot variability when small

amounts (~200 mg) of material are used per extraction.

2.3.2 Total lipid extraction

Approximately 200 mg of freeze-dried, powdered sediment is transferred into a 4 mL glass
vial, and 1.5 mL of dichloromethane/methanol (DCM/MeOH, 1:1, v/v) is added. The vial is briefly
vortexed and then sonicated for 20 minutes at room temperature to release lipids from the sediment
matrix. After sonication, the suspension is centrifuged at 3,000 rpm for 5 minutes, and the
supernatant is transferred to a clean 2 mL glass vial and dried under a gentle stream of nitrogen
(N2). This extraction—centrifugation—transfer—drying cycle is repeated two additional times on the
residual sediment, yielding three combined extracts that are pooled and dried to completion under
N: to obtain the total lipid extract (TLE). For modern reference samples, kelp seaweed (kombu)
total lipid extracts prepared in Liu (2023) are also analyzed alongside sedimentary samples and
serve as a positive control for AsHC identification (Section 2.6.1). Kombu was selected as a
reference because its AsHC profile—dominated by AsHC-332, AsHC-360, and AsHC-388—was
extensively characterized by Liu (2023), enabling direct retention-time and fragmentation-pattern

matching across instruments and analytical runs in this dissertation.

The 1:1 DCM/MeOH solvent system is chosen for its broad polarity coverage—DCM
efficiently dissolves non-polar lipid backbones while MeOH solubilizes polar headgroups—
making it well suited to the structurally diverse arsenolipid pool described in Section 2.1.1.
Triplicate extraction ensures recovery of trace-level AsHCs that may be tightly bound to the

mineral matrix.
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2.3.3 Silica-gel solid-phase extraction (SPE) cleanup

In modern, organic-rich samples such as Aarhus Bay surface sediments and kelp seaweed
reference material, the TLE can be analyzed directly by LC-MS without further cleanup. In
contrast, the detection of arsenolipids in low-abundance ancient sediments and shales requires an
additional cleanup step to remove matrix interferences, as direct injection of the TLE produces

extracted ion chromatograms in which AsHC peaks are obscured by matrix-derived signal.

Fractionation is performed on Bond Elut SI cartridges (Agilent Technologies, 50 mg
sorbent in 1 mL tube), , adapted from the silica cleanup of Glabonjat et al. (2014) and scaled to the
cartridge format. Cartridges are preconditioned with 1 mL of MeOH/acetone (1:1, v/v) containing
1% formic acid. The dried TLE is reconstituted in 100 puL of the same MeOH/acetone (1:1, v/v)
containing 1% formic acid solvent and loaded onto the conditioned cartridge. The cartridge is then
washed sequentially with 2 mL of MeOH/acetone (1:1, v/v) containing 1% formic acid followed
by 2 mL of MeOH to remove matrix lipids (Fraction 1, discarded). The arsenolipid-enriched
fraction is subsequently eluted with 4 mL of MeOH containing 1% ammonia (NHsOH) (Fraction
2, retained). Fraction 2 is dried under N2 and reconstituted in the appropriate injection solvent for

LC-MS analysis (MeOH for RPLC, DCM for NPLC; see Section 2.5).

The fractionation gradient employed here follows the validated protocol of Glabonjat et al.
(2014), in which arsenolipids were demonstrated to elute quantitatively in the ammonia-containing
methanol fraction; additional independent recovery validation specific to the sediment matrices

analyzed in this dissertation was not performed.
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2.4 Mass Spectrometry: Dual-Energy CID Strategy

The mass spectrometric strategy employed throughout this dissertation centers on a single
LC-ESI-qTOF-MS platform operated under two different collision-induced dissociation (CID)
energies within the same data acquisition cycle. The mass spectrometric strategy of this chapter is
adopted directly from Liu (2023) and is not itself a contribution of this dissertation; it is
summarized here to define the detection platform on which the chromatographic developments of
Section 2.5 build. This dual-energy approach generates complementary fragment information that
simultaneously delivers element-specific arsenic detection and molecular structural

characterization, eliminating the need for a separate ICP-MS instrument.

2.4.1 Instrumentation and ionization parameters

The LC-ESI-qTOF-MS analyses were performed using an Agilent 1290 series UPLC
system coupled to an Agilent 6530 quadrupole time-of-flight (QTOF) mass spectrometer through
an Agilent jet stream dual electrospray ionization (AJS-ESI) interface. The ESI source was
operated in positive ion mode with the following parameters: drying gas (N2) temperature at 325
°C, drying gas flow rate at 8 L min™', nebulizer gas (N2) pressure at 35 psi, and capillary voltage
at 3.5 kV. The qTOF parameters were set to a fragmentor voltage of 175 V, skimmer voltage of
65 V, and octupole voltage of 750 V. Mass spectra were acquired in auto MS/MS scanning mode
over an MS scan range of m/z 50-2000 and an MS/MS scan range of m/z 20-2000. Nitrogen served
as the collision gas for CID. Detailed data acquisition parameters follow the configuration

established by Liu (2023).
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2.4.2 Low-energy CID (20 eV): molecular structural information

At a collision energy of 20 eV—the standard setting for general lipid analysis—CID
produces no major molecular fragments of AsHCs due to their fully saturated, straight-chain
carbon skeleton. Nevertheless, two characteristic head-group ions are consistently observed:
[AsC:Hs]" at m/z 104.9668 and [AsC:H:zO]" at m/z 122.9768, both corresponding to the
dimethylarsinoyl moiety (Liu, 2023) (Figure 2.2). These fragments, together with the protonated
molecular ion [M + H]*, allow assignment of the head-group identity. For arsenolipids with more
complex polar head groups—such as AsSugPLs and AsSugPhytols—low-energy CID also
produces large head-group fragments that retain sugar or phytyl moieties, providing additional

structural information beyond that available from accurate mass alone.

2.4.3 High-energy CID (200 eV): element-specific arsenic detection

At a collision energy of 200 eV, the substantially elevated kinetic energy drives extensive
fragmentation of arsenolipid precursors and cleaves the strong covalent bonds linking arsenic to
neighboring carbon, oxygen, or sulfur atoms. Under these conditions, the covalently bound arsenic
atom is dissociated from its organic substrate and detected as the monatomic singly charged cation
As* at m/z 74.9216 (Liu, 2023). An additional small arsenic-containing fragment, AsHO" at m/z
91.9243, also appears in the 200 eV MS/MS spectrum and confirms the presence of the

dimethylarsinoyl head group (Figure 2.2).

Because arsenic is monoisotopic (°As is the only naturally occurring stable isotope), the
As* ion appears at a single, unambiguous m/z value (74.9216) with mass accuracy below 5 ppm
under qTOF conditions. Contributions from carbon-, hydrogen-, oxygen-, or nitrogen-only

fragments at this nominal mass are excluded by accurate-mass filtering.
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The diagnostic value of As* lies in its origin: because the monatomic cation can be
generated only from arsenic-bearing precursor ions, the extracted ion chromatogram (EIC) of m/z
74.9216 in the product-ion channel functions as an element-specific filter for arsenic-containing
molecules. This approach is conceptually analogous to the arsenic channel of LC-ICP-MS, but is
achieved within the same instrument that simultaneously delivers high-resolution accurate-mass
and tandem MS structural information. For arsenolipid screening in complex sedimentary
matrices, the As* EIC effectively suppresses background signal from non-arsenic lipids and reveals

AsHC peaks that would otherwise be obscured in the total ion chromatogram.

2.4.4 Diagnostic ions for sulfur-containing arsenolipids

For arsenolipids in which the dimethylarsinoyl head group is replaced by a sulfur-
containing analog, an additional diagnostic ion appears in the 200 eV CID spectrum: AsS* at m/z
106.89, indicating direct As=S bonding (Liu, 2023). The presence of AsS* alongside As* identifies

a compound as a thio-derivative.

A further set of carbon—sulfur fragments—CHS* (m/z 44.98), C.HsS* (m/z 58.99), and
CsHsS* (m/z 70.99)—appears in the 200 eV CID spectra of certain sedimentary thioxoarsenolipids
(Liu, 2023), indicating that one or more sulfur atoms are directly bonded to the carbon chain in
addition to the head-group As=S. This carbon—sulfur fragmentation pattern is the principal
criterion that distinguishes the structurally simple thio-AsHCs (in which the only sulfur is at the
head group) from the more complex thioxoarsenolipids reported by Liu (2023). The application of
these diagnostic criteria to compound identification in this dissertation is described in Section

2.6.2.
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2.4.5 Dual-energy switching as a diagnostic workflow

In practice, each selected precursor is fragmented at both 20 eV and 200 eV within the
same acquisition cycle. Candidate arsenolipids are first located using the 200 eV As* EIC, and the
corresponding 20 eV MS/MS spectra are then used to evaluate head-group fragments, precursor
accurate mass, and structural assignment. This two-step workflow is used for all arsenolipid

identifications in subsequent chapters.

2.5 Chromatographic Separation: From RPLC to NPLC

The chromatographic stage of the analytical workflow is where the principal original
development of this dissertation departs most clearly from the configuration of Liu (2023): a
normal-phase (NPLC) separation that, to our knowledge, is the first optimized for AsHC detection
in geological samples. This section first describes the reverse-phase liquid chromatography
(RPLC) method that has been the standard for arsenolipid analysis, then introduces the normal-
phase liquid chromatography (NPLC) method developed here, and finally compares the two on a
common set of samples to demonstrate the gain in AsHC detectability that motivates the

methodological switch.

2.5.1 RPLC method

The RPLC analyses follow the configuration established by Liu (2023). Samples are
dissolved in methanol prior to injection. Separation is performed on an ACE UltraCore Super
Phenyl-Hexyl column (5 pum, 2.1 x 250 mm; ACE, Aberdeen, UK) maintained at 45 °C, with a
flow rate of 0.2 mL min! throughout the analytical gradient. The mobile phase consists of three
eluents: eluent A, methanol/H-O/formic acid/14.8 M NHs(aq) (95:5:0.04:0.3, v/v/v/v); eluent B,

H:O/formic acid/14.8 M NHs(aq) (100:0.04:0.3, v/v/v); and eluent C, hexane/2-propanol/formic
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acid/14.8 M NHs(aq) (50:50:0.04:0.3, v/v/v/v). The gradient program begins at 80% A and 20%
B, ramping to 100% A over 5 min; followed by a gradient transition to 60% A and 40% C at 20
min; then to 30% A and 70% C at 25 min. After the analytical gradient, the column is re-
equilibrated to 80% A and 20% B at a flow rate of 0.4 mL min™" for 5 min before the next injection.
Under this RPLC method, AsHCs elute in order of increasing hydrophobic chain length: AsHC-

332 (C15) elutes first, followed by AsHC-360 (C17), and AsHC-388 (C19) last.

2.5.2 NPLC method

The method described here represents, to our knowledge, the first normal-phase LC
(NPLC) method optimized for AsHC separation in geological samples; the chromatographic
conditions build on standard hexane/isopropanol-based normal-phase configurations widely used
in polar lipid analysis but not previously applied to arsenolipids in sedimentary archives. The
method employs the same LC-ESI-qTOF-MS instrumental platform and dual-energy CID strategy
described in Section 2.4, but replaces the reverse-phase column with a hydrophilic interaction
(HILIC) column. Samples are dissolved in dichloromethane (DCM) prior to injection. Separation
is performed on an InfinityLab Poroshell 120 HILIC column (1.9 pm, 2.1 x 150 mm; Agilent
Technologies) maintained at 35 °C, with a flow rate of 0.2 mL min™ throughout the analytical
gradient. The mobile phase consists of two eluents: eluent A, hexane/2-propanol/formic acid/14.8
M NHs(aq) (70:30:0.04:0.10, v/v/v/v); and eluent B, methanol/H.O/formic acid/14.8 M NHs(aq)
(95:5:0.04:0.10, v/v/v/v). The gradient program begins by holding 98% A and 2% B for 2 min,
followed by a linear gradient to 40% A and 60% B over 15 min, then to 100% B at 20 min. After
the analytical gradient, the column is re-equilibrated to 98% A and 2% B at a flow rate of 0.4 mL
min! for 5 min before the next injection. Under this NPLC method, AsHCs elute in the reverse

order from RPLC: AsHC-388 (C19) elutes first, followed by AsHC-360 (C17), and AsHC-332
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(C15) last. Column temperature, gradient slope, and flow rate were optimized empirically for
AsHC peak shape and resolution; the values reported here represent the conditions selected for the
comparative analyses of Section 2.5.3.

The reversed elution order under NPLC reflects the fundamentally different separation
mechanism. On the reverse-phase Phenyl-Hexyl column, retention is dominated by hydrophobic
interactions between the AsHC hydrocarbon chain and the stationary phase, so longer, more
hydrophobic chains are retained more strongly. On the HILIC column, retention is governed by
polarity rather than hydrophobicity, so the more polar AsHCs are retained more strongly. Because
all AsHCs share the same dimethylarsinoyl head group, their relative polarities scale inversely
with hydrocarbon chain length: AsHC-332 (C15), with the shortest chain, has the highest overall
polarity and elutes last; AsHC-388 (C19), with the longest chain, has the lowest overall polarity

and elutes first.

2.5.3 RPLC versus NPLC: comparative performance on geological samples

The two chromatographic methods were compared by analyzing matched aliquots from the
same total lipid extract (same starting material per injection) of three samples spanning a range of
arsenolipid abundances and matrix complexities (a more comprehensive cross-sample comparison
is presented in Chapter 3): kelp seaweed (kombu) reference material, fresh marine sediment from
Aarhus Bay, and a late Turonian organic-rich black shale (ODP 207, Site 1259C, Core 15R; ~90
Ma). Under RPLC, AsHCs were well resolved in the kelp seaweed reference, but signals weakened
substantially in the sedimentary samples. Only minor peaks of AsHC-332 and AsHC-360 were
observed in the TLE of Aarhus Bay sediment, and no distinct AsHC peaks were detected in the

arsenolipid fraction of the Cretaceous shale (Figure 2.3). Elevated background signals across the
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AsHC-relevant retention window further indicate substantial co-eluting matrix interference in both

sedimentary samples.

Under NPLC, the same three samples produced markedly improved results. Three AsHC
homologs (AsHC-332, AsHC-360, and AsHC-388) were detected in the Aarhus Bay TLE; two
homologs (AsHC-332 and AsHC-360) were detected in the SPE-cleaned arsenolipid fraction of
the Cretaceous shale. The NPLC chromatograms exhibit lower background and clearer peak shape
compared to their RPLC counterparts, and AsHCs that were submerged within the matrix
background under RPLC become well-resolved under NPLC. Although a formal quantitative
signal-to-noise comparison was not performed, the contrast between methods is qualitative in
nature: AsHC homologs that produced no distinguishable peaks above background in the As™ EIC
under RPLC analysis of the Cretaceous shale extract were clearly resolved under NPLC analysis
of the same extract (Figure 2.3). This categorical difference—from undetectable to detectable—is
the central observation that motivated the development of the NPLC method, and is consistent

with the matrix-interference mechanism discussed in Section 2.5.4.

2.5.4 Why NPLC succeeds where RPLC fails in low-abundance sedimentary samples

The differential performance between the two methods reflects what each co-elutes with
AsHCs. As described in Section 2.2, RPLC retains AsHCs together with co-eluting matrix lipids
of comparable hydrophobicity, whose ion suppression and elevated background submerge the

AsHC peaks in low-abundance samples.

The NPLC resolves this co-elution problem at the level of the separation mechanism. By
transferring the dominant retention factor from hydrophobicity to polarity, the HILIC column
places AsHCs in retention-time windows that are largely separated from those occupied by the

bulk of the polar matrix lipids. The matrix components that dominated the RPLC AsHC retention
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window now elute in different regions of the NPLC chromatogram, where they no longer interfere
with AsHC ionization. The combination of NPLC separation with the upstream SPE cleanup
described in Section 2.3 thus addresses the second analytical challenge identified in Section 2.2
and enables the detection of fossil AsHCs in geological samples for the first time. The application
of this combined workflow to a broader sample set is presented in Chapter 3, and to a Holocene

sedimentary sequence in Chapter 4.

