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ABSTRACT OF THE DISSERTATION

Effects of Transient Deoxygenation on Sulfur Cycling in Aquatic Systems

by

David John Yousavich
Doctor of Philosophy in Geochemistry
University of California, Los Angeles, 2024

Professor Tina Irene Treude, Chair

The rise of oxygen in the early Earth atmosphere allowed for a vast expansion of
life, including the proliferation of animal life, that could utilize this powerful electron acceptor
for new metabolisms. This oxygen requirement has left many organisms vulnerable to oxygen-
depleted conditions (i.e., anoxia). These anoxic events in Earth’s aquatic environments allow for
free iron (ferruginous) or free sulfide (euxinic) conditions to develop. While much research has
been done on the past and present of aquatic anoxia, transiently deoxygenated systems that cycle
annually between oxygenated and anoxic states are underexplored. Questions about these cycles
of aquatic redox state abound; for example, 1) if benthic sulfur-oxidizing bacteria promote free
sulfide at the sediment-water interface in transiently deoxygenated systems 2) if these cycles of
anoxia can promote a loss of free iron from the benthic marine environment and 3) if sulfate
reducing bacteria are quickly established in lacustrine waters after anoxia develops.

The first and second questions will be addressed in this dissertation through a suite of
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investigations in the transiently deoxygenated Santa Barbara Basin. Porewater geochemistry,
sulfate reduction rates, and benthic flux measurements were collected between 2019-2023 under
varying oxygen concentrations. We found that sulfur-oxidizing bacterial mats in the basin are
associated with high rates of dissimilatory nitrate reduction to ammonium and require an
elevation of the sulfate reduction zone to the sediment-water interface in order to proliferate. Mat
proliferation also requires an exhaustion of iron oxides in the surface sediment. Mat formation is
also associated with extremely high fluxes of iron into the water column. This free iron is
potentially lost from the basin through bottom water currents that carry mid-waters upslope
during the anoxic events.

The third question will be addressed in this dissertation by several geochemical and ex-
situ sulfate reduction measurements taken in the Salton Sea between 2020-2023 under a variety
of water column redox conditions. We found that sulfate reduction is present in waters that
contained oxygen, most likely occurring inside organic particles in the water. We also found that

sulfate reduction is quickly established after the onset of anoxia in the lake.
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Chapter 1

Part I. How Life Derives Energy on Earth

Introduction to Metabolism

All life on Earth utilizes the transfer of electrons, negatively charged subatomic particles,
to gain the energy required to build biomass. Metabolism encompasses the series of complex
biochemical processes required for this transfer of electrons for energy derivation and subsequent
biosynthesis (Nielsen 2017). There are two general categories of metabolism: catabolism and
anabolism. The specific pathways of catabolism differ depending on the electron donor (ED) and
terminal electron acceptor (TEA). The energy yielded from different pairs of ED and TEA is
governed by the laws of thermodynamics (see ‘Anaerobic Chemoheterotrophy’ section for more
details). In general, electrons are first stored in a transfer molecule such as nicotinamide adenine
dinucleotide phosphate (NADPH). This molecule then transfers the electrons gained from the ED
to the first molecule of the electron transport chain. Then a series of redox reactions, or coupled
oxidation and reduction reactions, carry the electron through the transport chain. At the end of
this process, the electron is transferred to the TEA, which is usually transported out of the cell (if
the TEA is not already extracellular). During the electron transfer, the cell utilizes the energy
gained from these redox reaction to pump H' (protons) across a membrane within the cell. In
many organisms, this proton gradient is then used to generate adenosine triphosphate (ATP), the
cell’s main currency for energy transfer; one phosphate molecule from ATP is cleaved to form
Adenosine Diphosphate (ADP), releasing approx. 30.5 Kilijoules mol'ATP (Hinkle and
McCarty 1978).

Anabolism differs greatly depending on whether the ED is organic or inorganic carbon,

and whether energy from redox reactions (chemosynthesis) or light (photosynthesis) is used to
1



incorporate the carbon. Heterotrophs are organisms that utilize organic carbon to build their
biomass, whereas autotrophs utilize inorganic carbon molecules like carbon dioxide (CO>) to
build their biomass. Metabolisms can be further divided by where their energy is derived;
phototrophs derive energy from sunlight whereas chemotrophs derive energy from chemical
reactions. This leads to four general metabolic genres in which life on Earth exists:
chemoheterotrophs, chemoautotrophs, photoautotrophs, and photoheterotrophs. The myriad
different possibilities for metabolisms, each utilizing and generating different molecules in their
catabolic and anabolic processes, some of which incorporating light energy, yields a complex
web of interactions between organisms conducting these different metabolisms, fueling the

diversity of life on Earth.

Chemoheterotrophy

As humans (assuming you reading this, are a human), we are most familiar with a
metabolism based around aerobic respiration paired with organic matter degradation. This
process of aerobic respiration is the most energetically favorable chemoheterotrophic metabolism
on Earth (Table 1-1). In this process, oxygen is used as a TEA, and reduced carbon is used as
both a source of ED and for the production of biomass via anabolic processes. Oz (oxygen) is the
energetically most favorable TEA for respiration on Earth (Thauer et al. 1977). Aerobic
respiration is, however, only one potential metabolism in a vast array of possibilities. Aerobic
respiration likely followed the appearance of oxygenic photosynthesis, i.e., the production of
oxygen from photosynthetic organisms, in the early Proterozoic eon approx. 2.3 billion years ago
(Bekker et al. 2004; Lyons et al. 2014; Soo et al. 2017). Oz reductases, enzymes used in aerobic
respiration, were likely present in bacteria and archaea prior to the rise of photosynthesis, though

these microorganisms probably used O> reductases as a means of surviving the powerful

2



oxidizing effects of (likely chemically produced) oxygen rather than utilizing it for a metabolic
process (Brochier-Armanet et al. 2009). The rise in atmospheric (and oceanic) oxygen
concentrations following the advent of oxygenic photosynthesis is marked by banded iron
formations (BIF, Fig. 1), oxidized iron found in the geological record dating to 2.5 billion years
ago (Cloud 1973; James 1966; Johnson et al. 2008) though evidence of periodic pulses of oxygen
prior to BIF formation exist in the geological record (Anbar et al. 2007). The earliest signs of life
on Earth are from approx. 4 billion years ago, at the beginning of the Archean eon (Bell et al.
2015) leaving approx. 1.5 billion years between the emergence of life and geological evidence of
long-lasting oxygen accumulation in Earth’s atmosphere. This early life on Earth utilized a
myriad of metabolic pathways that did not require oxygen to derive energy. We can find traces
of these metabolisms in the geological record, and we also find these metabolisms dispersed

across Earth in the present day.

Anoxic, ozone-free atmosphere
Oxidative

(1) Photooxidation

(4) Ph roph:
Fe(IJ)Auxidizing bacteria c{,}og{z GOOD

oo @
g e ® oo

pa . B L ] e o AnoXic sea-water

| 4 i 1 | i 2,
5 Dissimi Fe(lll}-raducing bacteri Si(OH)s + Fe**-rich
(.] ssimjlatory Fe( ):e ucmg.ac.era»“‘- o

hydrothermal Fe2*, Niz*
@ ferrihydrite

Figure 1-1. Left: Schematic of the genesis of banded iron formation. 1) Photooxidation of Fe**
provides Fe** in Precambrian Oceans. 2) Weathering of continental crust provides nutrients for
cyanobacteria growth in the photic zone, producing O as a byproduct. 3) Some of the O, from
these cyanobacteria provides the oxidant for iron-oxidizing bacteria, generating Fe*". 4)
Oxidation of Fe?* to Fe** by photoferrotrophs performing anoxygenic photosynthesis. 5) Some
O, from step (2) combines with Fe** to form iron oxides (e.g., ferrihydrite), an insoluble solid
which settles on the seafloor. Some of these iron oxides are reduced to mixed valence iron (e.g.,
magnetite) or back to Fe?*, some of which could be re-oxidized by processes (1), (3), or (4).
Right: A representative banded iron formation from Western Australia. Taken from Figs. 1 & 2
from Dreher et al. (2021).
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Heterotrophy is not limited to using O as an electron acceptor, and the exact organic
molecule used as an electron donor can vary. Reduced carbon in the form of simple organic
molecules (e.g., acetate) is one of the strongest electron donors available to organisms on Earth.
Chemoheterotrophic aerobes are able to break down complex organic molecules (e.g.,
polysaccharides like starch) into simpler molecules (e.g., glucose). These organisms can then
further process the organic molecules via glycolysis, a multi-step enzymatic process that
converts one glucose molecule into two pyruvate molecules, generating two ATP and two
NADH (the non-phosphorylated form of NADPH) molecules as by-products. Pyruvate then can
enter the Krebs Cycle, also called the Citric Acid Cycle to produce more ATP and NADH, along
with several other intermediates important to both catabolic and anabolic processes. The NADH
produced by the Krebs Cycle then carries the electrons gained from these reduced organic
compounds to the electron transport chain, to eventually be transferred to the TEA. An
alternative to the Krebs Cycle is fermentation, which involves direct transformation of substrates
to ATP and NADH and does not involve an electron transport chain (and thus does not need a
TEA).