2.6 Identification Criteria for Fossil Arsenolipids

Arsenolipid identifications throughout this dissertation rest on accurate mass
measurements, MS/MS fragmentation patterns at both 20 eV and 200 eV CID, and comparison
with published data (Liu, 2023). The diagnostic ions employed at each CID energy are described
in Section 2.4. This section consolidates the application of those diagnostic ions to compound
assignment, and addresses one additional case—sulfur-containing arsenolipids—where extra
criteria are required to distinguish structurally similar compound classes. Compound
identifications reported in this dissertation are described using the confidence-level framework of
Schymanski et al. (2014), which has been widely adopted in environmental high-resolution mass
spectrometry. Within this framework, AsHC identifications in the present work correspond to
Level 2a ("probable structure—library/literature spectrum match"), in which the candidate AsHC's
accurate mass, head-group fragmentation pattern, and retention behavior are matched against the
AsHC suite characterized in the kombu reference material by Liu (2023). Because no authentic,
isolated AsHC standard was available, a Level 1 ("confirmed structure") assignment is not
claimed. The thioxoarsenolipid identifications correspond to Level 2b ("probable structure by

diagnostic evidence"), based on accurate mass, the AsS* diagnostic ion, and the carbon-sulfur
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fragmentation pattern documented by Liu (2023), in the absence of an isotope-labeled synthetic

standard.

2.6.1 Identification of AsHCs

For AsHCs, identification is based on three complementary lines of evidence (Liu, 2023):
(1) accurate mass measurement of the [M + H]* precursor ion; (2) detection of the dimethylarsinoyl
head-group fragments [ AsC2Hs]" and [ AsC2HzO]" in the 20 eV MS/MS spectrum; and (3) detection
of the monatomic As* ion at m/z 74.9216 in the 200 eV MS/MS spectrum. Identifications are
further supported by comparison with the kombu reference material run alongside sedimentary

samples (Section 2.3.2).

2.6.2 Identification of sulfur-containing arsenolipids

Sulfur-containing arsenolipids are identified following the diagnostic criteria established
by Liu (2023). Two lines of evidence are applied in the 200 eV CID spectrum. First, the AsS* ion
(m/z 106.89) indicates the presence of an As=S bond and identifies a compound as a
thioxoarsenolipid. Second, the carbon—sulfur fragments CHS*, C.HsS*, and CsHsS* (defined in
Section 2.4.4), together with accurate mass, indicate that a second sulfur atom is directly bound to
the carbon chain—the structural feature characterizing the sedimentary thioxoarsenolipids
reported by Liu (2023). Using these same criteria, the sulfur-containing arsenolipids detected in

this dissertation are assigned to that class of sedimentary thioxoarsenolipids.

2.6.3 Method validation: limitations and detection considerations

Several method-validation steps that are routinely reported for established analytical
methods could not be completed within the scope of this dissertation. (1) Method detection limits

(MDLs) for individual AsHC homologs were not determined by formal serial dilution; the practical
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detectability threshold in this work is operationally defined as a recognizable peak in the As* EIC
at m/z 74.9216 with mass accuracy below 5 ppm in the corresponding 20 eV MS/MS spectrum.
Establishing formal LODs across the relevant matrix-complexity range remains an outstanding
task and is recommended for future revisions of the method. (2) No isotope-labeled internal
standards specific to AsHCs or thioxoarsenolipids are commercially available, so absolute
concentrations cannot be determined. Abundances are therefore semi-quantitative. In the
qualitative survey of Chapter 3, no internal standard was used and results are reported as
occurrence patterns only. In the Black Sea time series of Chapter 4, a fixed amount of the general-
purpose internal standard Cs-GTGT was added to every sample prior to extraction, permitting
TOC-normalized, semi-quantitative comparison of relative abundances through the sequence
(Section 4.3). (3) Process blanks, replicate-extraction RSD values, and independent SPE recovery
experiments specific to these sediment matrices were not performed (see Section 2.3.3). These
limitations are explicitly acknowledged here and constrain the interpretive scope of subsequent
chapters. R esults in Chapter 3 are presented as qualitative occurrence patterns, and those in
Chapter 4 as semi-quantitative, internal-standard-normalized relative abundances rather than as

absolute concentration data.

2.7 Summary

This chapter established the analytical framework used throughout the dissertation for
detecting fossil arsenolipids in marine sediments. The workflow combines the dual-energy CID
strategy of Liu (2023), which provides both molecular structural information and element-specific
arsenic detection within a single LC-ESI-qTOF-MS platform, with sample cleanup and

chromatographic developments optimized for low-abundance sedimentary matrices.
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To extend this framework from biological samples to low-abundance ancient sediments,
two methodological additions are introduced in this dissertation. A silica-gel solid-phase extraction
step, adapted from Glabonjat et al. (2014), enriches trace-level arsenolipids and removes bulk lipid
interferences in samples where direct injection of the total lipid extract does not yield resolvable
AsHC signals. A normal-phase liquid chromatography (NPLC) method, developed using a HILIC
column, separates AsHCs by head-group polarity rather than hydrocarbon chain length, resolving
AsHCs from co-eluting polar matrix components that obscure them under conventional reverse-
phase chromatography. The combination of SPE cleanup, NPLC separation, and dual-energy CID
enables the detection of fossil AsHCs in sedimentary samples in which they were previously

inaccessible.

The identification criteria established in Section 2.6 are applied throughout the remainder
of this dissertation. Chapter 3 documents the occurrence of fossil arsenolipids across fourteen
samples spanning eight modern aquatic samples and six fossil sedimentary samples, from
Quaternary Peru-margin OMZ deposits to a mid- to late Cenomanian (~94—-100 Ma) black shale
within the OAE2 interval; AsHCs and thioxoarsenolipids show distinct preservation ranges, with
thioxoarsenolipids extending to the oldest (OAE?2) interval where AsHCs are no longer detected.
Chapter 4 examines arsenolipid records in the Holocene Black Sea, where the same family of
thioxoarsenolipids reported by Liu (2023) is detected alongside AsHCs across the sedimentary
sequence, and their distributions are discussed in relation to environmental factors that may

influence arsenolipid preservation.
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2.9 Figures
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Figure 2.1 Molecular structures of representative arsenolipid classes. Eight structural
categories are shown: arsenohydrocarbons (AsHCs, highlighted in red as the principal target class
of this dissertation), arsenic-containing fatty acids (AsFAs), trimethylarsenio fatty alcohols,
thioxoarsenohydrocarbons, arsenosugar phospholipids (AsSugPLs), arsenic-containing fatty-acid
phosphatidylcholines (AsFA-PC), phosphatidylarsenocholines, and arsenosugar phytols
(AsSugPhytols). The dimethylarsinoyl head group (O=As(CH3)*") is shared across most classes;
structural diversity arises from the carbon framework attached to arsenic. Modified after Liu

(2023).
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Chapter 3 Widespread Occurrence of Arsenolipids in Modern and Ancient Sediments

3.1 Introduction

The methodological framework developed in Chapter 2—combining silica-gel solid-phase
extraction (SPE), normal-phase liquid chromatography (NPLC), and dual-energy collision-
induced dissociation (CID)—was demonstrated on two sedimentary samples: a modern coastal
sediment from Aarhus Bay and a Cretaceous black shale from ODP Site 1259C, Core 15R. These
two samples established that fossil AsHCs are detectable in geological matrices, but a two-sample
dataset is not sufficient to establish AsHCs as a general class of molecular fossil. Their broader
applicability—across diverse modern aquatic environments, across a range of sedimentary
lithologies, and across geological timescales—remains to be tested.

Building on the methodological framework of Chapter 2, this chapter addresses the two
questions identified in Chapter 1 regarding the modern distribution and geological preservation of
AsHCs. With respect to modern distribution, AsHCs have been documented in fish oils (Taleshi
et al., 2008; Sele et al., 2014), marine algae (see Section 2.1.2), and surface-water particulates
(Glabonjat et al., 2021; Heal et al., 2022), but most published reports are concentrated in a
relatively narrow range of biological matrices, and AsHC occurrence in modern sediments has
been examined in only a few sites. With respect to geological preservation, fossil AsHCs from
ancient sedimentary records had not been reported prior to the work presented in this dissertation,
and consequently the upper age limit and depositional-environment range over which AsHCs can

be preserved were unknown.

This chapter addresses both questions through a survey of fourteen samples spanning
modern aquatic environments and ancient sedimentary archives. The sample set comprises eight

modern aquatic samples—a brown macroalga and seven freshwater, brackish, and coastal marine
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settings of contrasting redox character—together with six fossil sedimentary samples ranging in
age from Quaternary to mid-Cretaceous. Two compound classes are screened in parallel: AsHCs
(the principal arsenolipid class historically reported in modern biological samples) and
thioxoarsenolipids (a sulfur-containing class recently described by Liu, 2023). The detection of
both classes across this diverse sample set provides the basis for evaluating their distribution in
modern aquatic systems and their preservation potential in the geological record, and for
motivating the focused time-series investigation of a single sedimentary sequence presented in

Chapter 4.

3.2 Sample Set

The sample set analyzed in this chapter comprises fourteen samples organized into two
complementary groups: eight modern aquatic settings and six fossil sedimentary samples. The set
spans three independent gradients that together address the dual aims of this chapter. The temporal
gradient (modern — Quaternary — ~48 Ma — ~52-53 Ma — ~90 Ma — ~94-100 Ma) tests
whether AsHCs and thioxoarsenolipids persist across geological timescales. The environmental
gradient (eutrophic reservoir — small urban pond — lacustrine meromictic — coastal seasonally
meromictic — coastal hypoxic — modern OMZ — pelagic open-marine — anoxic basinal) tests
whether occurrence depends on a particular depositional setting or extends across diverse aquatic
environments. The lithological gradient (diatomaceous shelf sediment — organic-rich oil shale —
organic-rich black shale — carbonate-rich pelagic chalk) tests the role of bulk organic matter
content and matrix mineralogy in compound retention. Detailed site characteristics, coordinates,

and depositional environments are summarized in Table 3.1.
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3.2.1 Modern reference samples

Eight modern aquatic samples were selected to provide independent reference points along
the production—deposition continuum of arsenolipids in modern aquatic systems, ranging from a
brown-macroalga end-member to small urban ponds, deep tropical anoxic lakes, and coastal
hypoxic basins.

Kelp seaweed (Laminaria sp.) was obtained from a commercial source as a biological
reference for AsHC biosynthesis in brown macroalgae, a group in which AsHC distributions have
been characterized in detail (Section 2.1.2). Kelp total lipid extract serves as a positive control for
AsHC identification at the level of an extant primary producer, providing an algal end-member
against which AsHC distributions in sedimentary samples can be compared. The same sample was
also analyzed by Liu (2023) and is used here for cross-method retention-time and fragmentation-
pattern verification (Section 2.6.1).

Aarhus Bay surface sediment was collected from a semi-enclosed coastal basin in Denmark
(56°N, 10°E; 14-18 m water depth) characterized by seasonal hypoxia, active Fe-Mn redox
cycling, and sulfate reduction in pore waters (Thamdrup et al., 1994). Surface sediments at Aarhus
Bay are organic-rich (TOC ~2—4 wt% across multiple long-term monitoring stations; Chen et al.,
2017). As a transitional redox environment between fully oxic open-marine settings and
persistently anoxic basins, Aarhus Bay tests AsHC stability under conditions where redox
boundaries fluctuate over seasonal-to-annual timescales. This sample also provides direct
continuity with the methodological work of Chapter 2, where Aarhus Bay sediment was one of the

two samples used to demonstrate the SPE-NPLC workflow.

Salt Pond is a small (~5 m deep) coastal seasonally meromictic pond in Falmouth,

Massachusetts (41.55°N, 70.62°W), that develops a sulfidic hypolimnion below a well-defined
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oxic—anoxic interface during summer stratification. Sediment from the sulfidic basin provides a

coastal marine-influenced reference for arsenolipid occurrence in seasonally euxinic conditions.

Lower Mystic Lake is a permanently meromictic urban lake in the Boston area (42.43°N,
71.13°W) with brackish bottom water and a well-developed black-water anoxic chemocline at
~15-16 m depth. The varved sediment record from this lake provides a mid-latitude meromictic

reference at high temporal resolution.

Fayetteville Green Lake (43.05°N, 75.96°W) is a glacial-plunge-pool meromictic marl lake
in central New York with a persistently sulfidic monimolimnion below a chemocline at ~18-20
m. The sediment sample analyzed here was collected from ~53 m depth at the lake bottom, where
carbonate-laminated organic sediments accumulate under continuous euxinic conditions. This
sample provides a classic euxinic-lake reference of the type frequently invoked as a modern analog

for ancient stratified water columns.

Lake Tanganyika (~6°S, 29-30°E) is a tropical freshwater rift lake in East Africa with a
maximum depth of 1470 m and permanently anoxic deep waters below ~100—150 m, hosting the
largest single body of anoxic freshwater on Earth’s surface. The sediment sample analyzed here
extends the modern arsenolipid survey to a deep tropical anoxic freshwater system distinct in both

physical and limnological regime from the temperate meromictic lakes.

Lake Thunderbird (35.22°N, 97.23°W) is a small reservoir near Norman, Oklahoma,
constructed in 1965 with a mean depth of approximately 5 m and a maximum depth of 18 m. The
reservoir experiences chronic algal blooms associated with elevated nutrient loading, providing a

reference for arsenolipid occurrence in an anthropogenically eutrophied freshwater system.
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Duck Pond (35.21°N, 97.44°W) is a small recreational pond on the campus of the
University of Oklahoma in Norman. The pond serves as a small-volume urban-pond end-member,

providing the smallest aquatic system in the modern sample set.

3.2.2 Fossil sedimentary samples

Six fossil sedimentary samples were selected to test arsenolipid preservation across
geological time and across contrasting depositional environments, spanning Quaternary high-
productivity margin sediments, the middle Eocene Messel Shale, and three depths of the
Cretaceous Demerara Rise sequence.

The ODP 1227-3H5 is a Quaternary diatomaceous-rich silty sediment from
lithostratigraphic Subunit I1IB of ODP Site 1227, recovered from ~24-25 mbsf on the Peru
continental shelf (8.99°S, 79.96°W; 427 m water depth) within the Trujillo Basin (Shipboard
Scientific Party, 2003). The Trujillo Basin lies beneath the Peru high-productivity upwelling
system and accumulates organic-rich sediments (TOC 1.2-10.6 wt% across Site 1227) under
suboxic-to-anoxic mid-water conditions associated with the modern Peruvian oxygen minimum
zone (Paulmier and Ruiz-Pino, 2009). This sample tests arsenolipid occurrence in modern margin
sediments deposited beneath an active OMZ.

The ODP 1227-5H3 is a Quaternary diatom-bearing clayey silt with dolomite-bearing
layers from lithostratigraphic Unit III of the same site, recovered from ~36—37 mbsf. As a deeper
interval from the same hole, this sample serves as a stratigraphic companion to ODP 1227-3H5
and tests within-core consistency of arsenolipid detection across an organic-rich margin sequence.

Messel Shale is a finely laminated lacustrine oil shale from the middle Eocene Messel
Formation, Hesse, Germany (~48 Ma; 49°55'N, 8°45'E). The shale was deposited in a meromictic

crater lake characterized by persistently anoxic bottom waters (Lenz et al., 2010) and is
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exceptionally organic-rich, with bulk TOC averaging ~27 wt% across the 150-m-thick oil shale
sequence (Bauersachs et al., 2014). It is renowned for its exceptional preservation of fossil
organisms and biomolecules (Grice et al., 2019). As a non-marine sample, Messel provides a
lacustrine counterpart to the marine fossil samples described below and tests AsHC preservation

under stratified, anoxic lacustrine conditions.

The ODP 1259C-4R is a foraminifer-nannofossil pelagic chalk from lithostratigraphic
Subunit IIC of ODP Site 1259 on the Demerara Rise (9°N, 54°W; modern water depth ~2354
mbsl), early Eocene in age (~52—53 Ma; estimated from the C24n base nannofossil datum at 329.79
mbsf, 52.66 Ma, and the local linear sedimentation rate of ~12 m/m.y.; Erbacher et al., 2004). The
chalk is carbonate-rich (CaCOs ~62—69 wt%) with very low total organic carbon (TOC ~0.0-0.01
wt% in adjacent samples; Erbacher et al., 2004, Table T16) and was deposited under open-marine
pelagic conditions with oxic-to-suboxic bottom waters and pervasive bioturbation, following the
recovery of marine biota from the Cretaceous-Paleogene boundary (D’Hondt, 2005). This sample
tests whether AsHC preservation requires the elevated organic-carbon content associated with
anoxic basinal deposits, or whether AsHCs can also be recovered from carbonate-dominated, low-

TOC pelagic settings.

The ODP 1259C-15R is an organic-rich, submillimeter-scale laminated calcareous
claystone from lithostratigraphic Unit IV of the same site, Late Cretaceous (late Turonian) in age
(~90 Ma; the analyzed interval at 516.05 mbsf lies 5.74 m below the Cenomanian/Turonian
boundary at 510.31 mbsf and is bracketed by core catchers assigned to calcareous nannofossil
Zone CC12 and to Turonian planktonic foraminifer assemblages; Erbacher et al., 2004). The
sample has TOC = 11.4 wt% and CaCOs = 55.1 wt%, and Rock-Eval pyrolysis indicates well-

preserved Type II marine kerogen (Tmax = 404 °C, hydrogen index = 763 mg HC/g TOC;
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Erbacher et al., 2004, Tables T16 and T17). It was deposited under restricted, fully marine
conditions with high productivity and bottom-water anoxia within the broader Cretaceous
Demerara Rise black shale sequence (Schlanger and Jenkyns, 1976; Jenkyns, 2010; Jones et al.,
2018), several million years after the OAE2 horizon at the Cenomanian/Turonian boundary. As
with Aarhus Bay, this sample provides direct continuity with Chapter 2, where it was used as the
test case for evaluating SPE-NPLC performance on low-TOC Cretaceous shales.

The ODP 1259C-18R is a laminated black shale from the same Demerara Rise site,
recovered from a deeper interval of the Cretaceous black-shale sequence than 1259C-15R.
Calcareous nannofossils in Section 1259C-18R-5—including the single specimen of
Lithraphidites acutus identified during shipboard analysis—indicate a mid- to late Cenomanian
age (Erbacher et al., 2004), placing this sample within the OAE2 black-shale interval that straddles
the Cenomanian/Turonian boundary. As the oldest material analyzed in this dissertation (~94—100
Ma), this sample tests the upper age limit at which arsenolipids remain detectable in the geological

record.

3.3 Detection Results

At least one class of arsenolipid was detected in every one of the fourteen samples, but the
two classes were not co-extensive. The AsHCs were detected in twelve of the fourteen samples
and thioxoarsenolipids in thirteen. The kelp algal end-member yielded AsHCs but no
thioxoarsenolipid, whereas the two fossil samples—the Messel Shale and ODP 1259C-18R—
yielded thioxoarsenolipids but no detectable AsHC. This complementary distribution, examined
in Section 3.5, indicates that the two compound classes differ systematically in their occurrence

from the freshest biological source to the most deeply buried sediments. Throughout this chapter,

detection counts include both full (V') and trace (tr) detections, classified by signal-to-noise ratio:
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S/N > 10 (V), 3 <S/N <10 (tr), and S/N < 3 (not detected, —). Both v and tr peaks satisfy the

same identification criteria (Section 2.6).

The principal AsHC homologs detected are AsHC-332 (Cis), AsHC-360 (C.i7), and AsHC-
388 (Cu), corresponding to saturated alkyl chains of 15, 17, and 19 carbon atoms, respectively.
Each compound was identified following the criteria established in Section 2.6 (Liu, 2023):
accurate mass measurement of the [M+H]" precursor ion, detection of the dimethylarsinoyl head-
group fragments [AsC:Hs|" and [AsC:HsO]* (m/z 122.9768) under 20 eV CID, and detection of
the monatomic As™* ion (m/z 74.9216) under 200 eV CID. Detection categories for each sample are

summarized in Table 3.2.

3.3.1 AsHC homolog distribution

The AsHC-360 (m/z 361) was detected in twelve of the fourteen samples (Table 3.2) and
is the most consistently detected AsHC across the sample set, spanning algal biomass, freshwater
and brackish lake sediments, coastal and continental margin sediments, and open-marine fossil
samples. It was absent only from the Messel Shale and ODP 1259C-18R, the two fossil samples

in which no AsHC homologue was detected.

The AsHC-332 (m/z 333) was detected in eight of the fourteen samples: kelp, Aarhus Bay,
Salt Pond, Lower Mystic Lake, and four fossil samples (ODP 1227-3HS, 1227-5H3, 1259C-4R,

and 1259C-15R). The Cis homolog is, therefore, recovered less consistently than AsHC-360.

The AsHC-388 (m/z 389) was detected in only three of the fourteen samples: the kelp algal
end-member, Aarhus Bay surface sediment (trace), and Lake Tanganyika. It was not detected in
any other sample, including all six fossil samples. AsHC-388 is thus the least frequently recovered

of the three homologues.

50



3.3.2 Thioxoarsenolipid distribution

Thioxoarsenolipids were detected in thirteen of the fourteen samples; the kelp algal end-
member was the only sample in which no thioxoarsenolipid channel was detected. The three
channels were detected in nine (m/z 547), eight (m/z 549), and ten (m/z 565) of the fourteen samples
respectively (Table 3.2). Detection spanned freshwater lakes, brackish and coastal basins, and all
six fossil sediments, including the two samples (Messel Shale and ODP 1259C-18R) in which no
AsHC was detected.

Among the fossil samples, thioxoarsenolipid detection was most complete. The ODP 1227-
5SH3, ODP 1259C-4R, and ODP 1259C-15R had all three channels (m/z 547 as a trace in 15R),
and ODP 1227-3HS5 had m/z 547 and 549. Even ODP 1259C-18R, the oldest sample and one of
the two lacking any AsHC, returned thioxoarsenolipid detection (m/z 547 trace and m/z 565). The
most consistent and complete thioxoarsenolipid signals, therefore,
come from the fossil marine sediments rather than from the modern reference samples.

Among modern samples, the thioxoarsenolipid signals are variable in both the number and
combination of channels detected. The kelp end-member returned no thioxoarsenolipid in any
detection channel, in contrast to its strong AsHC signal. Among the remaining modern samples,
several exhibited two of the three solutrionsx (Salt Pond and Lake Thunderbird in m/z 547 and
565; Lower Mystic Lake and Duck Pond in m/z 549 and 565), while others had only one (Aarhus
Bay in m/z 549; Lake Tanganyika in m/z 547; Fayetteville Green Lake in m/z 565). These
distributions are reported as detection categories rather than diagnostic ratios, since the absence of
a neighboring channel in a sample otherwise showing characteristic thioxoarsenolipid mass
responses warrants confirmation through the As*™ co-elution test described in Section 2.6 (Liu,

2023) before structural inferences are drawn.
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3.3.3 Sample-specific observations

The kelp (Laminaria sp.) total lipid extract had detection of all three AsHC homologues
but none of the thioxoarsenolipid ions (Table 3.2). Its strong, well-characterised AsHC signal
serves as the positive control for AsHC identification within this batch, and the accurate masses,
retention times, and dual-energy CID fragmentation patterns observed in the kelp extract were
used as the within-batch reference for AsHC identification in the sedimentary samples. The
absence of thioxoarsenolipids in the living macroalga is consistent with earlier reports, in which
thioxoarsenolipids were characterised in modern and ancient marine sediments rather than in fresh
algal biomass (Liu, 2023), and is discussed further in Section 3.4.

Among the modern aquatic samples, the eight settings differ substantially in detection
patterns despite all returning at least one detection. Aarhus Bay yielded all three AsHC
homologues (AsHC-388 as a trace) following direct injection of the total lipid extract, consistent
with the result reported in Section 2.5.3, but only one thioxoarsenolipid ion (m/z 549). Lower
Mystic Lake had AsHC-332 and AsHC-360 with two thioxoarsenolipid ions, whereas Fayetteville
Green Lake had only AsHC-360 (trace) among the AsHCs. Lake Tanganyika had AsHC-360 and
AsHC-388 but lacked AsHC-332, with a single thioxoarsenolipid ion. The kelp end-member, by
contrast, hadall three AsHC homologues but no thioxoarsenolipid. This variability likely reflects
the combined influence of producer-community composition and depositional matrix at each site.

Direct injection of the total lipid extract was sufficient for compound detection in all eight
modern aquatic samples, both ODP 1227 samples, and the Messel Shale; SPE fractionation prior
to LC-MS analysis was required for the three Demerara Rise samples (ODP 1259C-4R, 15R, 18R),
where compounds were recovered in the polar Fraction 2 of the SPE eluate (Section 2.3.3). The

TLE-versus-SPE distinction reflects the combined effect of decreasing absolute abundance with
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increasing sediment age and increasing complexity of the co-extracted lipid matrix in carbonate-
rich and organic-poor pelagic settings, consistent with the methodological framework presented in

Chapter 2.

3.3.4 Detection patterns across the sample set

Beyond the per-channel occurrence reported above, the detection data in Table 3.2 show
two patterns across the full sample set; these are based on sample detection categories, not sample
abundance (Section 2.6.3).

The three AsHC homologues differ markedly in detection frequency: AsHC-360 (Ci7) was
detected in twelve of the fourteen samples, AsHC-332 (Cis) in eight, and AsHC-388 (Civ) in only
three (kelp, Aarhus Bay, Lake Tanganyika). Detection frequency thus follows Ci7> Cis >> Cio. No
AsHC homologue was detected in the Messel Shale or ODP 1259C-18R, the two fossil samples
that yielded only thioxoarsenolipids.

The thioxoarsenolipid channels were more completely detected in the fossil sediments than
in the modern samples: ODP 1227-5H3, 1259C-4R, and 1259C-15R had all three ions, and every
fossil sample had at least two, whereas the modern aquatic samples returned one or two ions in

variable combinations (Table 3.2).

3.4 Discussion: Widespread Occurrence in Aquatic Environments

The detection of at least one arsenolipid class in every one of the fourteen samples
addresses the first question raised in Section 3.1: how widely are arsenolipids distributed across
modern aquatic environments? The results presented in Section 3.3 indicate that both compound
classes occur across a broader range of modern aquatic settings than the seafood and algal sources

that have dominated earlier reports.
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3.4.1 Extension of the modern arsenolipid distribution

Previous reports of AsHCs in modern environments have concentrated on three settings:
fish oils and seafood (Taleshi et al., 2008; Sele et al., 2014; Xiong et al., 2022), brown macroalgae
(Section 2.1.2), and surface-water particulates from open-ocean transects (Glabonjat et al., 2021;
Heal et al., 2022). The seven non-algal aquatic samples analyzed alongside the kelp end-member
in this chapter (Section 3.2.1) add multiple settings to this list. The AsHC homologues were
recovered from each, indicating that arsenolipid production and accumulation extend well beyond
fully oxic algal biomass and surface-water particulates into stratified anoxic lakes, brackish
meromictic basins, hypoxic coastal sediments, and small urban freshwater systems.

Liu (2023) first reported the thioxoarsenolipid series at m/z 547, 549, and 565 in modern
and ancient marine sediments—including Aarhus Bay sediment and a Cretaceous shale—
establishing this compound class as a recognizable component of the sedimentary arsenolipid pool.
The samples analyzed in this chapter reproduce the same thioxoarsenolipid signals in additional
matrices, with detection across modern aquatic settings ranging from coastal hypoxic basins to
tropical anoxic rift lakes, eutrophic reservoirs and small urban ponds, and the Quaternary Peru
continental margin (Table 3.2). With the exception of the kelp end-member—in which AsHCs
occur without thioxoarsenolipids—the two classes co-occur across most of the sample set,
indicating that thioxoarsenolipids, rather than only the AsHCs that have historically attracted
analytical attention, are a recurring component of the arsenolipid pool in modern aquatic

environments.

3.4.2 Source diversity beyond eukaryotic algae

The chemical and ecological diversity of the settings in which arsenolipids are detected—

from a single macroalgal genus in the kelp reference to mixed microbial communities in tropical
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anoxic lake sediments and seasonally hypoxic coastal basins—suggests that arsenolipid source
organisms are correspondingly diverse. Eukaryotic algae such as Dunaliella and Picocystis are
confirmed AsHC producers based on culture experiments (Glabonjat et al., 2018, 2020), and brown
macroalgae have been characterized in detail as natural sources (Section 2.1.2). However, recent
lipidomic studies challenge an exclusively algal view of arsenolipid biosynthesis. Heal et al. (2022)
reported a diverse suite of arsenolipids in surface-ocean suspended particles from the Eastern
Tropical North Pacific, including previously undescribed ether-bound arsenosugar phospholipids
whose head-group architecture is more consistent with a bacterial than a eukaryotic origin. This
finding, taken together with the recovery of AsHC homologs from freshwater and brackish lake
settings dominated by mixed microbial communities, is consistent with a producer pool more
diverse than the eukaryotic-algal sources documented in culture, and with the wide distribution of
the ars gene cluster across bacterial, archaeal, and eukaryotic lineages discussed in Section 2.1.2
(Zhu et al., 2017).

The data presented here cannot identify the specific producers responsible for arsenolipids
in any individual sample. Direct testing through culture experiments on bacterial isolates, or
compound-specific isotope analysis on environmental samples, would be required to attribute the
AsHC and thioxoarsenolipid signals observed in mixed-community settings—such as the anoxic
sediments of Lake Tanganyika, the hypoxic Aarhus Bay sediments, or the Peru-margin Quaternary
sediments—to specific lineages. The absence of AsHC-388 from several fresh or well-preserved
modern samples that nonetheless yielded the shorter homologues (Section 3.5.7) is consistent with
this source-side variability, suggesting that synthesis of the Cio homologue is not universal among

arsenolipid producers.
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3.4.3 A shared metabolic logic underlies arsenolipid production across diverse producers

Although the source organisms of arsenolipid production span multiple domains and
ecological niches, the underlying biosynthetic logic is shared. As described in Section 2.1.2,
organoarsenic synthesis in aquatic microorganisms proceeds through phosphate-transporter-
mediated arsenate uptake, ArsC-catalysed reduction, and ArsM-catalysed methylation (Zhu et al.,
2017), with subsequent elaboration into the structurally diverse arsenolipid pool. The formation
pathway(s) of the thioxoarsenolipids remain incompletely characterized and are addressed further
in Chapter 4 (Section 4.5.3); the present chapter establishes only that this compound class occurs
alongside AsHCs across most of the diverse modern and ancient settings examined here. The
widespread occurrence of arsenolipids documented in this chapter therefore reflects not the
convergent evolution of arsenolipid-specific biosynthesis in unrelated lineages, but the broad
distribution of a single conserved metabolic pathway whose final products include the AsHC class,
with the thioxoarsenolipid class likely arising through additional, as-yet-uncharacterized formation
steps. The distribution of the two classes across the present sample set is consistent with this
distinction. The kelp end-member—the only living, freshly sampled primary producer examined—
yielded all three AsHC homologues but no thioxoarsenolipid, whereas thioxoarsenolipids occurred
in the great majority of the sediment samples, including settings where AsHCs were absent. This
contrast supports the view that AsHCs are primary biosynthetic products present in living biomass,
whereas thioxoarsenolipids are not a major constituent of fresh algal tissue and are instead
generated or enriched after deposition, during early diagenesis in the sediment. The same pattern
was reported by Liu (2023), who detected thioxoarsenolipids in modern and ancient sediments but
not in fresh algal material. Independent evidence that thioxoarsenolipids can arise through post-

synthetic transformation of pre-existing arsenolipids comes from Xiong et al. (2022), who
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observed partial conversion of oxo-arsenolipids to their thioxo analogues during the cooking of
salmon; an analogous sulfurisation of arsenolipids under the sulfidic conditions of organic-rich
sediments would be consistent with the sediment-associated occurrence of thioxoarsenolipids
observed here. This formation chemistry is examined mechanistically in the Black Sea record in

Chapter 4 (Section 4.5.3).