In anoxic (i.e., oxygen free) aquatic environments, the order of terminal electron
acceptors utilized in chemoheterotrophic metabolisms follows a sequential cascade depending on
the Gibbs Free Energy of the redox reaction involved. The concentrations of both products and
reactants are important to this cascade as well. The Gibbs Free Energy equation can be used to
determine how energetically favorable a particular metabolic process is:

AG = ((ZAG; products) — (ZAG; reactants) + RTIn(K) [1]

Where AG is the Gibbs Free Energy produced by the reaction (in kJ mol™), AGy is the energy of

formation of each compound that participates in the reaction, R is the ideal gas constant, T is the
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temperature (in Kelvin), and K is the equilibrium constant, derived from the concentration (more
accurately, the activity) of each chemical that participates in the reaction. By assuming a
temperature of 298°K and all concentrations to be 1 M (known as AG®) at the beginning of the
reaction, the metabolic processes common in anoxic environments can be ordered by their

energy yield in a predictable redox cascade (Table 1).

Pathway and stoichiometry of reaction AG" (kJ mol-1)
Oxic respiration:

CH:0 + Oz — CO:z + H:0 -479
Denitrification:

5CH:0 + 4NOy" — 2No + 4HCOs™ + CO: + 3H:0 -453
Mn(1V) reduction:

CH:0 + 3C02 + HoO + 2Mn0s — 2Mn”" + 4HCOs -349
Fe(Ill) reduction:

CH:0 + 7CO: + 4Fe(OH)s — 4Fe™ + BHCO, + 3H0 -114
Sulfate reduction:

2CH:0 + 504" — HeS + 2HCOy' -77

4H + SO + H = HS + 4H:0 -152

CHsCOO + SO* + 2H' — 2C0; + HS + 2H.0 -41
Methane production:

4H; + HCOy + H = CHs + 3H:0 -136

CH:COO + H = CH: + CO: -28
Acetogenesis:

4H; + 2C05 + H' = CHiCOO + 4H:0 -105
Fermentation:

CHaCHOH + H:0 — CHiCOO + 2H + H 10

CHCH.COO + 3H.0 — CH;COO + HCOy + 3Hz + H' 77

Table 1-1: Selected reactions important to chemoheterotrophic metabolisms with associated
AG® for each reaction taken from (Jergensen 2000). The more negative a value for AG® the more
thermodynamically favorable the reaction is (and thus the more energy yielded).

After aerobic respiration, the next most energetically favorable reaction is the reduction
of NOs™ (nitrate). This process can occur as NO3™ (nitrate) reduction to N» (dinitrogen; this

process is known as denitrification) or dissimilatory nitrate reduction to NH4" (ammonium; this

process is known as DNRA). Nitrate is first imported into the cell, usually via active transport,



where it”is pumped against a diffusion gradient at the expense of the proton motive force or ATP
hydrolysis. During denitrification, nitrate is first reduced to NO> (nitrite) by the nitrate reductase
enzyme. NO; is then further reduced to NO (nitric oxide) by nitrite reductase, which is then
further reduced to N>O (nitrous oxide) by nitrous oxide reductase. The final step is the
conversion of N2O to N> by nitrous oxide reductase (Gruber and Sarmiento 1997; Stiieken et al.
2016). As denitrification leads to N», a diatomic element with a strong triple bond, it is
responsible for reactive nitrogen loss from the environment. Denitrifiers can use a variety of
organic and inorganic ED’s for their metabolism and can secrete extracellular hydrolysis similar
to aerobic organisms (Andersson et al. 2009). DNRA on the other hand reduces NO3 to
ammonium (NH4") by first converting NOs™ to NO»™ and then reducing NO, to NH4" using a
different type of nitrite reductase (Stiicken et al. 2016).

Once NOs™ is exhausted, manganese (Mn*") and iron (Fe*") become the most favorable
TEA’s, particularly in sediment porewaters and soils. In the following, I will focus on iron
reduction, as iron is the fourth most abundant element in Earth’s crust (approx. 6%), manganese
compromises less than 0.1% of the Earth’s crust (Lide 2005). Iron(IIl) (oxidized iron) was likely
originally produced on Earth through the photolytic oxidation of Fe(II), which also produces
molecular hydrogen (H»), a favorable ED (Cairns-Smith 1978; Lovley et al. 2004; Weber et al.

2006).

2Fe(Il) + 2H* 5 2Fe(lIl) + H, 2]
This oxidized Fe(IIl) was then available as a TEA for primordial iron-reducing organisms.
Unlike denitrifying organisms, the TEA used in iron reduction is solid Fe(IlI), usually in the
form of poorly crystalline iron oxide minerals (e.g., ferrihydrite), though more highly crystalline

iron oxides (e.g., hematite) can also be utilized, albeit with a higher energy input required for
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electron transfer (Fredrickson et al. 1998; Kostka and Nealson 1995; Weber et al. 2006).
Therefore, iron-reducing organisms cannot actively pump the TEA into their cells; instead, they
must perform extracellular electron transfer as the last step of their electron transport chain. This
transfer can either be done by directly transferring electrons to solid Iron(IIT) (Reguera et al.
2005) or by using intermediate electron shuttles such as humic acid that diffuse into the
surrounding porewater and reduce the Iron(III) abiotically (Lovley et al. 1996). The resultant
Fe?* can re-mineralize (e.g., with sulfide to form iron sulfides), but it is also soluble in water at
standard pH and can thus diffuse into surrounding sediment porewaters and potentially leave the
system. Heterotrophic iron-reducing bacteria usually utilize simpler organic molecules produced
by fermentation reactions (e.g., lactate) as ED (Weber et al. 2006) though they can degrade more
complex organic matter like polycyclic aromatic compounds (Lovley et al. 1989).

Once manganese and iron oxides are exhausted, sulfate reduction becomes the next most
favorable common metabolism in anoxic aquatic environments, which will be discussed in detail
in part I, ‘Sulfate Reduction’. Methanogenesis, the last step in organic matter degradation in
anoxic aquatic environments, is typically limited (though not always) to sediment below the
sulfate methane transition zone (SMTZ). Sulfate reduction within the SMTZ is fueled by the
anaerobic oxidation of methane (AOM) (Alperin and Reeburgh 1985). Methanogenesis is
restricted with the respect to usable substrates, with three main pathways existing: Acetoclastic
(using acetate), hydrogenotrophic (using H> as an ED and CO» as a TEA), and methylotrophic
(using methylated compounds like methanol and methylamines). While there are many more
possible heterotrophic metabolisms that utilize alternative TEA in anoxic environments (e.g.,
iodate reduction; (Amachi et al. 2007)), the reactions detailed in this section are the most

common on Earth based on the abundance of the respective TEAs.
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Figure 1-2. Schematic for the heterotrophic redox cascade in marine sediments, originally from
(Jorgensen 2000). Aerobic respiration and nitrate reduction consumes complex organic matter
that has been enzymatically processed into simpler molecules (e.g., sugars and amino acids).
Bacteria below the oxycline and nitracline break down sugars through glycolysis and subsequent
fermentation reactions into even simpler organic molecules like lactate (C3HsO3) and acetate
(CH3COO). After nitrate is exhausted, manganese and iron reduction become dominant and
utilize these fermentation products as electron donors.

Photosynthetic Life
The evolution of photosynthesis, or the derivation of energy via sunlight, is considered
instrumental to the diversification of life on Early Earth (Des Marais 2000). Photosynthesis can

be oxygenic (i.e., producing O by splitting apart H>O molecules) or anoxygenic (using reduced



compounds like Fe?" or H»S). Anoxygenic photosynthesis proceeds through a similar
biochemical pathway as oxygenic photosynthesis, with the major differences being the ED and
the presence of two photosystems, and will be covered in more depth in Part II, ‘Sulfur
Oxidation’. In oxygenic photosynthesis, light energy is absorbed by pigment molecules (e.g.,
chlorophyll) located in the prokaryotic cytoplasm or within specialized organelles called
chloroplasts in eukaryotes (Blankenship 2021; Hall and Rao 1999). The primary sites where light
energy is absorbed are called photosystems. Electrons in photosystem II are excited by light
energy and then transported through an electron transport chain which, similar to
chemoheterotrophic electron transport, creates a proton gradient. The electrons lost by
photosystem II are replaced by the oxidation of water molecules, creating O; as a by-product.
Photosystem I lies at the end of the electron transport chain, where light energy again excites the
electrons that have been transferred from photosystem II. Another electron transport chain is
initiated, ultimately creating NADPH. This NADPH, in conjunction with ATP that is generated
by the proton gradient, can then be used by the photosynthetic organisms in the light-
independent Calvin Cycle (Blankenship 2021). In the Calvin Cycle, an enzyme called Ribulose-
1,5-biphosphate carboxylase/oxygenase (Rubisco) fixes carbon dioxide to a sugar molecule
called ribulose-1,5-biphosphate (RuBP). The ATP and NADPH created during the light-
dependent reaction are then used to phosphorylate and reduce this molecule further in a multi-
step process, eventually leading to glyceraldehyde-3-phosphate (G3P). Some of the produced
G3P will be converted back into RuBP, while some of it will be used to create sugar molecules
and subsequently biomass (Blankenship 2021). Photosynthetic organisms can either be
heterotrophs or autotrophs, with the latter being more common. Photoheterotrophs may still

perform the Calvin Cycle but are generally incapable of creating all of their biomass through
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CO: fixation (Kirchman and Hanson 2013). Photoautotrophs on the other hand, solely rely on

CO:2 fixation to build their biomass (Blankenship 2021).