3.5 Discussion: Preservation Across Geological Time and Lithologies

The detection of arsenolipids in six fossil sedimentary samples ranging from Quaternary
to mid-Cretaceous in age addresses the second question raised in Section 3.1: can arsenolipids
persist in sedimentary archives across geological time? The results presented in Section 3.3
indicate that arsenolipids are preserved across this temporal range and across sedimentary settings
that differ markedly in their depositional and lithological characteristics—organic-rich anoxic
shales, carbonate-rich pelagic chalks, and organic-rich diatomaceous OMZ sediments—but that
the two compound classes differ in the age and conditions to which each persists, as discussed

below.

3.5.1 Differential persistence of AsHCs and thioxoarsenolipids through geological time

AsHCs were detected in four of the six fossil samples, spanning the Quaternary Peru-
margin sediments (ODP 1227-3H5 and 1227-5H3), the early Eocene ODP 1259C-4R chalk (~52—
53 Ma), and the Late Cretaceous ODP 1259C-15R black shale (~90 Ma), extending the AsHC
fossil record into the Mesozoic. No AsHC was detected in the middle Eocene Messel Shale (~48
Ma) or in the mid- to late Cenomanian ODP 1259C-18R black shale (~94-100 Ma). The recovery
of intact AsHC molecular ions and diagnostic fragmentation patterns as old as ODP 1259C-15R
indicates that AsHCs, once incorporated into sedimentary archives under appropriate conditions,

can remain stable on geological timescales of at least ~90 Myr. The differential preservation of the
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individual AsHC homologues, including the restricted occurrence of AsHC-388, is examined in
Section 3.5.7.

Thioxoarsenolipids, by contrast, were detected in all six fossil samples, with at least one of
the three monitored channels (m/z 547, 549, 565) returning detection in each (Table 3.2). ODP
1259C-4R and ODP 1259C-15R returned all three channels, and ODP 1259C-18R returned two
(m/z 547 trace and m/z 565). Thioxoarsenolipids therefore persist in the oldest sample analyzed in
this dissertation (~94—-100 Ma), ~5—10 Myr older than the oldest AsHC detection, placing the most
distal documented occurrence of arsenolipids within the OAE2 black-shale interval. That this
oldest sample preserved thioxoarsenolipids but no detectable AsHC indicates that the

thioxoarsenolipid class persists under conditions where AsHCs are no longer recoverable.

3.5.2 Arsenolipid retention in modern OMZ sediments: the ODP 1227 sequence

The two ODP 1227 samples had similar detection patterns at both depths analyzed: AsHC-
332, AsHC-360, and at least two of the three thioxoarsenolipid mass channels. This within-core
consistency between 1227-3H5 (~24-25 mbsf) and 1227-5H3 (~36-37 mbsf) is consistent with
arsenolipid retention extending beyond a single horizon within the depositional sequence, although
the two-sample comparison cannot constrain how arsenolipid abundances vary at finer
stratigraphic resolution. Together with the modern Aarhus Bay result (Section 3.3.3), the ODP
1227 sequence establishes that arsenolipids are recoverable from organic-rich diatomaceous

margin sediments deposited under active oxygen-minimum-zone conditions.

3.5.3 Class-selective preservation in lacustrine settings: the Messel Shale

The Messel Shale presents an informative case in which depositional conditions normally
regarded as optimal for biomarker preservation did not yield detectable AsHCs. Direct injection

of the total lipid extract returned two of the three thioxoarsenolipid mass channels (Section 3.3.3)
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without the need for SPE cleanup, but no AsHC homologue was detected. This is notable given
the persistently anoxic, meromictic conditions of the Messel paleolake, its exceptionally high
organic-carbon content (TOC ~27 wt% on average; Bauersachs et al., 2014), and the relative
simplicity of the lacustrine matrix compared with marine sediments of comparable age (Lenz et
al., 2010; Grice et al., 2019). That thioxoarsenolipids were recovered while AsHCs were not, even
under these favourable conditions, indicates that AsHC loss at Messel reflects the limited
preservation of the AsHC class itself rather than an unfavourable matrix, and provides a lacustrine
counterpart to the same AsHC-thioxoarsenolipid divergence seen in the oldest marine sample
(ODP 1259C-18R; Section 3.5.4). The Messel result therefore reinforces the conclusion that

thioxoarsenolipids persist under conditions where AsHCs are no longer detectable.

3.5.4 Anoxic marine preservation: the Demerara Rise black-shale sequence

The two Demerara Rise black shales analyzed in this study (ODP 1259C-15R, late
Turonian, ~90 Ma; ODP 1259C-18R, mid- to late Cenomanian, ~94-100 Ma) represent the
conventional expectation for fossil molecular biomarker preservation: organic-rich (TOC = 11.4
wt% in 15R; comparable values typical of the OAE2 interval in 18R), finely laminated, anoxic
marine deposits with thermally immature, well-preserved organic matter (Tmax =404 °C in 15R;
Erbacher et al., 2004; Bottcher et al., 2006). The two samples nonetheless differed in which
compound classes were recovered after SPE enrichment. ODP 1259C-15R returned AsHC-332
and AsHC-360 together with all three thioxoarsenolipid channels, whereas the older ODP 1259C-
18R had thioxoarsenolipids only (m/z 547 and 565) and no detectable AsHC. The AsHC-388 was

not detected in either sample.

The requirement for SPE cleanup, despite the favorable depositional and preservational

conditions, indicates that high TOC content alone does not guarantee detectable arsenolipid signals
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from total lipid extracts: the matrix-to-arsenolipid ratio in such organic-rich shales is high enough
to obscure trace-level peaks under direct injection. The successful detection at this age nonetheless
places the documented arsenolipid record within the OAE2 black-shale interval and establishes
that thioxoarsenolipids persist through the deepest geological time interval examined in this
dissertation. The contrast between 15R and 18R—where AsHCs are still recovered at ~90 Ma but
are no longer detectable at ~94—100 Ma, while thioxoarsenolipids persist in both—indicates that
the two compound classes diverge in their preservation across this ~5—-10 Myr interval, with
thioxoarsenolipids extending to the older horizon. Finer-scale variation within the sequence cannot

be resolved from two samples.

3.5.5 Carbonate-rich pelagic preservation: ODP 1259C-4R

The detection of arsenolipids in the ODP 1259C-4R pelagic chalk is the most informative
result of the fossil sample set with respect to preservation mechanisms. Unlike the organic-rich
shales that have traditionally yielded fossil molecular biomarkers, ODP 1259C-4R was deposited
under open-marine pelagic conditions and is characterized by a carbonate-rich, very low-TOC
matrix (CaCO3 ~62-69 wt%, TOC ~0.0-0.01 wt%; Section 3.2.2). The successful recovery of
AsHC-332, AsHC-360, and all three thioxoarsenolipid ions from this sample, after SPE
fractionation, indicates that arsenolipid preservation does not depend strictly on the high organic-

carbon, anoxic depositional conditions associated with classical molecular biomarker archives.

Classical hydrocarbon biomarkers such as hopanes and steranes are most reliably recovered
from organic-rich, fine-grained, anoxic to suboxic sedimentary deposits—the same depositional
regime that has yielded the bulk of the Mesozoic and Cenozoic biomarker record, including the
well-studied biomarker assemblages of Cretaceous OAE black shales (Kuypers et al., 2002).

Carbonate-rich pelagic deposits, by contrast, typically yield lower biomarker abundances because
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of their lower organic-matter input and more oxidizing diagenetic conditions (Hedges and Keil,
1995), and they are correspondingly underrepresented in the published hopane- and sterane-based
literature (Peters et al., 2005; Brocks and Pearson, 2005). The 1259C-4R result indicates that
arsenolipids may be recoverable from a wider sedimentary archive than these classical molecular
fossils, and that pelagic carbonate sequences—which dominate much of the Mesozoic and
Cenozoic deep-marine record (Zachos et al., 2001)—represent a target lithology for arsenolipid-

based paleoenvironmental investigation that remains largely unexplored.

3.5.6 Implications for compound-specific paleoenvironmental reconstruction

The preservation behavior documented in this chapter, taken together with the analytical
framework established in Chapter 2, expands the practical range of sedimentary archives in which
arsenolipids can be incorporated into compound-specific paleoenvironmental work. In
sedimentary intervals where classical hydrocarbon biomarkers are abundant, AsHCs and
thioxoarsenolipids can be added as additional compound classes whose recovery does not depend
on the same matrix conditions that constrain other biomarkers. In sedimentary intervals where
classical biomarkers are limited—in particular, the carbonate-rich pelagic settings that dominate
substantial portions of the global deep-marine record—the present results indicate that arsenolipid
detection remains feasible, opening the possibility of compound-specific paleoenvironmental

reconstruction in archives where it has not been routinely attempted.

3.5.7 Chain-length control on AsHC preservation

The three AsHC homologues were not preserved equally across the sample set (Section
3.3.4): AsHC-360 (12 of 14 samples) and AsHC-332 (8 of 14) were the more consistently detected,

whereas AsHC-388 was detected in only three samples. We interpret this restricted occurrence as
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evidence that the longest-chain homologue is the most sensitive to both biological origin and

preservational history.

The three samples yielding AsHC-388—the kelp algal end-member and the modern Aarhus
Bay and Lake Tanganyika sediments—are all modern and lie close to a fresh biological source.
AsHC-388 was not detected in any fossil sample, including the exceptionally well-preserved
Messel oil shale (TOC ~27 wt%; Section 3.2.2), nor in most modern samples. Its occurrence
therefore tracks neither age nor depositional redox condition in a simple way, but is consistent
with preferential loss of the Cio homologue with even modest burial and processing: the longest-
chain homologue is retained only in fresh or very recently deposited material and is absent from

all six fossil samples.

This pattern stands in apparent contrast to controlled decomposition experiments.
Glabonjat et al. (2019) found AsHC-388 to be more resistant to early-stage decomposition than
the co-occurring arsenic phospholipids (AsPLs), persisting as the last detectable arsenolipid after
the AsPLs had degraded. That experiment, however, compared AsHC-388 against other
arsenolipid classes and did not resolve differences among AsHC homologues of different chain
length. The sediment record reported here reveals a second-order pattern the decomposition
experiment could not capture: among the AsHC homologues themselves, the longest-chain AsHC-
388 is the least frequently preserved (absent from all fossil samples), while the shorter AsHC-360
and AsHC-332 are recovered far more consistently, including in fossil sediments. The
recalcitrance of AsHCs relative to other arsenolipid classes therefore does not extend uniformly
across chain length in the geological record.

We suggest two non-exclusive controls. First, the operative timescales differ: the

laboratory experiments tracked early biological decomposition over days to months, during which
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AsHC-388 was a survivor relative to AsPLs, whereas the geological record integrates slower
diagenetic and matrix-dependent processes over 10*—10% years that need not preserve the same
compound ranking. Second, AsHC-388 may not be synthesised by all arsenolipid producers:
several fresh or well-preserved modern samples (the meromictic temperate lakes and small ponds)
also lacked AsHC-388 despite yielding the shorter homologues, pointing to a source-side control
by producer-community composition (Section 3.4.2) in addition to preservation. Resolving these
source and sink controls is beyond the detection-level data presented here, but the pattern identifies
AsHC-388 as the homologue most diagnostic of both the biological origin and the preservational
history of a sample.

Among the AsHC homologues, the consistent detection of AsHC-360 (twelve of fourteen
samples; Section 3.3.4) identifies the Ci7» homologue as the most reliable single target for AsHC
screening in sedimentary archives, whereas AsHC-388 is recovered only under a restricted set of

source and preservational conditions (Section 3.5.7).

3.6 Summary

Applying the SPE-NPLC workflow developed in Chapter 2, this chapter provides the first
broad survey of arsenolipid distribution across modern aquatic environments and the geological
record, establishing that arsenolipids occur widely in modern aquatic systems and persist across
geological timescales in sedimentary archives spanning diverse depositional and lithological
settings. In modern systems, this work detected at least one arsenolipid class in all eight aquatic
samples examined—a brown macroalga, brackish and freshwater meromictic lakes, a tropical
anoxic rift lake, a eutrophic reservoir, hypoxic coastal sediments, and small urban ponds—with
AsHCs and thioxoarsenolipids co-occurring in all but the algal end-member, which yielded AsHCs

alone. These findings substantially expand the known environmental range of arsenolipids, which
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earlier reports had largely confined to seafood and algal sources, and indicate that arsenolipid
production extends across a far wider diversity of aquatic settings than previously recognized. In
the geological record, this work recovered arsenolipids from sedimentary rocks ranging in age
from Quaternary Peru-margin OMZ sediments to the mid- to late Cenomanian (~94—100 Ma) ODP
1259C-18R black shale within the OAE2 interval, across lithologies from organic-rich anoxic
shales to low-TOC carbonate-rich pelagic chalks. The AsHCs were recovered in fossil sediments
as old as ~90 Ma, whereas thioxoarsenolipids persisted to the oldest (OAE2) sample at ~94-100
Ma; the two classes therefore differ in long-term preservation, with thioxoarsenolipids extending
the preserved record across at least ~100 Myr. Together, these results position arsenolipids as a
class of molecular fossil whose distribution in modern aquatic systems and preservation in the
geological record are sufficiently broad to motivate their further development as a
paleoenvironmental tool.

The sample set examined in this chapter, however, is composed of widely separated
samples from contrasting environments, with each sample representing a single point in time
within its respective setting. This survey design is well suited to establishing the breadth of
arsenolipid distribution and preservation but cannot resolve how arsenolipid abundances and
channel distributions respond to environmental change within a single depositional system. A
different sampling strategy—stratigraphically resolved sampling within a single sedimentary
sequence whose depositional history is well constrained—is required to test whether arsenolipid
distributions track documented environmental transitions.

The Holocene sedimentary sequence of the Black Sea provides such a system. The Black
Sea has undergone a series of well-documented environmental transitions over the Holocene,

including the transition from a freshwater lacustrine system to a marine-connected basin (Major et
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al., 2006; Soulet et al., 2011) and the development of the modern euxinic water column (Arthur
and Dean, 1998), with these transitions recorded in lithologically distinct units that have been
characterized by independent paleoenvironmental proxies. Chapter 4 presents a stratigraphically
resolved analysis of arsenolipids through this sedimentary sequence, examining their distributions
in relation to the documented environmental transitions and the multiple environmental factors
that may influence arsenolipid preservation. The central question addressed in Chapter 4 is whether
arsenolipid composition tracks the documented Holocene environmental transitions in this single,
well-characterized archive—and, if so, what proximate and upstream environmental controls

govern that response?
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1965)

Modern

Depositional
environment

Brown macroalga
(extant primary
producer)

Semi-enclosed

coastal basin;
seasonal hypoxia;
active Fe-Mn redox
cycling and pore-
water sulfate
reduction

Small coastal
seasonally
meromictic pond;
well-defined oxic—
anoxic interface;

sulfidic hypolimnion

Permanently
meromictic urban
lake; brackish bottom
water; black-water
anoxic chemocline at
~15-16 m

Glacial-plunge-pool
meromictic marl lake;
persistently sulfidic
monimolimnion

below ~18-20 m
chemocline; calcite-
laminated sediments

Tropical freshwater
rift lake; max depth
1470 m; permanently
anoxic below ~100-
150 m; largest body of
anoxic freshwater on
Earth

Eutrophic reservoir;
mean depth ~5 m,
max 18 m; persistent
algal blooms

Small recreational
pond on University of
Oklahoma campus

Lithology / TOC

TOC ~2-4 wt%

Sediment from
sulfidic basin
Annually laminated

(varved) sediment

Carbonate-laminated
organic sediment

Lacustrine organic-
rich sediment

Fine-grained reservoir
sediment

Surface pond
sediment /
suspended matter

Selection rationale

Algal end-member;
positive control for
AsHC identification (Liu,
2023 reference)

Coastal redox-
transitional reference;
methodological

continuity with Chapter 2

Marine-influenced

meromictic end-
member at sub-lake
scale

Mid-latitude meromictic
reference  with  high-
resolution varve archive

Classic
modern
Proterozoic
chemistry

euxinic lake;
analog  for
ocean

Tropical large-rift-lake
reference; deep anoxic
freshwater system

Anthropogenically
eutrophied  freshwater
system

Small-volume urban-
pond end-member
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ODP 1227-3H5