Chemoautotrophy

Similar to photoautotrophs, chemoautotrophic organisms conduct CO> fixation to build
biomass, but inorganic reactions are used in energy derivation instead of light. In most aquatic
environments, inorganic electron donors ( e.g., NH4", Fe?*, H,S) utilized by chemoautotrophic
microbes are mainly produced by heterotrophic processes (Jorgensen 2000). While O; is the
most potent TEA for chemoautotrophic metabolisms, the same redox cascade of TEAs for
chemoheterotrophic metabolisms applies for chemoautotrophic metabolisms. Chemoautotrophic
organisms utilize the energy gained from the oxidation of these reduced compounds to fix CO>
(as opposed to utilizing light energy to achieve the same means). In most chemoautotrophs,
carbon fixation is achieved through roughly the same pathway as photosynthesis (i.e., the Calvin
Cycle), however the exact form of Rubisco used could differ for different organisms and EDs
(Tabita et al. 2007).

In aerobic ammonium oxidation, NH4" is first oxidized to hydroxylamine (NH2OH) using
ammonia mono-oxygenase, which is further oxidized to NO;” by ammonium-oxidizing bacteria
or archaea. NO; is then oxidized to NO3 by nitrite-oxidizing bacteria (Zhang et al. 2020). Each
step in the process is usually carried out by multiple organisms, however, complete nitrification
by a single organism (comammox) has recently been discovered (Kits et al. 2017; Van Kessel et
al. 2015). Ammonium oxidation can also occur anaerobically (annamox) by bacteria within the
phylum Planctomycetes with NO>™ as the electron acceptor instead of O2 (Van de Graaf et al.
1995; Zhang et al. 2020). Anammox occurs in specialized organelles called “anammoxosomes”.

First, NH4" is oxidized to hydroxylamine (NH,OH) by hydrazine synthase while NO>™ is reduced
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first to NO, and then to NH,OH. Two NH>OH molecules are then oxidized to hydrazine (N>H4)
by hydrazine synthase, which is then converted to N> by hydrazine dehydrogenase (Zhang et al.
2020). Similar to denitrification, annamox leads to a loss of reactive nitrogen in biological
systems.

The oxidation of Fe? or (as it is referred to if present in its solid form) Fe(II) by oxygen
happens rapidly without biological input, but can also be biologically mediated in low-oxygen
(Edwards et al. 2003; Emerson and Weiss 2004; Weber et al. 2006) or acidic environments
(Abramov et al. 2022). Anaerobic iron oxidation is considered a primordial respiration
metabolism available to Precambrian microbes; these microbes either utilize light energy (iron-
dependent anoxygenic photosynthesis) or NO3™ as an electron acceptor (Hafenbradl et al. 1996;
Widdel et al. 1993). Additionally, recently discovered cable bacteria are able to span the gap
between oxygenated bottom waters and ferruginous (free Fe?") sediment porewaters via the use
of cm-long nanowire filaments and perform aerobic or anaerobic iron oxidation (Kessler et al.
2019; Kjeldsen et al. 2019; Pfeffer et al. 2012). Cable bacteria are also capable of conducting
chemoautotrophic sulfide oxidation, which will be covered in more detail in Part II, ‘Sulfur
Oxidation’. Methanotrophy, or the oxidation of methane, can occur aerobically or anaerobically.
Methanotrophs utilize methane as both an ED as well as a source of carbon for biomass, and can
use some C; compounds to build biomass, therefore they are not considered strictly autotrophs
(Ouboter et al. 2023). The first step in aerobic oxidation of methane is the oxidation of methane
to methanol via methane monooxygenase and subsequent oxidation to formaldehyde (CH>O) by
methanol dehydrogenase (Anthony 1982; Hakemian and Rosenzweig 2007; Hanson and Hanson
1996). At this step, CH2O can either go through anabolic processes via the ribulose

monophosphate pathway (Type I) or serine pathway (Type II), or go through catabolic processes,
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eventually being oxidized to CO, (Anthony 1982; Hanson and Hanson 1996; Lieberman and
Rosenzweig 2004). Anaerobic oxidation of methane can be coupled to Fe**, NOs™, or SO4*

reduction.
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Part I1. Sulfur Cycling and Associated Metabolisms
Introduction to Sulfur

Sulfur, the 16 element on the periodic table, is an essential element of several amino
acids and vitamins critical for life. In solution and mineral form, it most commonly exists as
either sulfide (H2S, HS-, $%) or sulfate (SO4>") and has an oxidation state ranging from -2 to +6.
There are four stable isotopes of sulfur: 328, 23S, 3*S and *°S with natural abundance ratios of
95.02: 0.75 : 4.21 : 0.02. *3S, with a half-life of approx. 87 days, is the only radioactive isotope
of sulfur with a half-life of more than three hours. The melting point of elemental sulfur is
115°C, close to the boiling point of water (100°C), which attracted the attention of Earth’s
earliest chemists (Kutney 2023).

The first documented evidence in history of human’s using sulfur is from the Ebers
Papyrus, written in approx. 1550 B.C., where it was used as an ingredient in an eye salve to treat
conjunctivitis (Ebers and Stern 1875). Aristotle’s student Theophrastus describes the
transformation of cinnabar (HgS) to elemental mercury (Hg) in his book ‘On Stones’, written in
the 4" century B.C., one of the first known descriptions of a chemical reaction (Caley and
Richards 1956; Kutney 2023; Takacs 2000). The production of sulfur dioxide (SO2) by burning
sulfur with oxygen is considered one of the earliest industrial applications of chemical reactions,
and the noxious gas was used to spiritually purify buildings and as an ancient form of pesticide
(Kutney 2023). Sulfur was also an important foundation to the art of alchemy, specifically the
transformation of pyrite to sulfuric acid circa the 15% century A.D., which is widely considered
to be the foundation of modern chemistry (Davis 1930; Kutney 2023). The creation of
gunpowder in the 8" century A.D., and specifically its use in the siege of Constantinople in

1453, created the first large-scale industrial application for sulfur, follow by the production of
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sulfuric acid in the 18" century, which was critical to the invention of the fertilizer industry and
modern agriculture (Kutney 2023).

Investigations into the biological transformations of sulfur for metabolic processes can be
traced back to the work of Sergei Winogradsky, who’s discovery of sulfur cycling organisms via
the study of Beggiatoa (Fig. 3), is considered the foundation of environmental microbiology
(Dworkin and Gutnick 2012). Furthermore, when isotope geochemistry was identified as a
powerful tool to study past climates through the investigation of mineralogical clues, sulfur
isotope analyses quickly became an important investigation. Several processes within biological
sulfur cycling impart a kinetic isotope effect (KIE); biological processes prefer the lighter
isotope (or isotopologue) of any given compound during anabolic and catabolic processes
(O'Neil 1986). Thus, the presence and magnitude of any deviation of relative isotope abundance
(e.g., **S/*?S) in a mineral from a reference material can signal biological activity at the time of
formation. Both sulfate minerals (e.g., evaporites) and sulfide minerals (e.g., pyrite) have been
crucial in reconstructing ancient environments using these isotope fractionations (Canfield 1991;
Claypool et al. 1980; Fike et al. 2015). Biological sulfur cycling is important in many
environments, including hydrothermal vents (Childress and Fisher 1992), terrestrial hot springs
(Kubo et al. 2011), methane seeps (Orcutt et al. 2005), and whale falls (Treude et al. 2009). In
this section, I will focus on sulfur cycling within the water column and sediment of eutrophic

marine and lacustrine low oxygen environments.
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Figure 1-3. Early depictions of the sulfur-oxidizing bacteria Beggiatoa from (a) Winogradsky
and (b,c) Strohl & Larkin (Strohl and Larkin 1978).

Sulfur Mineralization

Sulfur can form minerals at several oxidation states, most commonly in the form of
sulfate (SO4%) or sulfide (S*) ions. Common sulfate minerals include the calcium bearing
gypsum (CaSO4*2H>0) and anhydrite (CaSO4), which primarily form as evaporites in
desiccating, saline environments or from interactions between hydrothermal fluids and rock.
Gypsum typically forms under lower pressure and temperature conditions, and where desiccation
rates are slow enough to allow the inclusion of water into its crystal structure. Anhydrite often
forms secondary to gypsum; in evaporites from the Messinian salt layer, gypsum is found to be
the primary evaporite mineral produced directly from the desiccating Mediterranean brine,
whereas anhydrite is a product of secondary mineralization through further desiccation (Testa
and Lugli 2000). Dissolution of calcium sulfate minerals occurs when these evaporite layers
come in contact with neutral to acidic waters, which can hydrolyze the calcium sulfate bond and
free both minerals to dissolve into the water, potentially increasing the salinity of surrounding
water bodies (Lebedev 2015; Wardlaw and Valentine 2005).

Metal sulfides, especially iron sulfides are of particular interest to biological sulfur
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cycling in anoxic environments (Rickard and Luther 2007). There are many mineral forms that
iron sulfides can take, however amorphous iron mono-sulfides (FeS) and pyrite (FeS») are of
particular importance in early diagenesis of marine sediment. When the water column above
marine sediment is oxygenated (i.e., containing free dissolved oxygen) or ferruginous (i.e.,
containing dissolved Fe?"), iron mono-sulfides with poorly organized crystalline structures form
near the sediment-water interface (de Koff et al. 2008; Rickard and Luther 2007). The sulfur in
these iron minerals can later be oxidized to a -1 oxidation state by elemental sulfur during early
diagenesis, allowing for the creation of pyrite (Liu et al. 2020). When the water column is
euxinic (i.e., containing dissolved sulfide), Fe?" initially forms iron-mono-sulfides in the water
column, which act as nucleation centers for the creation of framboidal pyrite, which then sinks to
the seafloor (Wilkin and Barnes 1997, Rickard and Luther 2007).

In transiently deoxygenated systems, when oxygenated bottom waters return, iron
sulfides can be re-oxidized back to sulfate and Fe(III), with the latter being insoluble at neutral
pH. This effectively transforms iron sulfide minerals into iron oxide minerals at the sediment-
water interface, and sometimes deeper in the sediment in the presence of bioturbation and
bioirrigation that introduce oxygen (Bonaglia et al. 2019; Peterson et al. 1996). This repeating
cycle of Fe(IIT) mineral reduction to Fe(IT) minerals during anoxia and re-oxidation of Fe(II)
minerals to Fe(III) minerals upon oxygenation can lead to high benthic iron fluxes (Kuwabara et
al. 1999). In addition to abiotic oxidation of iron sulfides, several types of sulfur- and iron-
oxidizing chemoautotrophic organisms, such as cable bacteria, are capable of oxidizing these
minerals to gain access to the powerful ED (Hermans et al. 2019; Preisler et al. 2007; Seita;j et al.
2015). Iron delivery to coastal marine sediment is largely terrigenous, while the sulfide in marine

sediment is largely sourced from biological sulfate reduction, though both sulfide and iron in
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marine systems can also be chemogenic in origin (Rickard and Luther 2007).

Sulfate Reduction

Sulfate reduction typically uses fermentation products (e.g., hydrogen, acetate, lactate;
Fig. 2, Table 1) for electron donors, and hydrogenotrophic sulfate reduction (AG® = -152 kj mol
1) is much more energetically favorable than organoclastic sulfate reduction (e.g., AG® = - 41 kJ
mol™! when paired with acetate oxidation) (Jergensen 2000). Hydrogenotrophic sulfate reduction
is a chemoautotrophic process, and is considered one of Earth’s primordial metabolisms, having
been widespread by the early Archean eon (Shen and Buick 2004). Sulfate-reducing bacteria can
also act in a consortium with methanotrophic archaea to perform the anaerobic oxidation of
methane (Boetius et al. 2000; Orphan et al. 2001; Treude 2003). They can also utilize
thermogenic compounds such as propane as ED (Kniemeyer et al. 2007).

Despite being much less energetically favorable than nitrate or iron reduction, sulfate reduction
is still an incredibly important metabolic process in marine sediment, particularly those under
surface waters marked with high amounts of primary productivity (Canfield et al. 2005, Treude
2011). The sulfate reduction zone develops once Oz, NO3", Mn(IV), and Fe(III) are exhausted;
while some sulfate reducers can tolerate oxygen (Cypionka 2000), biological sulfate reduction is
an anaerobic process.

Biological sulfate reduction (Fig. 4) begins with either active or passive transport of
sulfate into the cell. Active transport is usually done by symporters that recruit several other ions
into to the cell (e.g., Na") along with sulfate, though, most sulfate recruitment likely occurs
through passive transport because active transport would make the process not energetically
favorable (Cypionka 1995). Once transported into the cell, sulfate is first transformed to

adenosine 5’-phosphosulfate (APS), requiring one molecule of ATP. This intermediate step
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happens because APS reduction to sulfite by the enzyme APS reductase is more energetically
favorable than direct reduction of sulfate to sulfite (Michaels et al. 1970). Sulfite is then reduced
by dissimilatory sulfite reductase (DsrABC) to H2S, S205%, or elemental sulfur which is
transported out of the cell by the c-subunit of the reductase (DsrC, (Oliveira et al. 2008; Santos et
al. 2015)). DsrC then acts as the terminal electron acceptor for the electron transport chain within
sulfate-reducing cells (Venceslau et al. 2014).

A diverse array of organisms are capable of conducting sulfate reduction, mainly
belonging to the class Deltaproteobacteria, a class of gram-negative bacteria (Robador et al.
2016). For example, in the upper margins of marine sediment in Aarhus Bay, Desulfobacteracae
and Desulfobulbaceae are the most abundant (LeLoup et al. 2009), while in the upper margins of
the Black Sea, uncultured gram-positive sulfate-reducing bacteria dominate (LeLoup et al. 2007).
In deeper sediment and in the water column of anoxic lakes, where there is sulfate limitation,
other taxa like Chloroflexi and Firmicutes become dominant sulfate reducers (Phillips et al.
2021; Wasmund et al. 2017). Additionally, some archaea such as Archeaoglobus (Burggraf et al.
1990) and Thorarchaeota (Seitz et al. 2016) have the genes necessary to conduct sulfate
reduction, though their contribution to sulfur cycling in the environment remains unclear.
Ultimately, the distribution, abundance, and diversity of sulfate-reducing bacteria correlates with
availability of ED and TEA

The kinetic isotope effect (KIE) associated with sulfate reduction leads to an isotopically
heavy reserve of sulfate and the production of isotopically light reduced sulfur compounds. This
fractionation of **S relative to the lighter isotope *2S is measured against the Vienna Canyon
Diablo Triolite standard (VCDT):

[345/ 325]sample
[3*s / 32Slvepr

0%*S (%0) = ( — 1) x 1000 [3]
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Where §°*S is the deviation of the fraction of **S/*2S from the standard. The maximum depletion
of $**S of sulfide produced from sulfate reduction in pure culture experiments has been
constrained to be approx. 47%o (Canfield and Teske 1996), however larger values have been
recorded in mixed cultures and chemostat experiments (Canfield et al. 2010a; Leavitt et al.
2013). These fractionations appear to occur primarily during APS reduction to sulfite and sulfite
reduction to HoS by DsrABC (Rees 1973). Sulfate reducers that do not completely oxidize their
ED (e.g., to CO») yield lower isotope fractionations (depleted in §**S by < 19%o, (Detmers et al.
2001)). The major factors governing isotope fractionation during sulfate reduction appear to be
1) sulfate concentration, whereby higher concentrations lead to increased fractionation (Habicht
et al. 2002) and 2) cell-specific sulfate reduction rate (csSRR), where higher csSRR produces
less fractionation (Chambers et al. 1975; Harrison and Thode 1958; Sim et al. 2011a; Wing and
Halevy 2014). Additionally, the use of triplicate isotope analyses (*2S, **S, 3*S) have shown that
csSRR related sulfur isotope fractionation is impacted by ED quality and availability, with more
consistent input of ED (i.e., in eutrophic shallow marine environments) leading to higher csSRR
and less fractionation (Leavitt et al. 2013; Sim et al. 2011b). This KIE associated with sulfate
concentrations, csSRR, and ED availability has been used to inform our understanding of
paleoenvironments (Fike et al. 2015). One potential complication with these interpretations,
however, is that other biologically-mediated reactions within the sulfur cycle (e.g., sulfur
disproportionation reactions) can impart their own KIE and mask the fractionation signal
(Jorgensen et al. 2019). While these sulfur disproportionation reactions can lead to §°*S of
sulfide depleted by greater than 47 %o (Canfield and Thamdrup 1994) the impact of these
reactions on isotope fractionation in modern marine sediment appears marginal (Fike et al.