ODP 1227-5H3

Messel Shale

ODP 1259C-4R

ODP 1259C-
15R

ODP 1259C-
18R

Fossil sedimentary samples

8.99°S, 79.96°W; Quaternar
~427 m water y (~24-25
depth (Peru mbsf)
margin, Trujillo
Basin)
8.99°S, 79.96°W Quaternar
(same site as y (~36-37
above) mbsf)
49°55'N, 8°45'E ~48 Ma
(Hesse, Germany) (middle
Eocene)
9°N, 54°W; 2354 m | ~52-53 Ma
water depth (early
(Demerara Rise) Eocene)
9°N, 54°W; 2354 m ~90 Ma
water depth (Late
(Demerara Rise, Cretaceou
~380 km N of s, late
Suriname) Turonian)
9°N, 54°W (same Mid-late
Demerara Rise Cenomani
site) an (~94-
100 Ma);
spans
OAE2
interval

Modern Peru OMZ
upwelling system;
suboxic-to-anoxic
margin sediment

Same Peru OMZ
system; deeper and
slightly older interval

Lacustrine
meromictic oil shale;
persistently anoxic
bottom waters; finely
laminated

Open-marine pelagic;
oxic-to-suboxic
bottom waters;

pervasive
bioturbation

Restricted marine;
bottom-water anoxia;
high productivity;
Demerara Rise black-
shale sequence

Laminated organic-
rich black shale;
strongly euxinic
conditions during

OAE2

Diatomaceous-rich
silty sediment
(Subunit 1IB); TOC
1.2-10.6 wt%

Diatom-bearing
clayey silt with
dolomite-bearing
layers (Unit Ill)

TOC ~27 wt%

Foraminifer-
nannofossil pelagic
chalk; CaCO3 ~62-69
wt%; TOC ~0.0-0.01
wit%

Calcareous
claystone (sub-mm
laminated); TOC 11.4
wt%, CaCO355.1
wt%; Type Il marine
kerogen

Laminated black
shale; mid-late
Cenomanian dated
by Lithraphidites
acutus nannofossil;
OAE2 black-shale
interval

Peru-margin OMZ end-
member; tests AsHC in
modern high-
productivity upwelling
sediments

Stratigraphic companion
to 1227-3H5; tests
within-core AsHC

consistency

Lacustrine fossil
reference; renowned for
exceptional biomolecule

preservation

Tests AsHC preservation
in low-TOC, carbonate-
dominated pelagic
settings

Methodological
continuity with Chapter
2; post-OAE2 black-
shale interval

Oldest sample analyzed;
tests upper age limit of
arsenolipid detectability
across OAE2

Table 3.1 Characteristics of the fourteen samples analyzed in this chapter, organized by
sample type (modern aquatic settings and fossil sedimentary samples). Coordinates, depositional

environments, lithology, and the rationale for inclusion in the sample set are summarized for each

entry.
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Sample

Kelp Seaweed (Laminaria sp.)

Aarhus Bay surface sediment

Salt Pond

Lower Mystic Lake

Fayetteville Green Lake

Lake Tanganyika

Lake Thunderbird

Duck Pond

ODP 1227-3H5

ODP 1227-5H3

Messel Shale

ODP 1259C-4R

ODP 1259C-15R

ODP 1259C-18R

AsHC-332 AsHC-360

m/z 333 m/z 361

tr

tr

AsHC-388

m/z 389

Modern aquatic settings

tr

tr

Fossil sedimentary samples

tr

thioxoarsen | thioxoarsen

olipid

m/z 547

tr

tr

tr

olipid

m/z7 549

tr

tr

thioxoars
enolipid

m/z7 565

tr

tr
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Table 3.2 Detection summary for arsenolipid target compounds across the fourteen samples.
Three AsHC homologs (AsHC-332, AsHC-360, AsHC-388, detected as their [M+H]+ ions at m/z

333, 361, and 389) and three thioxoarsenolipid species (at m/z 547, 549, 565) were screened by
extracted-ion chromatography. Symbols: v = detected (clear peak meeting all identification

criteria in Section 2.6, integrated area > 10*); tr = trace: a low-abundance peak that is clearly
distinguishable from baseline noise and meets the same identification criteria, but with integrated
area < 10*; — = not detected (no peak distinguishable from baseline noise). Integrated areas are
used only to classify detections within each sample and are not compared across samples or
interpreted as relative abundance; relatively quantitative cross-sample comparison is reserved for

Chapter 4.
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Chapter 4 The Holocene Black Sea Arsenolipid Record: A Time-Resolved Case Study

from GGC18

4.1 Introduction

The Holocene sedimentary archive of the Black Sea preserves a continuous record of one
of the most pronounced redox and salinity transitions in the recent geological past: the
transformation of a brackish-to-freshwater lacustrine basin into a marine-connected, persistently
euxinic system. This transition is recorded in three lithologically distinct sapropel units (Hay et
al., 1991; Major et al., 2006): Unit III (11.7-7.6 ka), spanning the late lake phase and the initial
Mediterranean inflow at ~9.4 ka; Unit II (7.6-2.6 ka), recording the development and stabilization
of photic-zone euxinia (PZE) following water-column stratification; and Unit 1 (2.6-0 ka),
reflecting the late-Holocene surface-water freshening associated with increased fluvial discharge
from major regional rivers. The high temporal resolution of this record, combined with the
documented chronology of environmental transitions, makes the Holocene Black Sea an
exceptional natural laboratory for evaluating how distinct organic-geochemical proxies respond to
redox and salinity change in a single sedimentary system (Coolen et al., 2013; Arthur and
Sageman, 2005).

This chapter builds on a sequence of recent investigations of the Holocene Black Sea
sapropel sequence carried out on the same GGC18 sediment core (42°46.6'N, 28°40.6'E; 971 m
water depth; cruise AK06; Coolen et al., 2009; Huang et al., 2021). Two parallel investigations of
these thirteen samples—Alo et al. (2026) reconstructing the producer-side ecological response
through coupled long-chain alkenone and chlorophyll-a derivative analyses, and Zhao et al. (2026)
resolving water-column degradation pathways through chlorin-derivative class partitioning—

together establish a multi-dimensional environmental baseline against which arsenolipid
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distributions in the same sedimentary sequence can be interpreted. The full proxy framework
derived from these two studies is described in Section 4.2.3.

Three questions guide the present chapter, building on the methodological framework of
Chapter 2 and the survey results of Chapter 3. First, how do AsHC abundances and homolog
distributions vary through the GGCI18 sequence in relation to the documented phytoplankton-
community turnover? Second, how do the thioxoarsenolipids in the same Black Sea sapropel
distribute through the sequence, and do their abundances correspond to specific intervals within
the established redox and water-column frameworks? Third, what is the relationship—if any—
between AsHC and thioxoarsenolipid distributions through the sequence, and what does this
relationship imply for the controls on arsenolipid composition in a stratified, redox-evolving
depositional system? The chapter is organized as follows. Section 4.2 describes the GGC18 sample
set and the stratigraphic framework derived from Alo et al. (2026) and Zhao et al. (2026). Section
4.3 presents the detection results for AsHCs and thioxoarsenolipids across the thirteen-sample
sequence. Sections 4.4 and 4.5 discuss the stratigraphic records of each compound class in turn,
with reference to the producer-side and degradation-pathway frameworks established in the
parallel studies. Section 4.6 examines the relationship between the two compound classes across
the sequence and considers the multiple environmental factors that may shape the arsenolipid
record. Section 4.7 summarizes the chapter and situates the Black Sea record within the broader

paleoenvironmental potential of arsenolipids developed in this dissertation.

4.2 Sample Set and Stratigraphic Framework

4.2.1 GGC18 sediment core and sample selection

The samples analyzed in this chapter come from the Giant Gravity Core GGC138, collected

from the western Black Sea basin (42°46.569'N, 28°40.647'E) at 971 m water depth during cruise
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AKO6 of the R/V Akademik in 2006 (Coolen et al., 2009; Filipova-Marinova et al., 2013; Huang
et al., 2021). The core captures a continuous Holocene sapropel sequence spanning from the late
lake phase of the Black Sea through the Mediterranean inflow, the development of photic-zone
euxinia, and the late-Holocene freshening transition to the present day. Thirteen sediment samples
spanning approximately 11.7 to 0.6 cal. ka B.P. were selected for arsenolipid analysis (Table 4.1).
This sample set is identical to the suite analyzed by Alo et al. (2026) and Zhao et al. (2026),
enabling direct stratigraphic comparison of arsenolipid signals with the chlorophyll-derivative and
bulk geochemical records developed in those parallel investigations. Sample preparation followed
the freeze-drying and total lipid extraction protocols described in Section 2.3, with subsequent

silica-gel SPE cleanup applied to enrich arsenolipids prior to LC-MS analysis.

4.2.2 Stratigraphic units of the Holocene Black Sea sapropel

The Holocene sapropel sequence is divided into three lithologically distinct units following
the classification of Hay et al. (1991), each corresponding to a distinct depositional and
environmental regime.

Unit III (11.7-7.6 ka) encompasses the late lake phase (11.7-9.4 ka) and the period of
initial Mediterranean inflow (9.4-7.6 ka) (Soulet et al., 2011). Sediments deposited during this
interval are characterized by variable total organic carbon contents and reflect a stratified-to-mixed
water column under low-salinity, oxygenated-to-suboxic conditions (Alo et al., 2026). The
transition from lacustrine to brackish marine conditions is recorded by the first appearance of
Emiliania huxleyi at ~9.3 ka and by progressive changes in salinity-sensitive biomarker
assemblages (Coolen et al., 2013; Alo et al., 2026).

Unit II (7.6-2.6 ka) records the development and stabilization of photic-zone euxinia (PZE)

following water-column stratification driven by sustained Mediterranean inflow and rising surface
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salinity. The onset of PZE is estimated at ~7.5 ka (Arthur and Dean, 1998; Arthur and Sageman,
2005), and intensified euxinia between ~5 and 3 ka B.P. has been inferred from peaks in the 31-
meso-pyropheophytin-a/pyropheophytin-a ratio (Zhao et al., 2026), consistent with earlier
molecular and isotopic evidence for Holocene chemocline oscillations and shoaling phases
reported by Sinninghe Damsté et al. (1993) and Huang et al. (2000); the meso/pyropheophytin-a
marker reflects anaerobic bacterial degradation of haptophyte chlorophyll-a under sulfate-reducing
conditions (Spooner et al., 1995). Unit II sediments are organic-rich (TOC up to ~10 wt% in the
western shelf location of GGC18) and finely laminated, consistent with anoxic bottom-water
deposition.

Unit I (2.6-0 ka) is composed predominantly of coccolith marl reflecting a late-Holocene
surface-water freshening event associated with increased fluvial discharge from the Danube,
Dnieper, and Don rivers (Giosan et al., 2009, 2012). The freshening event lowered surface-water
salinity and increased nutrient delivery, triggering a resurgence of Isochrysis algae and a sharp rise
in long-chain alkenone abundances (Alo et al., 2026). Total organic carbon (TOC) declines from
the Unit II maximum due to dilution by carbonate input, while the chemocline progressively
deepens under the combined influence of freshwater inflow and partial water-column ventilation

(Zhao et al., 2026).

4.2.3 Existing paleoenvironmental constraints from parallel studies

The chlorophyll-derivative and bulk geochemical records developed by Alo et al. (2026)
and Zhao et al. (2026) on the same thirteen samples provide a multi-proxy baseline against which
the arsenolipid record presented in this chapter can be interpreted. Alo et al. (2026) established
that primary productivity, as recorded by total Chl-a-DD concentration, increases stepwise from

Unit I (~280 pg/g OC average) to Unit II (~1100 pg/g OC average), and that the relative
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contribution of Isochrysis algae versus other phytoplankton groups, tracked by the Chl-a-
DDs/LCAs ratio, is stable in Unit III, elevated in Unit II (indicating Isochrysis suppression), and
reduced again in Unit I (indicating Isochrysis resurgence). Bulk parameters from the same study—
TOC, 6"*C(org), 6'*°N(org), and perylene—document the parallel environmental shifts in organic-
carbon burial, photic-zone irradiance, nitrogen-cycle perturbation, and terrestrial input across the
three units.

Zhao et al. (2026) further partitioned the Chl-a-DD pool into reductive (ReCs), oxidative
(OxCs), steryl chlorin ester (SCEs), and cyclopheophorbide (CPBs) classes, each tracking a
distinct water-column or sedimentary process. Reductive derivatives (ReCs) and the meso/pPhe-a
ratio respond to redox state and the intensity of euxinia, with the meso/pPhe-a peak between ~5
and 3 ka B.P. interpreted as an interval of intensified euxinia. Oxidative derivatives (OxCs),
elevated in Units II and I, reflect intracellular oxidation associated with photic-zone light stress
under shoaled chemocline conditions. Steryl chlorin esters (SCEs), dominant in Unit III and
reduced in Units II and I, track macrozooplankton grazing-mediated organic-carbon export.
Cyclopheophorbide derivatives (CPBs), elevated under euxinic conditions, reflect protist-
mediated grazing combined with antioxidative response to oxidative stress.

Together, these two studies establish a multi-dimensional environmental baseline for the
Holocene GGCI18 sequence: Alo et al. (2026) provides the producer-side constraints—what
phytoplankton groups dominated, when, and under what salinity and nutrient regimes—while
Zhao et al. (2026) provides the water-column process constraints—how chlorophyll-derived
organic matter was modified during transit and deposition under varying redox, light-stress, and

grazing regimes. The arsenolipid distributions presented in Section 4.3 will be interpreted against
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this baseline in Sections 4.4 through 4.6, enabling a stratigraphic-resolution test of how arsenolipid

signals respond to the documented environmental and ecological transitions.

4.3 Detection Results

Both AsHCs and thioxoarsenolipids were detected across all thirteen GGC18 samples. Two
AsHC homologs—AsHC-332 (C15) and AsHC-360 (C17)—were identified using the criteria
established in Section 2.6.1, while AsHC-388 (C19) was below the detection limit in all samples,
consistent with the absence of AsHC-388 from all fossil samples and most modern settings
reported in Sections 3.3.1 and 3.5.7. Three thioxoarsenolipid homologs—m/z 547, 549, and 565,
corresponding to compounds 23, 24, and 19 of Liu (2023 )—were identified following the carbon—
sulfur fragmentation criteria established in Section 2.6.2. Quantification followed the internal-
standard protocol applied to the parallel chlorin-derivative studies on this sample set (Alo et al.,
2026; Zhao et al., 2026). Prior to extraction, 500 ng of Cas glycerol trialkyl glycerol tetraether (Cas-
GTGT) was added to each of the thirteen samples as an internal standard for chromatographic
quantification. Because authentic standards for the individual AsHC and thioxoarsenolipid
homologues were not available, compound abundances were estimated from their peak areas
relative to that of the C4-GTGT internal standard and are therefore considered semi-quantitative.
Abundances are reported as TOC-normalized values (nug/g OC) using the bulk organic-carbon
contents determined for the same samples by Alo et al. (2026), enabling comparison across the
sequence. Unlike the qualitative survey of Chapter 3, in which no internal standard was used and
detection was assessed only as presence or absence (Section 2.6.3), the addition of a fixed amount
of internal standard to every GGC18 sample permits relative-abundance comparison through the

sequence.
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4.3.1 AsHC abundance and distribution

Total AsHC concentrations (sum of AsHC-332 and AsHC-360) across the thirteen samples
vary by approximately a factor of seven, from 0.248 pg/g OC at 3.66 ka (Unit II) to 1.86 pg/g OC
at 1.35 ka (Unit I). The unit-averaged abundances follow a non-monotonic stratigraphic pattern:
Unit III samples yield an average total AsHC concentration of 0.959 ng/g OC, Unit I samples
decrease to an average of 0.604 ng/g OC, and Unit I samples reach the highest unit-averaged
concentration of 1.58 pg/g OC. The minimum-to-maximum range of unit averages spans
approximately 2.6-fold across the Holocene sequence.

Beyond the changes in total abundance, the relative proportions of the two homologs shift
systematically across the stratigraphic units. In Unit III, AsHC-360 is the more abundant homolog,
with an average AsHC-332/AsHC-360 ratio of 0.628. In Unit II, the two homologs are present in
approximately similar proportions, with an average ratio of 1.42. In Unit I, AsHC-332 becomes
strongly dominant, with an average ratio of 3.20. The progressive increase in the AsHC-
332/AsHC-360 ratio from Unit IIT through Unit I represents a more than five-fold change across
the Holocene sequence, larger in magnitude than the variation observed in the total AsHC

concentration itself.