2015).
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Figure 1-4. Left: Schematic of sulfate reduction, taken from (Fike et al. 2015). 1) Sulfate is
transported into the cell using a sulfate transporter (or via passive diffusion). 2) Sulfate is
reduced to APS. 3) APS is reduced to sulfite. 4) The DSR protein complex reduces sulfite to
thiosulfate and hydrogen sulfide. DsrC then acts as an electron acceptor in the electron transport
chain of sulfate-reducing bacteria. Right: Schematic of common microbial sulfur oxidation
pathways, taken from (Cui et al. 2019). Focusing on the transformation of sulfide to sulfate: 1)
Oxidation of sulfide to elemental sulfur via Sox, SQR, or FCC enzymes. 2) Oxidation of
elemental sulfur to sulfite by Dsr enzyme. 3) Oxidation of sulfite to sulfate by APS reductase and
ATP sulfurylase.

Sulfur Oxidation

The reduced products of sulfate reduction, typically sulfide, can be used as an ED for
autotrophic organisms, coupled to either anoxygenic photosynthesis, O> reduction, or NO3
reduction. Unlike sulfate reduction and sulfur disproportionation reactions, sulfide oxidation
seems to have little effect on isotope fractionation. Anoxygenic photosynthesis coupled to sulfide
oxidation is conducted in much the same manner as oxygenic photosynthesis, with reduced
sulfur compounds as the electron donor instead of water. One key difference between oxygenic
and anoxygenic photosynthesis is that the former requires two photosystems to cleave electrons
off of H>O molecules, but anoxygenic photosynthesis substrates such as H>S only require one

photosystem (Allen 2005). Green sulfur bacteria such as Chlorobi can oxidize either sulfide or
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ferrous iron using different bacteriochlorophylls as their photosynthetic pigments (Bryant and
Frigaard 2006). These green sulfur bacteria have also been observed conducting photosynthesis
off of infrared radiation from hydrothermal vents (Beatty et al. 2005), contributing to primary
productivity in a system devoid of sunlight. Purple sulfur bacteria from the Proteobacteria class
such as Roseobacter are facultative phototrophs under anoxic conditions but can also perform
heterotrophic metabolisms when environmental conditions are favorable (Bryant and Frigaard
2006). Despite the diversity (in species and metabolism) of organisms capable of doing
anoxygenic photosynthesis, several questions regarding the evolution and biochemistry of sulfur-
oxidizing photoautotrophs remain (Bryant and Frigaard 2006). The importance of anoxygenic
photosynthesizers to sulfur cycling, particularly in the oxycline of stratified lakes where they can
represent up to 50% of microbial species, necessitates much further analyses (Block et al. 2021;
Gregersen et al. 2009).

Aerobic sulfide oxidation occurs abiotically, however microbes are able to catalyze
sulfide oxidation orders of magnitude faster than the abiotic process (Jorgensen 1982; Luther II1
et al. 2011). While several pathways exist for the oxidation of sulfide (some to sulfate, some
terminate in intermediary compounds like elemental sulfur) the sox pathway is the most well
understood (Friedrich et al. 2001). Aerobic sulfide oxidation must occur in an environment
where the oxidant and ED come in close contact with each other, such as in the chemocline in
anoxic pelagic environments (Lavik et al. 2009; Phillips et al. 2021) or at the marine sediment-
water interface (Canfield and Thamdrup 2009; Wasmund et al. 2017). The majority of aerobic
sulfur-oxidizing bacteria that colonize the marine sediment-water interface are
Gammaproteobacteria (Dyksma et al. 2016), though other genera such as Thiobacillus and

Thiomicrospira are plentiful (Brinkhoff et al. 1998). Sulfur oxidizers in surface sediments are
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often concomitant with high amounts of surface organic carbon content and consequentially high
rates of sulfate reduction near the sediment-water interface, giving them ample access to both
their ED and TEA (Canfield 1989b; Thamdrup et al. 1994a; Thamdrup et al. 1994b). Cable
bacteria and some genera of filamentous sulfur-oxidizing bacteria with vacuolated nitrate are
able to bridge the gap between reduced sediment and oxygenated bottom waters, either through
the use of nanowires or through vertical migration into the sediment, respectively (Larkin and
Strohl 1983; Schauer et al. 2014).

The sulfur cycle and nitrogen cycle can interact via Giant Sulfur-Oxidizing Bacteria
(GSOB) such as the filamentous Beggiatoa and Thioploca and the spherical Thiomargarita
which can couple sulfide oxidation to nitrate reduction (Jergensen and Nelson 2004; Larkin and
Strohl 1983). These GSOB can hyper-accumulate nitrate in intracellular vacuoles up to 500 mM
(Fossing et al. 1995a) and also hold reserves of elemental sulfur within their cells (Otte et al.
1999). These gammaproteobacteria (Salman et al. 2011) utilize different pathways for sulfide
oxidation (Fig. 4). Some strains of Beggiatoa utilize adenosine mono phosphate (AMP) to
oxidize sulfite to APS using the APS reductase enzyme, then ATP sulfurylase oxidize sulfite to
sulfate, producing an ATP in the process (Hagen and Nelson 1997). However, this complete
oxidation to sulfate is not the preferred pathway for GSOB to oxidize sulfide; the sulfur globules
within these bacterial cells indicate that sulfide is first oxidized to elemental sulfur which is then
stored and subsequently oxidized to sulfate in a secondary step by c-type cytochromes (Prince et
al. 1988, Fike et al. 2015). These GSOB in marine sediment can conduct either denitrification or
DNRA (De Brabandere et al. 2015; Otte et al. 1999; Schutte et al. 2018); the environmental
conditions that preference nitrate reduction pathway and ergo which organisms will dominate

may depend on the duration of anoxia and nitrate depletion.
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Part III: Transiently Deoxygenated Environments

Open Ocean Oxygen Minimum Zones

The oxygen minimum zone (OMZ) that was described first was the OMZ in the tropical
East Pacific, off the coast of Mexico (Cline and Richards 1972). Since this time, the term OMZ
has sometimes been used to refer to ubiquitously distributed areas of the ocean where oxygen
concentrations reach a minima between approx. 1,000 and 1,500 m depth (Paulmier and Ruiz-
Pino 2009; Wyrtki 1962). These naturally occurring ubiquitously distributed areas of the ocean
are now referred to as “classical O2-minima” and instead the term “OMZ” is reserved for more
intense areas of deoxygenation where waters become hypoxic (< 63 uM) or even approach
anoxia (Paulmier and Ruiz-Pino 2009). Open ocean OMZ are believed to be created in part by
the transport of low oxygen waters from areas with higher rates of organic matter degradation
(Davila et al. 2023; Karstensen et al. 2008; Wyrtki 1962). However, in many places high primary
productivity in surface waters also contributes to the appearance of OMZ (Rabalais et al. 2014).
These open ocean OMZ are expanding and intensifying (Stramma et al. 2008) with consequences
on aquatic organisms and biogeochemical cycling in Earth’s oceans (Stramma et al. 2010). The
exact level deoxygenation used to define and study OMZ depends on the research question, but
90, 45, and 4.5 uM have all been used (Karstensen et al. 2008; Paulmier and Ruiz-Pino 2009;
Stramma et al. 2008). A map of the oxygen minimum throughout Earth’s oceans can be seen in

Fig. 5.
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Figure 1-5. Map of O distribution at depth where O> concentration is minimal (O2 in pM)
throughout Earth’s oceans, taken from Fig. 1 of (Paulmier and Ruiz-Pino 2009). Oxygen
minimum zones are pointed out in white letters: Arabian Sea (AS), Bay of Bengal (BB), Black
Sea (BIS), Baltic Sea (BS), Eastern Northern Pacific (ENP), Eastern South Pacific (ESP),
Eastern Sub-Tropical North Pacific (ESTNP), Eastern Tropical North Pacific (ETNP), Gulf of
Alaska (GA), Persian Gulf (PG), Red Sea (RS), South Western African Continental Margin
(SWACM), and Western Bering Sea (WBS).

While the vast majority of modern oceans are well oxygenated, approx. 4% of the global
ocean has less than 90 uM O», considered too low to support most marine animals, and around
0.05% has less than 4.5 uM O, low enough for anaerobic metabolisms to take hold (Karstensen
et al. 2008; Keeling et al. 2010; Lam and Kuypers 2011). According to the thermodynamics
(Table 1) denitrification should be the dominant pathway once OMZ waters approach anoxia; the

accumulation of NO;™ in waters below the mixed layer inspired scientists to study denitrification

in the oceans in the first place (Brandhorst 1959; Gilson 1933; Lam and Kuypers 2011; Wooster
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et al. 1965). However, even though there is ample evidence of active denitrifiers in these OMZ
waters (Castro-Gonzaélez et al. 2005; Lam et al. 2009) there is an apparent lack of complete
denitrification along with a lack of transcription of NirS (Lam et al. 2009), the gene responsible
for NO;™ to NO conversion during denitrification. In the Eastern Tropical South Atlantic (ETSA)
OMZ (Kuypers et al. 2005) and in the Eastern Tropical South Pacific (ETSP) OMZ (Thamdrup
et al. 2006) annamox was found to be the primary mechanism for N> and N>O production.
Annamox was further found to be the key pathway responsible for reactive nitrogen loss from
OMZ waters using paired isotope rate determinations (Holtappels et al. 2011). The NO;™ needed
for annamox is likely sourced from aerobic ammonium oxidation in the upper and lower portions
of the OMZ; Thaumarchaeota, an aerobic ammonium-oxidizing archaea (Kozlowski et al. 2016)
are rife in the upper OMZ waters but not found in the OMZ core (Ulloa et al. 2012). Some NOy
likely comes from incomplete denitrification (i.e., nitrate reduction to nitrite) as well, while the
NH4" is sourced from both organic matter degradation and DNRA within the OMZ (Holtappels
etal. 2011; Lam et al. 2009). This complex web of nitrogen cycling within OMZ waters (Fig 6)
is an active area of research, and not all OMZ appear to have the same nitrogen cycles (Ward et

al. 2009).
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Figure 1-6: Schematic of nitrogen transformations that occur in oxygen minimum zones, taken
from (Lam and Kuypers 2011). Nitrate reduction transforms NO3™ to NO>", which can either be
further reduced to N> via canonical denitrification or to NH4" via dissimilatory nitrate reduction
to ammonium (DNRA). This NH4" can then be assimilated into organic matter, oxidized to NOy”
during aerobic ammonium oxidation, or reduced to N> via anaerobic ammonium oxidation
(annamox).

Iron reduction is not likely to occur in most OMZ waters because Fe(III) is not soluble at
standard ocean pH, and iron is an essential (and often limiting) micronutrient for primary
productivity (Gervais et al. 2002). Microniches in sinking particles within OMZ waters were
hypothesized to support sulfate reduction, and this particle-associated sulfate reduction (and
resultant sulfide) was offered as a solution to explain the enrichment of trace metals in particles
of OMZ waters (Bianchi et al. 2018). This particle-associated sulfate reduction was later
confirmed in the Eastern Tropical North Pacific (ETNP) OMZ, where the resultant reduced

sulfur compounds create recalcitrant organic sulfides which may promote carbon burial in the

sediment underlying these OMZ (Raven et al. 2021).
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Coastal Oxygen Minimum Zones

When OMZs occur in coastal waters, the anoxic water column can extend to the seafloor,
leading to altered biogeochemical cycling within the marine sediment below the OMZ (Dale et
al. 2016). These coastal anoxic environments are usually due to either eutrophication from
upwelling (e.g., the Peruvian Margin, (Bohlen et al. 2011; Dale et al. 2016; Sommer et al. 2016))
or restricted ventilation in enclosed basins (e.g., the Eastern Gotland Basin of the Baltic Sea,
(Noffke et al. 2016)). Some of these environments, like the Black Sea, are permanently anoxic at
certain depths (Deuser 1974), however many are transiently deoxygenated environments that are
periodically flushed with oxygenated water (Bograd et al. 2002; van de Velde et al. 2020a). The
benthic biogeochemistry of these transiently deoxygenated coastal OMZ is heavily affected by
processes at the sediment-water interface and in the sediment. For example, in the Santa Barbara
Basin, the bulk of nitrogen loss via denitrification occurs at the sediment-water interface, not in
the water column (Sigman et al. 2003). On the Peruvian shelf, fluxes of ammonium from the
seafloor are concomitant with O2 and NOs3™ depletion in the bottom waters and the development
of thick benthic microbial mats of GSOB bacteria (Sommer et al. 2016). These GSOB mats (Fig
7) appear in transiently deoxygenated environments when the bottom waters reach anoxia and
nitrate is still present (Noffke et al. 2016; Valentine et al. 2016). While some GSOB bacteria
perform aerobic sulfide oxidation, this niche in transiently deoxygenated marine environments
appears to be dominated by cable bacteria at the exclusion of GSOB, whereas GSOB appear to
dominate once anoxia is established (Kessler et al. 2019; Marzocchi et al. 2018; Schauer et al.
2014). Because of their ability to rapidly oxidize sulfide and their appearance at the sediment-

water interface, both cable bacteria and GSOB mats are seen as the last prevention towards the
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development of euxinia in the anoxic bottom waters of coastal OMZ (Fossing et al. 1995a;
Gutiérrez et al. 2008; Seitaj et al. 2015; Sommer et al. 2016). While GSOB mats are able to
persist on their intracellular stores of nitrate (Fig. 7), persistent anoxia and nitrate depletion leads
to a collapse of the mats and sulfide fluxes into the bottom waters (Gutiérrez et al. 2008). The
exact conditions in both the sediment and bottom waters that allow for the proliferation of these
thick GSOB mats, and the duration of anoxia and NOs3™ depletion that lead to their collapse, is an
area requiring further research (Kuwabara et al. 1999; Sommer et al. 2016; Valentine et al.

2016).

Hypotheses for Coastal OMZ

The primary goal of the original research detailed in this dissertation is to increase our
understanding of how sulfur, and associated redox-sensitive elements, are cycled in transiently
deoxygenated aquatic environments. The Santa Barbara Basin is a coastal OMZ that experiences
transient deoxygenation and hosts ephemeral GSOB mats during times of anoxia. We build off
research conducted on these mats by Reimers et al. (1996), Kuwabara et al. (1999), and
Valentine et al. (2016) amongst others. In particular, we set out to determine whether these mats
establish a feedback loop with sulfate reducing bacteria in the sediment below to help them
proliferate. These mats occupy an ecological niche between anoxic and euxinic water column
conditions and are associated with declining nitrate values in the basin’s bottom waters
(Valentine et al. 2016). If their appearance prohibits the penetration of nitrate into the sediment,
it could allow for a shallowing of the sulfate reduction zone to the near-surface, providing the
mats with more electron donor. Additionally, we seek to determine if increasingly long periods

of anoxia in the basin are leading to a shift from a ferruginous to a sulfidic sediment state. This
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research will aid in the broader understanding of how expanding oxygen minimum zones could

affect benthic geomicrobiology and the global sulfur cycle.
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Figure 1-7. Left: Schematic of giant sulfur-oxidizing bacteria (GSOB) metabolism taken from
(Teske and Nelson 2006). Nitrate (NO3") is stored in intracellular vacuoles to >100 mM
concentrations. Sulfide (H2S) is oxidized to elemental sulfur (S°), which is stored within the cell
and is later further oxidized to sulfate (SO4%). Right: Images from the Peruvian shelf of GSOB
mats taken at 103, 145, and 305 m depth (Sommer et al. 2016).
Lake Hypolimnion
Marine environments are not the only systems that experience transient deoxygenation,
many lacustrine environments experience stagnation in their deeper waters due to density
stratification at least once per year. Some lakes are meromictic, meaning they have permanent
stratification (e.g., Green Lake, NY) while other lakes experience annual (or more frequent)
deoxygenation in their bottom waters, which are called holomictic lakes (e.g., Lake Titicaca). In

the layer beneath the thermocline (the hypolimnion) anaerobic metabolisms, including those that
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cycle sulfur, are prevalent (Foti et al. 2007). Of particular interest to sulfur cycling are endorheic
lakes that serve as the hydrological sink for inland watersheds with no connection to the ocean.
A common feature of these endorheic lakes is increasing salinity due to cycles of evaporation
and re-hydration, though overall these lakes are desiccating around the world (Williams 2002).
The dissolution of evaporites like gypsum and epsomite into the water column can lead to high
concentrations of sulfate within these lakes which can promote sulfate reduction in the sediment
and anoxic water column of these lakes (Margalef-Marti et al. 2023; Wardlaw and Valentine
2005). Chemoautotrophic sulfide oxidation and anoxygenic photosynthesis are common sulfur-
oxidizing metabolisms found at the chemocline within these lakes (Gilhooly III et al. 2016;
Gregersen et al. 2009). Besides biological sulfide oxidation, a common sink for sulfide in these
lakes is the formation of framboidal pyrite in the oxycline of the water column (de Koff et al.
2008; Gilhooly III et al. 2016). As these lakes dry, the changes of sulfur cycling metabolisms and
their impact on the surrounding ecosystem and human populations need to be assessed (Fogel et
al. 2021; Frie et al. 2017). Additionally, these drying inland lakes can act as an analogue for
studying biogeochemical progressions involved in past drying events, like the Messinian Salinity

Crisis (Krijgsman et al. 1999) and the potential for life on early Mars (Pontefract et al. 2017).

Hypotheses for Lake Hypolimnions
The Salton Sea in California offers an additional system to study sulfur cycling during
transient deoxygenation. Water column sulfate reduction likely occurs in the lake when the
hypolimnion becomes anoxic, as evidenced by the extreme euxinia (>2 mM) that has been
measured in the lake (Reese et al., 2008). We hypothesize that sulfate reduction in the Salton Sea

water column contributes to this euxinia, and we set out to quantify sulfate reduction rates in the
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lake’s waters during oxygenated and deoxygenated conditions. This research will aid in
understating how microbial rates in the Salton Sea’s water column change with different seasons
and help further refine the sulfur budget for the lake. This research will also give us clues into

how rapid desiccation can affect the sulfur cycle in transiently deoxygenated saline lakes.