4.3.2 Thioxoarsenolipid abundance and distribution

Total thioxoarsenolipid concentrations (sum of m/z 547, 549, and 565) vary by more than
a factor of twenty across the thirteen samples, from 14.6 pg/g OC at 11.7 ka (Unit III) to 332 pg/g
OC at 6.73 ka (Unit II). The unit-averaged abundances follow a markedly stepped stratigraphic
pattern: Unit III samples yield an average total thioxoarsenolipid concentration of 28.3 pg/g OC,

Unit II samples increase approximately seven-fold to an average of 194 pg/g OC, and Unit I
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samples remain elevated at an average of 154 pg/g OC. The maximum value of 332 pg/g OC
occurs at 6.73 ka, immediately above the Unit III/II transition.

Among the three thioxoarsenolipid homologs, m/z 549 is consistently the most abundant
component across all units, accounting for 49—83% of the total thioxoarsenolipid pool in any given
sample, with an average contribution of approximately 65%. Compound m/z 547 is the second
most abundant homolog (13-30% of total), while m/z 565 contributes the smallest fraction in most
samples (typically 2—18%). Variations in the m/z 549 concentration are strongly correlated with
variations in the total thioxoarsenolipid concentration across the thirteen samples (Pearson r =
+0.982, n = 13), indicating that variations in total thioxoarsenolipid concentration are largely co-
incident with variations in m/z 549. In contrast to the systematic five-fold shift observed for the
AsHC-332/AsHC-360 homolog ratio in AsHCs, the relative proportions of the three
thioxoarsenolipid homologs do not show a corresponding stratigraphic trend across Unit III, II,

and [.

4.3.3 Stratigraphic profiles, the AsHC-to-thioxoarsenolipid ratio, and within-unit variability

The stratigraphic distributions of AsHCs and thioxoarsenolipids across the thirteen samples
are presented in Figure 4.1, alongside the chlorophyll-derivative and bulk geochemical proxies
developed by Alo et al. (2026) and Zhao et al. (2026) on the same sample set.

A central feature of the combined arsenolipid record is the contrasting behavior of the two
compound classes through Unit II. While total AsHC concentrations decrease in Unit II relative to
Unit III, total thioxoarsenolipid concentrations increase by approximately seven-fold over the
same interval. The ratio of total AsHC to total thioxoarsenolipid (AsHC/thioxoarsenolipid ratio in
Figure 4.1) captures this contrast in a single quantity: the unit-averaged ratio is 0.0391 in Unit III,

decreases by approximately an order of magnitude to 0.00344 in Unit II, and partially recovers to
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0.0105 in Unit I. The minimum AsHC/thioxoarsenolipid ratio across the entire sequence,
0.000803, occurs at 6.73 ka, which also corresponds to the maximum absolute thioxoarsenolipid
concentration. The Unit II interval is therefore characterized simultaneously by suppressed AsHC
abundance, elevated thioxoarsenolipid abundance, and a strongly thioxoarsenolipid-dominated
arsenolipid pool.

The stratigraphic transition between the 7.79 ka sample (Unit I1I) and the 6.73 ka sample
(Unit II) corresponds to the largest single inter-sample change in arsenolipid abundance observed
across the entire sequence: total thioxoarsenolipid concentration increases by 266 pg/g OC (a 5-
fold rise across the Unit III/II boundary), while total AsHC concentration decreases by 1.36 pg/g
OC over the same step. The 6.73 ka sample, which lies immediately above this boundary, exhibits
coincident extremes in three independent arsenolipid metrics within a single stratigraphic horizon:
the maximum total thioxoarsenolipid concentration (332 pg/g OC), the second-lowest total AsHC
concentration (0.267 pg/g OC), and the minimum AsHC/thioxoarsenolipid ratio (0.000803). On
this same sample, TOC reaches one of the highest values of the sequence, while the chlorophyll-
derivative ratios fall within their respective Unit Il ranges. The arsenolipid metrics therefore record
a more abrupt step change at this stratigraphic horizon than the chlorophyll-derivative ratios on
the same sample.

The dispersion of arsenolipid metrics within each stratigraphic unit, expressed as
coefficients of variation (CV), reveals contrasting structural behavior across the three units. Unit
IT exhibits the largest within-unit variability across all four primary metrics—total AsHC
concentration (CV = 64%), total thioxoarsenolipid concentration (CV = 44%),
AsHC/thioxoarsenolipid ratio (CV = 62%), and AsHC-332/AsHC-360 homolog ratio (CV = 68%).

Unit I, in contrast, shows the smallest within-unit variability across all four metrics (CV = 13—
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23%), and Unit III is intermediate (CV = 20-77%). Within Unit III, total AsHC and total
thioxoarsenolipid concentrations are strongly co-varying across the five samples (Pearson r =
+0.989, n = 5), suggesting that the two compound classes track one another within this baseline
interval, although the small within-unit sample size limits the strength of this inference. Within
Unit II and Unit I, this strong co-variation breaks down (r =—0.169 in Unit II, n=5; r=-0.014 in
Unit I, n = 3). The arsenolipid distributions, the systematic AsHC-332/AsHC-360 homolog shift,
the contrasting Unit-scale behavior of the two compound classes, and the within-unit variability
structure together provide the empirical basis for the producer-side and water-column

interpretations developed in the following sections.

4.4 Discussion: The AsHC Stratigraphic Record

The thirteen-sample AsHC record presented in Section 4.3 raises two interpretive
questions. First, what does the non-monotonic pattern of total AsHC abundance across the
stratigraphic units, combined with the systematic five-fold increase in the AsHC-332/AsHC-360
homolog ratio from Unit III through Unit I, indicate about the producer communities that
contributed to AsHC biosynthesis through the Holocene Black Sea sequence? Second, how does
the AsHC record relate to the phytoplankton-community dynamics documented by Alo et al.

(2026) for the same samples?

4.4.1 Stratigraphic patterns in the AsHC record

Two features of the AsHC record carry interpretive weight beyond simple variation in
concentration. First, the unit-averaged total AsHC abundance follows a non-monotonic
stratigraphic pattern: an intermediate baseline in Unit III (0.959 pg/g OC), a depression in Unit 11
(0.604 pg/g OC), and the highest values of the sequence in Unit I (1.58 pg/g OC). Both Alo et al.

(2026) and Zhao et al. (2026) attribute the elevated organic-carbon content of Unit II to a
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combination of enhanced primary productivity and improved preservation under euxinic
conditions. If improved preservation were the dominant control on the arsenolipid record, both
compound classes would be expected to benefit; instead, total thioxoarsenolipid abundance rises
roughly seven-fold across the Unit III/II transition while total AsHC abundance falls to its lowest
values of the sequence (Section 4.3.3). The opposite behaviour of the two compound classes under
the same conditions of improved bulk preservation indicates that the Unit II AsHC depression
cannot be explained by preservation efficiency, and instead reflects a reduced supply of AsHCs to
the sediment, a selective loss of AsHCs relative to thioxoarsenolipids, or both.

Second, the AsHC-332/AsHC-360 homolog ratio shifts systematically from a Unit III
value of 0.628 (AsHC-360 dominant) through a Unit II transitional value of 1.42 to a Unit I value
of 3.20 (AsHC-332 dominant), a five-fold change that exceeds the range of variation in the total
AsHC concentration itself. The progressive nature of this shift across stratigraphic units, including
its continuation into Unit [ where total AsHC abundance recovers, suggests that the homolog ratio
carries information distinct from that carried by the total abundance. The two metrics—total
abundance and homolog composition—are therefore likely to reflect partially independent controls
on the producer-side input of AsHCs to the sediment. The progressive, monotonic increase in the
AsHC-332/AsHC-360 ratio from Unit III through Unit I (0.63 — 1.43 — 3.20) is unlikely to reflect
differential diagenetic loss of the two homologues. Preferential loss of the longer-chain AsHC-360
with burial would predict the highest ratios in the oldest, most deeply buried samples; instead, the
observed ratios are highest in the youngest Unit I sediments and lowest in the oldest Unit III
samples, the opposite of the trend expected from burial-related degradation. The monotonic
increase therefore more plausibly reflects a directional change in the chain-length distribution of

the AsHCs supplied to the sediment—a producer-side compositional signal—consistent with the
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strong correlation between the homolog ratio and total Chl-a-DD concentration (r = +0.881, n =
13; Section 4.4.2). The specific producer-community or physiological controls on AsHC chain
length cannot be resolved from the present dataset and will require calibration against modern

source organisms.

4.4.2 Co-variation with phytoplankton dynamics from Alo et al. (2026)

The total AsHC concentration record on the GGC18 samples co-varies with the
phytoplankton-community indicators developed by Alo et al. (2026), with both records reaching
their lowest values in Unit II and their highest values in Unit I. Alo et al. (2026) demonstrated,
through paired analysis of long-chain alkenones (LCAs) and chlorophyll-a degradation derivatives
(Chl-a-DDs) on these thirteen samples, that Isochrysis algae maintained a stable contribution to
the phytoplankton community through Unit III, were strongly suppressed during the photic-zone
euxinia interval of Unit II, and underwent a rapid resurgence following the Late-Holocene
freshening event in Unit [ (Section 4.2.3). The non-monotonic AsHC pattern—intermediate Unit
II1, suppressed Unit II, elevated Unit [—follows a similar Unit-by-Unit pattern to this Isochrysis
trajectory documented by Alo et al. (2026).

This co-variation is supported quantitatively by the relationship between the AsHC-
332/AsHC-360 homolog ratio and the chlorophyll-derivative records on the same samples. The
homolog ratio is strongly correlated with total Chl-a-DD concentration across the thirteen samples
(Pearson r =+0.881, n = 13; Figure 4.2a), and moderately correlated with LCA concentration (r =
+0.655, n = 13). The strength of these correlations indicates that the systematic homolog-ratio shift
is not independent of the phytoplankton-community dynamics documented by Alo et al. (2026)
but co-varies with them at the level of compositional change in the AsHC pool. The simultaneous

behavior of the two records—the recovery of both Isochrysis productivity and elevated AsHC
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abundances in Unit I, and the strong positive correlation between the homolog ratio and the Chl-
a-DD record—is consistent with a producer-side coupling between AsHC biosynthesis and the

phytoplankton community that contributed Chl-a-DD-bearing biomass to the sediment.

4.4.3 Implications for AsHC source communities in the Holocene Black Sea archive

The co-variation between the AsHC record and the phytoplankton-community dynamics
documented by Alo et al. (2026) is consistent with two non-exclusive interpretations regarding
AsHC source organisms in this sedimentary archive. The first is that Isochrysis algae, or members
of the broader phytoplankton assemblage that fluctuates synchronously with Isochrysis, contribute
directly to AsHC biosynthesis under the redox and salinity conditions of the Black Sea Holocene.
Isochrysis belongs to the haptophyte algal lineage, which had not yet been characterized as an
AsHC producer in published culture work, although AsHC has been documented in brown algae
and other marine organisms (Garcia-Salgado et al., 2012; Raab et al., 2013); if confirmed by future
culture studies, the present results would extend the documented producer range of AsHCs to this
lineage. The second interpretation is that AsHC biosynthesis is performed by other components of
the producer community whose abundance covaries with Isochrysis under the salinity and nutrient
regimes that govern Isochrysis productivity. Bacterial producers, including the cyanobacterial and
heterotrophic-bacterial sources discussed in Section 3.4.2, would respond to similar environmental
controls and could therefore generate a similar stratigraphic signal without being themselves part
of the Isochrysis lineage.

The thirteen-sample dataset cannot statistically deconvolve the contributions of these two
interpretations on its own, both because the source organisms of AsHCs in natural environments
remain incompletely characterized (Section 3.4.2) and because correlation between the AsHC

record and Isochrysis-related proxies does not establish that Isochrysis itself is the AsHC source.
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However, established results from culture experiments and the broader literature on marine arsenic
biogeochemistry (Edmonds and Francesconi, 1987) provide one plausible interpretation of the
stratigraphic patterns observed across the GGC18 sequence. The AsHC biosynthesis has been
documented in culture for a phylogenetically diverse range of producer organisms, including the
green algae Dunaliella tertiolecta (Wrench and Addison, 1981; Glabonjat et al., 2018) and
Picocystis strain ML (Glabonjat et al., 2020), and the cyanobacterium Synechocystis sp. PCC 6803
(Xue et al., 2014). In these culture studies, the relative production of arsenolipids versus water-
soluble arsenicals depends strongly on the As/P ratio in the growth medium (Glabonjat et al., 2018,
2020), with arsenolipid yields rising under conditions of phosphate limitation. In the Holocene
Black Sea, both the phytoplankton-community composition and the surface-water nutrient regime
change systematically across the Unit transitions (Alo et al., 2026), which is consistent with the
observed AsHC patterns reflecting a combination of compositional shifts in the producer
community and physiological responses of those producers to the changing salinity and nutrient
regimes documented by Alo et al. (2026). Distinguishing the relative contributions of taxonomic
turnover and physiological adjustment within the same lineages will require culture-based
experiments with phytoplankton from the Holocene Black Sea or close analogs, and is beyond the
scope of the present study.

The implication of the co-variation, however, is that the Holocene AsHC record is
consistent with a producer-side record reflecting the stratigraphic ecology of AsHC biosynthesis
in this sedimentary system, rather than being well explained by organic-matter preservation alone.
The AsHC homolog composition, encoded in the AsHC-332/AsHC-360 ratio, may therefore serve

as a complementary signal of producer-community change in sedimentary archives where
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Isochrysis- or LCA-based proxies are unavailable, with calibration against modern source

organisms providing the next step toward a quantitative interpretation.

4.5 Discussion: The Thioxoarsenolipid Stratigraphic Record

The thirteen-sample thioxoarsenolipid record presented in Section 4.3 provides the first
stratigraphic profile for the arsenolipids in Black Sea sapropel sediments. Two interpretive
questions follow from this record. First, what controls the seven-fold stepwise increase in total
thioxoarsenolipid abundance across the Unit III/Il boundary, and the persistence of elevated
abundances through Unit II and into Unit I? Second, how does the thioxoarsenolipid record relate

to the water-column processes documented by Zhao et al. (2026) for the same samples?

4.5.1 Stratigraphic patterns in the thioxoarsenolipid record

Three features of the thioxoarsenolipid record carry interpretive weight beyond the simple
Unit-averaged trend. First, the abundance increase between Unit III and Unit I is sharp rather than
gradual: total thioxoarsenolipid concentration rises from a Unit III average of 28.3 ng/g OC to a
Unit II average of 194 pg/g OC, a seven-fold increase concentrated largely at the Unit III/II
transition (Section 4.3.3). The maximum value of 332 pg/g OC occurs at 6.73 ka, immediately
above this boundary and within the early phase of photic-zone euxinia (PZE) development (Section
4.2.2). The stepwise nature of the increase, together with its location at the redox transition, is
consistent with a rapid response of thioxoarsenolipid formation or accumulation to the shift from
oxic-to-suboxic to euxinic conditions, the timing of which is independently constrained by pyrite
framboid size distributions in the same sedimentary sequence (Wilkin et al., 1997). The precise
mechanism by which the depositional change couples to the thioxoarsenolipid record is not

constrained by the present dataset.

&9



Second, the elevated abundances persist through Unit II (mean 194 pg/g OC) and into Unit
I (mean 154 ng/g OC), even as Unit I records the late-Holocene surface-water freshening event
and the partial deepening of the chemocline described in Section 4.2.2. The Unit I
thioxoarsenolipid abundance is therefore not consistent with an immediate decline upon
weakening of euxinic conditions. Two non-exclusive interpretations are consistent with this
observation. First, thioxoarsenolipids may preserve well once formed and undergo limited
subsequent degradation. Particle-hosted sulfurization forms acid-resistant organic sulfur rapidly
and enhances organic-carbon preservation in sediments underlying oxygen-deficient waters
(Raven et al., 2021), and sulfurization is widely understood to limit the bioavailability of organic
matter to microbial respiration—by removing energy-yielding functional groups, increasing
molecular weight, and producing structures less susceptible to enzymatic breakdown (Raven et al.,
2018; Phillips et al., 2022). The incorporation of reduced sulfur correspondingly enhances the
preservation of biomarker lipids in anoxic sediments (Werne et al., 2008) and of dissolved organic
matter in the modern Black Sea water column (Gomez-Saez et al., 2021). A comparable
stabilization of the arsenic—sulfur bond once formed would plausibly explain why
thioxoarsenolipid abundances remain elevated into Unit I even as euxinic intensity wanes. Second,
thioxoarsenolipid production may continue at appreciable rates in the still-stratified water column
of the late Holocene despite the partial chemocline deepening.