Part V. Dissertation outlook

This dissertation contains this introductory chapter, three separate manuscript chapters,
and a conclusion chapter. Each manuscript chapter presents novel research that has either already
been published (chapter 2) or is in preparation for publication (chapters 3 & 4). Chapter 2 was
recently published in Biogeosciences (Yousavich et al. 2024) and details conditions necessary for
benthic microbial mat proliferation in the Santa Barbara Basin, California. Chapter 3 has gone
through several rounds of co-author review and will be submitted to Nature Geosciences in
summer 2024. This manuscript documents how increasing deoxygenation within the Santa
Barbara Basin, associated with increasing El Nifio events, is forcing a shift from a ferruginous to
sulfidic sediment state and a loss of highly reactive iron from the sediment-water interface. This
chapter builds upon the work done in Chapter 2 and incorporates a wealth of historical data and
statistical techniques to elucidate correlations within the sediment redox state to bottom water
oxidant concentrations. Chapter 4 examines the effect of transient deoxygenation on sulfur
cycling in the Salton Sea, California and reports the first microbial rates of sulfate reduction,
methane oxidation, and nitrogen cycling from the Salton Sea. This manuscript is in preparation
for submission to Limnology and Oceanography. The last chapter of this dissertation (chapter 5)
summarizes the most important findings and places the research within the greater context of

microbiology and geochemistry of anoxic and transiently deoxygenated aquatic environments.
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Abstract

The Santa Barbara Basin naturally experiences transient deoxygenation due to its unique
geological setting in the Southern California Borderland and seasonal changes in ocean currents.
Long-term measurements of the basin showed that anoxic events and subsequent nitrate
exhaustion in the bottom waters have been occurring more frequently and lasting longer over the
past decade. One characteristic of the Santa Barbara Basin is the seasonal development of
extensive mats of benthic nitrate-reducing sulfur-oxidizing bacteria, which are found at the
sediment-water interface when the basin’s bottom waters reach anoxia but still provide some
nitrate. To assess the mat’s impact on the benthic and pelagic redox environment, we collected
biogeochemical sediment and benthic flux data in November 2019, after anoxia developed in the
deepest waters of the basin and dissolved nitrate was depleted (down to 9.9 uM). We found that
the development of mats was associated with a shift from denitrification to dissimilatory nitrate
reduction to ammonium. The zone of sulfate reduction appeared near the sediment-water
interface in sediment hosting these ephemeral white mats. We found that an exhaustion of iron
oxides in the surface sediment was an additional prerequisite for mat proliferation. Our research
further suggests that cycles of deoxygenation and reoxygenation of the benthic environment
result in extremely high benthic fluxes of dissolved iron from the basin’s sediment. This work
expands our understanding of nitrate-reducing sulfur-oxidizing mats and their role in sustaining

and potentially expanding marine anoxia.
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Introduction

Naturally occurring low-oxygen waters in the ocean are commonly observed below the
ocean’s mixed layer where respiration consumes oxygen faster than it is produced or ventilated.
When low oxygen conditions occur along the western continental shelf in regions susceptible to
upwelling events and/or undergoing eutrophication, organic matter remineralization can
frequently drive oxygen concentrations to hypoxic (02 < 63 uM) (Middelburg and Levin 2009)
and/or anoxic levels (O2 <3 uM) (Canfield et al. 2010b; Fossing et al. 1995b). These areas are
usually referred to as Oxygen Minimum Zones (OMZs). In the water column of OMZs, nitrogen
reduction becomes an important mechanism for organic matter remineralization (Ward et al.
2009). OMZs within coastal basins that experience seasonal changes in upwelling can experience
anoxic and nitrate reducing conditions that extend to the benthic environment, especially when
high productivity and associated organic matter export coincide with seasonal patterns of
physical mixing. This fundamental change in the redox conditions at the sediment-water
interface encourages elevated rates of anaerobic microbial processes and can promote organic
matter preservation in the sediments (Middelburg and Levin 2009; Treude 2011), though a recent
study suggests a thin reactive surface layer can provide high rates of organic matter degradation
in anoxic environments (van de Velde et al. 2023). Persistent anoxia in these coastal OMZ can
lead to huge releases of sulfide (up to 13.7 mmol m? d!) and ammonium (up to 21.2 mmol m™
d!) into the water column (Sommer et al. 2016).

The Santa Barbara Basin (SBB) is an example of one of these coastal OMZs that
experiences seasonal deoxygenation. Drastic changes in water column oxygenation and seafloor
redox conditions drive complex changes in benthic biogeochemistry and microbiology,

evidenced most clearly by the development of thick, expansive mats of giant sulfur-oxidizing
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bacteria (GSOB) on the SBB seafloor (Bernhard et al. 2003; Kuwabara et al. 1999; Prokopenko
et al. 2006; Valentine et al. 2016). A 2016 survey of the basin identified a vast GSOB mat spread
over 1.6 contiguous km, confined between 487 and 523 km in the SBB depocenter where
conditions were anoxic but not depleted of NO3™ (Valentine et al. 2016). These GSOB mats have
been noted previously in the SBB benthos, appearing at times of anoxia and disappearing when
oxygen is present in the bottom water (Kuwabara et al. 1999; Reimers et al. 1996b). Similar
GSOB mats have been identified in other transiently deoxygenated OMZs such as the
Peruvian/Chilean coast (Hogslund et al. 2009; Schulz et al. 1996; Sommer et al. 2016; Zopfi et
al. 2001). The chemoautotrophic bacteria that constitute the bulk of GSOB mats (typically
Thioploca and/or Beggiatoa) utilize sulfide as an electron donor and Oz or NO3™ as a terminal
electron acceptor (Jorgensen and Nelson 2004). Some GSOB can hyperaccumulate NO3™ in cell
vacuoles up to 500 mM (Fossing et al. 1995a) and use this NO3™ reserve to oxidize sulfide that
diffuses from the underlying sediment to perform their metabolism. (Huettel et al. 1996;
MufBimann et al. 2003; Sayama 2001).

The activity of GSOB mats contribute significantly to element cycling in benthic marine
environments with large effects on biogeochemical conditions in the bottom water. Isotopic
measurements of °N/!*N and '*0/!%0 from NOs™in the SBB water column suggest that benthic
organisms are responsible for approximately 75% of the total NO3™ reduction in the SBB
(Sigman et al. 2003). Other studies found that GSOB mats inhibit the diffusion of NO3™ into
sediments via hyper-accumulation in vacuoles thereby creating conditions ideal for bacterial
heterotrophic sulfate reduction beneath them (Fossing et al. 1995b; Zopfi et al. 2001). These
studies suggest that GSOB mats in the SBB may be responsible for the majority of NO3

consumption in the basin rather than water-column microbes. Additionally, GSOB mats have
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been reported to deplete NO3™ via dissimilatory nitrate reduction to ammonia (DNRA) in the
anoxic bottom water of the Peruvian OMZ (Dale et al. 2016) and in the hypoxic transition zone
in the Eastern Gotland Basin of the Baltic Sea (Noffke et al. 2016). By contrast, benthic
microbial communities in the hypoxic (42 uM) Mauritanian OMZ perform canonical
denitrification instead (Dale et al. 2014). The contrast between the Peruvian and Mauritanian
OMZ suggests that bottom- water anoxia triggers the appearance of GSOB mats, and that DNRA
is more prevalent where GSOB mats are present.

The rapid accumulation and consumption of NO3™ by GSOB mats has ramifications for
the redox conditions in the sediment underneath. The depletion of NO3™ and shallowing of the
nitracline could promote high rates of sulfate reduction in the sediment underneath the GSOB
mat. In return, the sulfate reduction zone exists close to the sediment-water interface, providing
the GSOB mat with readily accessible sulfide. If a metabolic feedback loop is then established
between sulfur-oxidizing bacteria at the sediment-water interface and sulfate-reducing bacteria in
the sediment, increased NO3 loss from the water column and spreading of sulfidic conditions in
SBB sediment is expected. With these mats being potentially crucial to nitrogen and sulfur
cycling in sediments underlying OMZs, their biogeochemical transformations and ergo effect
upon basin redox conditions are critically important to understanding element cycling in the
SBB. Such gained knowledge would have additional benefits for predicting biogeochemical
feedbacks to the projected expansion of oceanic oxygen deficiency, in the SBB and in OMZs
more general, as a result of global change (Stramma et al. 2008).