Third, the relative proportions of the three thioxoarsenolipid homologs (m/z 547, 549, and
565) remain broadly stable across the three stratigraphic units, in contrast to the systematic five-
fold shift observed in the AsHC-332/AsHC-360 homolog ratio (Section 4.3.2). The dominance of
m/z 549 across all units, which was indicated by the strong correlation between m/z 549

concentration and total thioxoarsenolipid concentration (Pearson r =+0.982, n = 13; Section 4.3.2),
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is consistent with a relatively stable channel for m/z 549 across the redox and salinity transitions
documented in the GGC18 sequence, although the chemical and biological details of this channel

are not resolved by the present data.

4.5.2 Co-variation with redox and water-column proxies from Zhao et al. (2026)

The thioxoarsenolipid record on the GGC18 samples co-varies systematically with several
of the chlorophyll-derivative proxies developed by Zhao et al. (2026) on the same thirteen samples,
providing quantitative evidence for a link between thioxoarsenolipid abundance and the water-
column processes those proxies track. The strongest of these relationships is between total
thioxoarsenolipid concentration and the SCE/Total ratio (Pearson r = —0.751, n = 13). Zhao et al.
(2026) interpreted SCE/Total as a tracker of macrozooplankton-grazing-mediated organic carbon
export, building on earlier work that established phorbin steryl esters as a major chlorophyll-
degradation pool in Black Sea sapropels and linked their formation to phytoplankton grazing by
zooplanktonic herbivores (King and Repeta, 1991). High values reflect fecal-pellet-dominated
export under non-stratified conditions and low values reflect reduced grazing under euxinia. The
strong negative correlation between thioxoarsenolipid abundance and SCE/Total is therefore
consistent with thioxoarsenolipid maxima coinciding with intervals in which macrozooplankton
grazing was suppressed and the SCE-based export pathway was diminished, although the
correlation alone does not establish whether the relationship reflects shared environmental drivers,
distinct response timing, or some other coupling.

A second relationship is between total thioxoarsenolipid concentration and the OxC/Total
ratio (Pearson r = +0.621). Zhao et al. (2026) interpreted OxC/Total as a tracker of intracellular
oxidation associated with photic-zone light stress under shoaled chemocline conditions, with high

values reflecting elevated reactive-oxygen-species production in primary producers. The positive
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correlation between thioxoarsenolipid abundance and OxC/Total is consistent with
thioxoarsenolipid maxima occurring within intervals also characterized by elevated light stress in
the surface ocean. Total thioxoarsenolipid concentration is also moderately positively correlated
with total Chl-a-DD concentration (r =+0.553, n= 13) and with "3C of organic carbon (r =+0.533,
n = 13), both of which reach their highest values in Unit II.

The thioxoarsenolipid record and the meso/pyropheophytin-a peak reported by Zhao et al.
(2026) between ~5 and 3 ka capture the same broad interval of intensified euxinia, but their
respective maxima do not coincide exactly: the thioxoarsenolipid maximum at 6.73 ka precedes
the meso-pPhe-a maximum by approximately 1-2 kyr. The two records, therefore, appear to
capture related but not identical aspects of the redox-stratification dynamics in the Black Sea
Holocene, with the thioxoarsenolipid record peaking early in the PZE development phase and the

meso-pPhe-a record peaking during the most intensified euxinic phase.

4.5.3 Implications for thioxoarsenolipid formation and preservation

The co-variations described in Section 4.5.2 constrain, but do not uniquely determine, the
formation pathway of the thioxoarsenolipids in this sedimentary system. Three non-exclusive
pathways are consistent with the observed stratigraphic patterns. The widespread detection of
thioxoarsenolipids documented in Chapter 3, including in modern aquatic settings whose surface
waters are not sulfidic (Lake Thunderbird, Duck Pond), establishes that at least some fraction of
the global sulfur pool must arise through a non-sulfide pathway, and this constraint frames the
candidate pathways considered below. The first is direct biosynthesis of thioxoarsenolipids by
microbial communities specialized to euxinic or sulfide-rich environments, with the seven-fold
abundance increase across the Unit III/Il boundary potentially reflecting a shift in producer-

community composition associated with the development of PZE; recent work has implicated
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marine bacteria as an overlooked source of arsenolipids in the broader surface ocean (Heal et al.,
2022), suggesting that prokaryotic producers in the Black Sea Holocene chemocline could
plausibly contribute to the thioxoarsenolipid pool. The second is post-depositional or in-water-
column sulfidation of arsenic-bearing precursors, generating thioxoarsenolipids through reaction
of pre-existing molecules with hydrogen sulfide or polysulfide species under euxinic conditions—
a class of process that has been independently demonstrated for organic substrates in modern
anoxic water columns and sinking particles (Werne et al., 2008; Gomez-Saez et al., 2021; Raven
et al., 2021). The third is a combination of both pathways, with biological synthesis dominating in
some intervals and abiotic sulfidation dominating in others. The present results do not distinguish
among these pathways, and the structural information available for the thioxoarsenolipids reported
by Liu (2023) does not yet allow a mechanistic assignment.

The thirteen-sample dataset cannot statistically deconvolve the contributions of these
candidate pathways. However, established chemistry and microbiology provide one plausible
interpretation of the thioxoarsenolipid response across the Unit III/II transition. Sulfide-driven
thiolation of arsenic-bearing molecules, in which oxygen ligands of As(IIl) and As(V) species are
replaced by sulfur ligands to form thioarsenites and thioarsenates, is a well-documented chemical
reaction under sulfidic conditions (Helz et al., 1995; Stauder et al., 2005; Wallschlidger and Stadey,
2007; Planer-Friedrich et al., 2007), and sulfide-driven thiolation has been demonstrated for both
inorganic arsenic species and methylated arsenic species (Pinel-Raffaitin et al., 2007; DC.Rubin
et al.,, 2014). Microbially mediated thioarsenate formation under sulfidic conditions has been
demonstrated for sulfate-reducing bacteria from natural and laboratory settings (DCRubin et al.,
2014; Wu et al., 2017), and porewater studies in lake sediments confirm that thioarsenic species

form during early diagenesis under the combined influence of sulfide and arsenic (Couture et al.,
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2010). The seven-fold increase in thioxoarsenolipid abundance and the corresponding
approximately eleven-fold drop in the AsHC/thioxoarsenolipid ratio across the Unit III/II
boundary coincide with the development of euxinic, sulfide-rich conditions in the Black Sea water
column documented independently by Sinninghe Damsté et al. (1993), Huang et al. (2000), and
the meso/pPhe-a record of Zhao et al. (2026). The combination of the established sulfide-driven
thiolation chemistry, the parallel microbial thiolation literature, and the timing of the
thioxoarsenolipid response across the Unit III/Il boundary is consistent with sulfide-mediated
chemistry being among the more plausible contributors to the observed stratigraphic patterns,
although the relative balance between abiotic sulfidation and microbially mediated thiolation
cannot be resolved by the present dataset.

The relationship between the thioxoarsenolipid record and the AsHC record discussed in
Section 4.4 provides one further set of observations relevant to formation pathway considerations.
The two compound classes vary in opposite directions across the Unit III/II transition—AsHC
abundance decreases while thioxoarsenolipid abundance increases—but their behaviors within
Unit III are tightly linked, with Pearson correlation r = +0.989 between total AsHC and total
thioxoarsenolipid concentrations across the five Unit III samples (Section 4.3.3). This co-variation
within the pre-euxinic baseline interval, followed by decoupling once euxinic conditions develop,
is consistent with several non-exclusive scenarios, including the possibility that the two compound
classes share input pathways under non-euxinic conditions but respond to environmental change
through different mechanisms once the depositional system enters the euxinic regime, or that
distinct input pathways for the two classes are differentially modulated by the development of

euxinia. Whether this difference reflects substrate availability, redox-controlled formation

94



specificity, selective preservation of thioxoarsenolipids over AsHCs under euxinic conditions, or

some combination of these factors cannot be resolved from the present dataset alone.

4.6 Discussion: The Coupled Arsenolipid Record and Multiple Environmental Controls

Sections 4.4 and 4.5 examined the AsHC and thioxoarsenolipid records separately, drawing
primarily on the producer-side framework of Alo et al. (2026) and the water-column-process
framework of Zhao et al. (2026), respectively. The contrasting stratigraphic behavior of the two
compound classes, however—decreasing AsHC abundance and increasing thioxoarsenolipid
abundance across the Unit III/II transition (Section 4.3.3)—indicates that neither compound class
alone captures the full arsenolipid response to the Holocene Black Sea environmental transitions.
The ratio of total AsHC concentration to total thioxoarsenolipid concentration (the
AsHC/thioxoarsenolipid ratio) provides a single composite metric in which the coupled behavior
of the two compound classes can be examined, and against which the influence of multiple
environmental factors documented by Alo et al. (2026) and Zhao et al. (2026) can be tested

simultaneously.

4.6.1 The AsHC/thioxoarsenolipid ratio as a coupled-record metric

The AsHC/thioxoarsenolipid ratio shows the largest range of variation observed in any of
the arsenolipid metrics in this study, spanning approximately two orders of magnitude across the
thirteen-sample sequence: the unit-averaged ratio is 0.0391 in Unit III, decreases by approximately
an order of magnitude to 0.00344 in Unit II, and partially recovers to 0.0105 in Unit I (Section
4.3.3). This range exceeds the 2.6-fold range of total AsHC unit averages and is comparable to the
seven-fold range of total thioxoarsenolipid unit averages, indicating that the two compound classes
are responding to the Holocene transitions in opposing directions and that the ratio amplifies

signals that the individual compound classes capture independently.
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The use of the AsHC/thioxoarsenolipid ratio as a coupled-record metric also addresses a
limitation of the individual-compound interpretations developed in Sections 4.4 and 4.5. The
interpretation of total AsHC abundance is complicated by the multiple producer- and preservation-
side controls discussed in Section 4.4; the interpretation of total thioxoarsenolipid abundance is
complicated by the unresolved formation pathway discussed in Section 4.5. The ratio of the two
abundances, by contrast, depends on the relative behavior of the two compound classes rather than
on the absolute behavior of either, and is therefore less sensitive to overall variations in arsenolipid
input or preservation that affect the two classes similarly. The AsHC/thioxoarsenolipid ratio is
therefore best interpreted as a metric of compositional balance within the arsenolipid pool rather

than as a proxy for any single environmental factor.

4.6.2 Multiple environmental factors co-vary with the AsHC/thioxoarsenolipid ratio

The AsHC/thioxoarsenolipid ratio co-varies with several of the chlorophyll-derivative and
bulk geochemical proxies developed by Alo et al. (2026) and Zhao et al. (2026) on the same
thirteen samples, with three relationships standing out for their strength and stratigraphic
consistency.

The AsHC/thioxoarsenolipid ratio is strongly positively correlated with the SCE/Total ratio
of Zhao et al. (2026) (Pearson r = +0.824, n = 13; Figure 4.2b), the strongest correlation observed
between any of the arsenolipid metrics and any of the published proxy records on these samples.
SCE/Total reaches its highest values in Unit III, where macrozooplankton grazing-mediated export
dominated organic-carbon delivery to the sediment under non-euxinic conditions, and decreases
sharply in Units II and I as grazing was suppressed under euxinia. The AsHC/thioxoarsenolipid
ratio follows the same general pattern, with its Unit III maximum coinciding with the SCE/Total

maximum, suggesting that the relative balance of AsHCs and thioxoarsenolipids in the
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sedimentary record is influenced by, or at least co-varies with, the dominant organic-carbon export
pathway operating in the water column.

The AsHC/thioxoarsenolipid ratio is also strongly negatively correlated with the
OxC/Total ratio of Zhao et al. (2026) (r =—0.760, n = 13; Figure 4.2c). OxC/Total reaches elevated
values in Unit II and Unit I, reflecting intracellular oxidation associated with photic-zone light
stress under shoaled chemocline conditions, and is lowest in Unit III. The negative correlation
indicates that the AsHC/thioxoarsenolipid ratio is depressed precisely in those intervals where light
stress in the surface ocean was most pronounced. The third strong relationship is between the
AsHC/thioxoarsenolipid ratio and total Chl-a-DD concentration (r = —0.744, n = 13), with the
AsHC/thioxoarsenolipid ratio at its lowest values in Unit II where total Chl-a-DD reaches its
highest values.

These three correlations describe partially overlapping but distinct aspects of the Holocene
Black Sea environmental evolution: SCE/Total tracks grazing-pathway dominance, OxC/Total
tracks light stress, and total Chl-a-DD tracks primary productivity. The coincident behavior of the
AsHC/thioxoarsenolipid ratio with respect to all three proxies is consistent with a coupled
arsenolipid response to multiple, non-exclusive environmental factors operating together in the
Black Sea Holocene system, rather than to any one of these factors in isolation. The transitions
across Unit boundaries—the depression of the AsHC/thioxoarsenolipid ratio in Unit II coinciding
with suppressed grazing, intensified light stress, and elevated productivity, and the partial recovery
in Unit I coinciding with the late-Holocene freshening event—are consistent with a multi-factor
interpretation in which the redox transition, the salinity transition, the productivity changes, and
the surface-water-column stress regime together shape the relative abundances of AsHCs and

thioxoarsenolipids in the sedimentary record.
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4.6.3 Implications for arsenolipid records as paleoenvironmental indicators

The Holocene Black Sea record presented in this chapter indicates that the
AsHC/thioxoarsenolipid ratio co-varies with multiple environmental factors documented by Alo
et al. (2026) and Zhao et al. (2026) on the same samples—productivity, light stress, and grazing-
pathway dominance among them—rather than with any single environmental factor in isolation.
This multi-factor sensitivity precludes the use of the AsHC/thioxoarsenolipid ratio, on the basis of
the present dataset alone, as a quantitative proxy for any one specific environmental variable. The
ratio cannot be inverted to recover, for example, a redox state or a productivity level independently
of the other co-varying factors, because the correlations documented in Section 4.6.2 do not
establish which of the multiple factors controls the ratio under any given depositional regime, or
how their relative contributions might shift between regimes.

The thirteen-sample dataset cannot statistically deconvolve the contributions of these co-
varying environmental factors. However, established chemistry provides one plausible
interpretation of the AsHC/thioxoarsenolipid ratio response across the Unit III/IT transition. The
sulfide-driven thiolation chemistry that has been demonstrated for inorganic, methylated, and
microbially mediated arsenic species (Section 4.5.3) provides a mechanistic basis on which to
interpret the seven-fold increase in thioxoarsenolipid abundance and the corresponding
approximately eleven-fold drop in the AsHC/thioxoarsenolipid ratio across the Unit III/II
boundary. These changes coincide with the development of euxinic, sulfide-rich conditions in the
Black Sea water column documented independently by Sinninghe Damsté et al. (1993), Huang et
al. (2000), and the meso/pPhe-a record of Zhao et al. (2026). The combination of the established
sulfide-driven thiolation chemistry and the timing of the AsHC/thioxoarsenolipid response is

consistent with the redox transition—and specifically the development of sulfidic conditions—
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being one of the more plausible drivers among the co-varying environmental factors documented
across the Unit III/II boundary.

The producer-side controls discussed in Section 4.4 and the sulfide-mediated chemistry
discussed in Section 4.5 are not independent of one another in this sedimentary system. Both the
producer-community shifts that accompanied PZE development—suppression of Isochrysis
productivity, reorganization of the surface phytoplankton assemblage under high-salinity, low-
light conditions—and the sulfide-driven thiolation chemistry that operates under euxinic
conditions are linked through their shared dependence on the redox transition that established
water-column stratification and PZE in the Black Sea Holocene. Within this framework, the
differing proximate controls identified for the two compound classes—producer-community-
mediated supply for AsHCs (Section 4.4) and sulfide-mediated formation chemistry for
thioxoarsenolipids (Section 4.5)—reflect different points along a connected sequence of
environmental and biogeochemical changes initiated by the redox transition. The
AsHC/thioxoarsenolipid ratio, which integrates the responses of both compound classes into a
single composite metric, therefore captures the cascade of effects propagating from this upstream
environmental driver more comprehensively than either compound class examined alone.

This interpretation does not exclude the simultaneous influence of producer-community
changes, grazing-pathway shifts, light-stress effects, or productivity changes documented by Alo
et al. (2026) and Zhao et al. (2026) over the same interval, all of which co-vary with the redox
transition and may contribute additively to the observed signal. The strong negative correlations
between the AsHC/thioxoarsenolipid ratio and the OxC/Total, SCE/Total, and total Chl-a-DD
records may reflect, at least in part, that these processes are themselves co-incident with the redox

transition rather than each independently controlling arsenolipid composition. Disentangling the
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relative contributions of sulfide-driven thiolation chemistry, producer-community shifts, and other
co-varying processes will require culture-based and laboratory-based experiments that
systematically vary these factors independently, beyond the scope of the sedimentary record
analyzed here.

A more limited application of the AsHC/thioxoarsenolipid ratio is, however, supported by
the present results. The AsHC/thioxoarsenolipid ratio undergoes a stratigraphic change of
approximately eleven-fold across the Unit III/II transition, a range that exceeds the variation
observed in any of the individual arsenolipid metrics on the same samples (a 2.6-fold range in
AsHC unit averages and a seven-fold range in thioxoarsenolipid unit averages; Section 4.3.3). The
ratio therefore amplifies the signal of major depositional transitions in the GGC18 sequence, with
its minimum value at 6.73 ka coinciding with the most pronounced single-step change in
arsenolipid abundance observed across the entire record (Section 4.3.3). This sensitivity is
consistent with a use of the AsHC/thioxoarsenolipid ratio as an indicator of major regime
transitions in sedimentary archives—events in which multiple environmental factors change
concurrently, such as the redox—salinity—productivity transition recorded across the Unit III/II
boundary—rather than as a quantitative proxy for any individual environmental variable.
Application of the ratio in this more limited mode does not require the multiple co-varying factors
to be deconvolved, and is supported by the strong amplitude of the ratio's response across the
documented Holocene transitions in this archive.

The development of arsenolipid metrics into quantitative paleoenvironmental proxies, in
contrast, will require constraints that are not available from the present dataset. By contrast, trace-
metal-based paleoredox and paleoproductivity proxies (e.g., Mo, U, V, Ni, Cu) have been

developed and calibrated through extensive multi-basin syntheses (Tribovillard et al., 2006; Algeo
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and Rowe, 2012), and provide a useful methodological reference for the steps that arsenolipid
proxies would need to follow. The thirteen-sample sequence represents a single sedimentary
archive in a single basin, and the strength of the cross-proxy correlations reported here, while
striking, is computed from a sample size that limits statistical generalization (n = 13). The source
organisms of arsenolipids in the Black Sea Holocene remain incompletely characterized, as
discussed in Section 3.4.2, and the formation pathways of the thioxoarsenolipids reported by Liu
(2023) are not yet mechanistically resolved (Section 4.5.3). Calibration of arsenolipid responses
against controlled environmental variables in modern systems, application to other sedimentary
archives with independently constrained environmental gradients, and culture-based identification
of AsHC and thioxoarsenolipid producers will collectively be required to evaluate whether the
patterns documented in the GGC18 sequence reflect general features of the arsenolipid response
to environmental change or features specific to the Black Sea Holocene system, and to determine
whether arsenolipid metrics can be developed beyond the regime-transition application described

here.

4.7 Summary

This chapter has examined the stratigraphic distribution of two arsenolipid compound
classes—AsHCs and the thioxoarsenolipids—through thirteen sediment samples from the
Holocene Black Sea sapropel sequence of GGCI18. Three findings emerge. First, the two
compound classes follow contrasting stratigraphic patterns across the Unit III/II transition: total
AsHC concentration decreases by approximately 37% while total thioxoarsenolipid concentration
increases by approximately seven-fold, yielding an approximately eleven-fold drop in the
AsHC/thioxoarsenolipid ratio across the transition from a non-stratified to a euxinic depositional

system. Second, the proximate controls on the two classes differ: the AsHC record co-varies with
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phytoplankton-community dynamics and is consistent with producer-side controls, while the
thioxoarsenolipid record co-varies with redox and water-column proxies and is consistent with
sulfide-mediated formation chemistry. Third, both controls trace to the same upstream transition—
the development of photic-zone euxinia following Mediterranean inflow—so that the
AsHC/thioxoarsenolipid ratio integrates the responses of both classes into a single metric
recording the propagation of this transition through the coupled water-column—sediment system

more comprehensively than either class alone.
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Figure 4.1 Stratigraphic profiles of arsenolipid biomarkers in GGC18 across the Holocene

Black Sea sequence (11.7-0.6 ka). Panels show, from left to right: (a) total AsSHC concentration
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(sum of AsHC-332 and AsHC-360, ug/g OC); (b) AsHC-332/AsHC-360 homolog ratio; (¢) total
thioxoarsenolipid concentration (sum of m/z 547, 549, and 565 species, ug/g OC); (d)
AsHC/thioxoarsenolipid ratio (total AsSHC + total thioxoarsenolipid); (e) selected chlorophyll-
derivative proxies from Zhao et al. (2026), including OxC/Total Chl-a-DD and SCE/Total Chl-a-
DD ratios; and (f) selected biomarker proxies from Alo et al. (2026), including LCAs and Chl-a-
DD totals (ng/g OC). Lithological Units I-III are indicated by background shading and labels in
panel (a). Key environmental transitions are marked to the right of panel (f): the onset of
Mediterranean inflow (~9.4 ka), the development of photic-zone euxinia (~7.5 ka), peak intensified
euxinia (5-3 ka), and late-Holocene surface-water freshening (~2.6 ka onwards). SCE/Total data

from Zhao et al. (2026); LCAs data from Alo et al. (2026).
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Figure 4.2 Cross-plots of arsenolipid metrics against chlorophyll-derived proxies for the
thirteen GGC18 samples, coded by stratigraphic unit (Unit I, open circles; Unit II, grey squares;
Unit III, filled triangles). (a) AsHC-332/AsHC-360 homolog ratio versus total Chl-a-DD
concentration; (b) AsHC/thioxoarsenolipid ratio versus SCE/Total; (c) AsHC/thioxoarsenolipid
ratio versus OxC/Total. Dashed lines are ordinary least-squares regressions; Pearson correlation
coefficients are shown in each panel (n = 13). Chl-a-DD, OxC/Total, and SCE/Total data from

Zhao et al. (2026). See Tables 4.1 and 4.2 for underlying data.
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Age Unit TOC | AsHC-332 | AsHC-360 AsHC 332/360 thioxoarsenolipid AsHC/thioxoarsenolipid
Wt%) | (ng/g OC) | (ng/g OC) total ratio total (ng/g OC) ratio

(ka) (ng/g OC)

0.55 Unit I 0.80 1.06 0.31 1.37 3.4170 130.00 0.0106
1.35 Unit I 0.99 1.36 0.50 1.86 2.7033 144.75 0.0129
1.69 Unit I 0.75 1.17 0.34 1.51 3.4675 187.79 0.0080
3.04 | Unitll | 0.58 0.85 0.30 1.15 2.8390 176.41 0.0065
3.66 Unitll | 0.76 0.16 0.09 0.25 1.8552 101.23 0.0024
4.64 | Unitll | 525 0.29 0.23 0.52 1.2675 168.96 0.0031
5.62 UnitIl | 8.28 0.19 0.65 0.84 0.2883 189.59 0.0044
6.73 Unitll | 9.78 0.12 0.14 0.27 0.8724 332.42 0.0008
7.79 | UnitIll | 6.25 0.60 1.02 1.62 0.5910 66.50 0.0244
8.61 | UnitIll | 7.01 0.40 0.58 0.99 0.6894 24.74 0.0398
9.97 | UnitIll | 1.50 0.24 0.52 0.75 0.4575 17.45 0.0432
11.34 | UnitIll | 2.93 0.27 0.44 0.71 0.6020 18.21 0.0390
11.75 | UnitIII | 3.32 0.32 0.40 0.72 0.7994 14.65 0.0492

Table 4.1. Stratigraphic, lithological, and arsenolipid data for the thirteen GGC18 samples
analyzed in this chapter. Sample ages are calibrated radiocarbon years before present (cal yr B.P.)
from Alo et al. (2026) and Zhao et al. (2026), based on the combined age model of Coolen et al.
(2009) for Units I-II and Huang et al. (2021) for Unit III. TOC (total organic carbon) values are
from Alo et al. (2026). All arsenolipid concentrations are normalized to total organic carbon (ug/g
OC). AsHC total = AsHC-332 (C15) + AsHC-360 (C17). Thioxoarsenolipid total = the sum of
thioxoarsenolipids with m/z 547, 549, and 565. The 332/360 ratio is the AsHC-332/AsHC-360
homolog ratio; the AsHC/thioxoarsenolipid ratio is total AsHC concentration divided by total

thioxoarsenolipid concentration. Ratios were calculated from unrounded values.
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Age (ka) Unit TOC Chl-a-DD (ng/g OxC/Total LCAs (ng/g OC) SCE/Total
00)
0.55 Unit [ 0.80 1332.81 0.40 702.28 0.22
1.35 Unit I 0.99 1345.72 0.37 988.03 0.18
1.69 Unit I 0.75 1817.84 0.32 2294.54 0.20
3.04 Unit 1T 0.58 1515.29 0.46 170.59 0.13
3.66 Unit IT 0.76 1461.79 0.22 156.63 0.36
4.64 Unit IT 5.25 870.78 0.44 90.34 0.13
5.62 Unit 1T 8.28 837.04 0.47 133.68 0.14
6.73 Unit IT 9.78 793.95 0.22 84.80 0.27
7.79 Unit III 6.25 176.27 0.08 112.74 0.60
8.61 Unit III 7.01 317.46 0.09 327.21 0.56
9.97 Unit III 1.50 258.00 0.10 391.03 0.55
11.34 Unit III 2.93 310.39 0.14 368.84 0.50
11.75 Unit III 3.32 344.25 0.12 255.41 0.50

Table 4.2. Chlorophyll-derived and alkenone proxy data for the Black Sea core GGC18
samples, used in the correlation analyses of Sections 4.4—4.6. Chl-a-DD, chlorophyll-a degradation
derivatives; OxC/Total, fraction of oxidized chlorins; SCE/Total, fraction of steryl chlorin esters;
LCAs, long-chain alkenones. Chl-a-DD, OxC/Total, and SCE/Total data from Zhao et al. (2026);

LCAs data from Alo et al. (2026). Ages are reported on the same scale as Table 4.1.
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Chapter 5 General Conclusions

5.1 Synthesis of Findings

The three investigations presented in this dissertation, taken together, characterize fossil
arsenolipids along three complementary dimensions: analytical detection, distribution across
modern and ancient sedimentary archives, and stratigraphic response to documented

environmental transitions.

The analytical framework developed in Chapter 2 establishes that fossil arsenolipids can
be reliably detected in sedimentary matrices through the combination of SPE-based matrix
simplification, NPLC-based chromatographic resolution, and dual-energy CID-based
identification. This framework recovers arsenolipid signals from samples ranging from modern
algal biomass to mid- to late Cenomanian (~94-100 Ma) anoxic marine shale, and resolves trace-
level arsenolipids in carbonate-rich pelagic chalk where conventional reversed-phase approaches
yield no detection. The methodological infrastructure provides a foundation for the broader

application of arsenolipid biomarkers in paleoenvironmental work.

The survey of Chapter 3 establishes that AsHCs and thioxoarsenolipids occur across a
broader range of modern aquatic environments than previously documented and persist in
geological sedimentary archives spanning Quaternary Peru-margin OMZ deposits to a mid- to late
Cenomanian black shale within the OAE2 interval; AsHCs were recovered to ~90 Ma and
thioxoarsenolipids to the OAE2 interval (~94—100 Ma), together extending the preserved record
across at least ~100 Myr. The detection of arsenolipids in the ODP 1259C-4R pelagic chalk
extends the lithological range over which arsenolipids can be sought into carbonate-rich, low-TOC
depositional settings, which constitute a substantial fraction of the global Mesozoic and Cenozoic

deep-marine record but have been underrepresented in the classical biomarker literature. The
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survey establishes both that arsenolipid production is a widespread among modern aquatic primary
producers and that arsenolipid preservation extends across the depositional regimes most relevant

to long-term paleoenvironmental reconstruction.

The case study of Chapter 4 establishes that arsenolipid composition in a single, well-
constrained sedimentary sequence responds systematically to documented environmental
transitions. Two arsenolipid compound classes—AsHCs and thioxoarsenolipids—follow
contrasting stratigraphic patterns across the Holocene Black Sea Unit III/II transition, with the
AsHC record co-varying with phytoplankton-community dynamics documented by Alo et al.
(2026) and the thioxoarsenolipid record co-varying with redox and water-column proxies
documented by Zhao et al. (2026). The proximate controls on the two compound classes appear to
diffe—producer-side controls for AsHCs and sulfide-mediated formation chemistry for
thioxoarsenolipids—but both trace to the same upstream environmental transition (the
development of  photic-zone euxinia  following  Mediterranean  inflow).  The
AsHC/thioxoarsenolipid ratio integrates the responses of both compound classes into a composite
metric that records the cascade of redox, salinity, and productivity changes at the resolution of a
single sedimentary core, with an approximately eleven-fold response across the Unit III/IT

boundary that exceeds the response of either compound class examined alone.

5.2 Limitations

The investigations presented here are subject to limitations that constrain the immediate
generalization of the results and define the directions for future work. The source organisms of
arsenolipids in natural environments remain incompletely characterized, and the present results
cannot establish unique producer assignments for the AsHC homologs recovered from sedimentary

archives. The formation pathways of the thioxoarsenolipids reported by Liu (2023) are not yet

114



mechanistically resolved; the present results are consistent with sulfide-mediated chemistry but do
not distinguish abiotic sulfidation from microbially mediated thiolation. The case study of Chapter
4 examines a single sedimentary archive in a single basin, with thirteen samples whose statistical
correlations, while striking, are computed from a sample size that limits broader generalization.
Application of the framework developed here to other archives, calibration against modern source
organisms, and mechanistic characterization of arsenolipid formation under controlled conditions
will be required to extend the regime-transition application demonstrated here into a more general

paleoenvironmental tool.

5.3 Future Directions

Three principal directions for future work emerge from the investigations presented here.
First, modern calibration: culture-based experiments with phytoplankton from the Holocene Black
Sea (or close analogs) and from contrasting modern depositional regimes will be needed to
constrain the producer-side dependencies of arsenolipid composition under controlled conditions.
The As/P ratio dependencies documented by Glabonjat et al. (2018, 2020) for Dunaliella and
Picocystis provide a starting framework, and extension to haptophyte producers including
Isochrysis would directly test the producer-side interpretation developed in Section 4.4.3. Second,
mechanistic characterization of thioxoarsenolipid formation: laboratory experiments that
systematically vary sulfide concentration, microbial community composition, and arsenic
substrate availability will be needed to distinguish abiotic sulfidation from microbially mediated
thiolation as candidate formation pathways. Third, application to additional sedimentary archives:
the analytical framework of Chapter 2 and the regime-transition application of Chapter 4 are most

readily tested by application to other Holocene-Pleistocene records of redox transition, including
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Cariaco Basin, Saanich Inlet, and the Baltic Sea Holocene, and to additional deep-time archives
spanning major paleoclimate transitions.

These three directions are interdependent: modern calibration constrains source
assignments needed for paleoenvironmental interpretation; mechanistic characterization clarifies
the chemistry underlying compound-class behavior; cross-archive application tests the generality
of the regime-transition response. Together, they define a research program through which
arsenolipids may be developed from the methodological and observational foundation laid by this
dissertation into a quantitative paleoenvironmental tool that extends compound-specific arsenic

biomarker analysis into broader paleoenvironmental applications.
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