Utilizing in-situ technologies, sediment porewater extraction, solid phase analyses, and
radiotracer techniques, this study aims to answer the following overarching questions: (1) Which
environmental conditions initiate and sustain the proliferation of GSOB mats? (2) Which
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biogeochemical transformations occur in the sediment underneath these mats? (3) What role do
the mats play in the increasingly prevalent anoxic and nitrate-depleted condition found in the
SBB? These investigations represent the first basin-wide geochemical characterization of the
Santa Barbara Basin which hosts the largest as-of-yet mapped GSOB mat in the world’s oceans.
It is the first suite of in-situ flux measurements carried out in the SBB, which is unique to other
heavily studied marine settings (e.g., Eastern Gotland Basin, Peruvian upwelling zone) in that it
is an oceanic basin within an upwelling zone. The results presented here also provide
geochemical context for a number of other related investigations in the SBB (Peng et al. 2023;
Robinson et al. 2022; Xuefeng Peng et al. 2023) as well as the first measurements in a multi-year
study of biogeochemical changes in response to warming waters and increased stratification on

the California coast.
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2. Materials and Methods
2.1 Study Site

The Santa Barbara Basin (SBB) is a coastal basin in the California Borderland with an
approximate maximum depth of 600 m characterized by a seasonally anoxic water column
(Sholkovitz and Gieskes 1971; Sverdrup and Allen 1939). The transform boundary along the
California Borderland heavily affects the geomorphology of basins in this region; these basins
become twisted as the plates rub against each other and form a series of “bathtubs” blocked by
sills and seamounts off the coast of California. The SBB is bordered by the California coast in
the north, the Channel Islands in the south, the Santa Monica basin to the southeast, and the
Arguello Canyon to the west. A sill to the west of the basin at around 475 m depth (Fig. 1)
prohibits most water transfer between the Santa Lucia Slope and the deeper waters of the SBB
(Sholkovitz and Gieskes 1971). The highly productive surface waters in the basin provide ample
organic matter to the basin’s water column, encouraging strong remineralization processes below
the euphotic zone, which can induce anoxia below the sill depth, with typically less than 1 pmol
O, L' (Emery et al. 1962; Emmer and Thunell 2000; Sholkovitz 1973; Thunell 1998). Benthic
faunal distribution within the basin is tightly correlated with this sill depth and related oxygen
conditions; below the sill, the sea snail Alia permodesta is the most commonly found benthic
fauna, while sea stars, sea urchins, and other echinoderms increase in density above the sill
(Myhre et al. 2018). During upwelling events (usually in Spring), oxygenated waters from the
California Current spill over the western sill and ventilate the SBB, and reportedly increase
bottom water oxygen concentrations to approximately 20 pmol O2 L (Goericke et al. 2015).
SBB water-column oxygen and nitrogen concentrations have been evaluated through a

longitudinal survey by the California Cooperative Oceanic Fisheries Investigations (CalCOFI)
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with data starting in the 1950’s. The data collected by this survey shows increasing durations of
anoxia and fixed nitrogen loss in the basin with the SBB becoming completely nitrate-depleted

below the sill at least three times between 2012 and 2017 (https://calcof.iorg/data/).

Depth (m)

-600 -500 -400 -300 -200 -100

° SDRO

10 15 20

Distance from start of transect (km)

Figure 2-1. Maps of sampling locations in the Santa Barbara Basin and photographs of
deployed equipment: (a) bathymetric map of the Santa Barbara Basin with locations of all
sampled stations; (b) cross section of the Santa Barbara Basin with locations of all sampled
stations; (¢) sediment push coring with the ROV arm; (d) sediment microprofiler; (e) benthic
flux chamber; (F') a close-up of a syringe system from a benthic flux chamber. The map in
panel (a) was generated using the Bathymetric Data Viewer provided by the National Centers
for Environmental Information.
2.2 Benthic sediment sampling and instrument deployment
Sediment samples were taken between 30 October and 11 November 2019 during an
expedition aboard the research vessel (R/V) Atlantis equipped with the remote operated vehicle
(ROV) Jason. Samples were taken at stations along a bimodal, north-south transect through the
depocenter of the SBB, as well as one station on a separate transect. Details of sampling stations

can be seen in Fig. 1A and 1B. Briefly, depocenter stations are labeled as NDRO and SDRO

(northern and southern depocenter radial origin, respectively). The remaining stations are named
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for the cardinal direction (north vs. south) and the transect number (e.g., SDT1-A is on transect 1
while SDT3-A is on transect 3). As station depth decreases, the alpha suffix increases (e.g.,

NDT3-A is deeper than NDT3-B, etc.).

ROV Jason conducted sediment push coring and deployed automated benthic flux
chambers (BFC) and microprofilers at each station. Bottom water oxygen concentration was
determined using an Aanderaa 4831 oxygen optode (Aanderaa Instruments, Bergen, Norway)
installed on the ROV. Optical modems (Luma 250LP, Hydromea, Renens, Switzerland) installed
on the ROV and the BFC and microprofilers were used to transmit deployment settings and
start/terminate measurements of the instruments. Multiple push cores (polycarbonate, 30.5 cm
length, 6.35 cm inner diameter) per sampling station were retrieved during ROV Jason
deployments (Fig. 1C). Replicate cores from each station were transferred to an onboard 6°C
cold room upon recovery aboard the ship and subsampled for either solid phase analyses,

porewater geochemistry, or radiotracer experiments.

2.3 Sediment Core Sub-Sampling

Two replicate ROV push cores that were collected near each other at each station were
processed under a constant argon flow to protect redox-sensitive species. Cores were sectioned in
I-cm increments in the top 10 cm followed by 2-cm increments deeper in the core. Sediments
from the NDT3-B station were sliced into 2-cm increments. Sediment subsections were
transferred into argon-filled 50-mL conical centrifuge tubes. Sediment samples were centrifuged
at 2300 x g for 20 minutes. The centrifugate was subsampled without filtering as fast as possible
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for porewater analyses, to avoid contamination with oxygen. Solid phase cores were sectioned
similarly to porewater cores and sub-sampled for sediment density, porosity, and organic matter
content analyses. A 10 mL cut-off plastic syringe was used to collect 6 mL of sediment into pre-
weighed plastic vials (15 mL snap-cap vials) and stored in the dark at 4°C for sediment porosity
and density analysis. Two-mL microcentrifuge tubes were filled with sediment from each depth
interval and stored at -30°C for sediment organic matter analyses. One ROV push core per
station was sub-sampled with a miniaturized push core (Ilength 20 cm, inner diameter 2.6 cm)

and taken immediately to the shipboard radioisotope van for radiotracer experiments (see section

2.5).

2.4 Sediment Porewater Geochemistry

Concentrations of porewater sulfide (Cline 1969), NH4", PO4*, and Fe?" (Grasshoff et al.
1999) were determined shipboard with a Shimadzu UV-Spectrophotometer (UV-1800).
Detection limits for sulfide, NH4*, PO4>", and Fe** were 1 puM. Subsamples (2 mL) for porewater
NO3™ and NO;™ concentrations were stored in 2-mL plastic vials with an O-ring, frozen shipboard
at -30°C and analyzed at UCLA on the same spectrophotometer using the method following
(Garcia-Robledo et al. 2014). The detection limit for NO3™ and NO> was 0.5 uM. Samples for
porewater DIC analyses were preserved shipboard with 5 uL saturated HgCl in headspace free
glass vials and stored at 4°C for later analysis following the procedure of (Hall and Aller 1992).
DIC detection limit was 0.1 mM. Total alkalinity was determined shipboard using direct titration
of 500 pL of pore water with 0.01M Titrisol® HCI (Pavlova et al. 2008). The analysis was
calibrated using IAPSO seawater standard, with a precision and detection limit of 0.05 meq L.

Subsamples (1 mL) for sulfate and chlorinity analyses were stored in 2-mL plastic vials, kept
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gas-tight with an O-ring, frozen shipboard at -30°C. These were later measured in the UCLA lab
using a Metrohm 761 ion chromatograph with a methodological detection limit of 30 uM (Dale

et al. 2015).

2.5 Solid Phase Analyses

Porosity/Density samples were collected in pre-weighed plastic vials and dried at 50°C
for up to 96 hr until the dry weight was stable. Sediment porosity was calculated by taking the
difference between wet and dry sediment weight and dividing by the volume of the initial wet
sediment aliquot. Sediment density was calculated by dividing the wet sediment weight by its
volume. Treatment of sediment subsamples for total organic carbon (TOC), total organic
nitrogen (TON), and organic carbon isotope composition (5!°C) were modified from the method
of (Harris et al. 2001) and sent to the University of California Davis Stable Isotope Facility for
analysis using Elemental Analyzer — Isotope Ratio Mass Spectrometry. TOC and TON were
calculated based on the sample peak area corrected against a reference material (alfalfa flour).
Limit of quantification based on peak area was 100 pg C with an uncertainty of £+ 0.2 %o for

§13C.

2.6 Sulfate Reduction

To determine ex-situ microbial sulfate reduction rates, whole round sub-cores were
injected with 10 pL carrier-free **S-Sulfate radiotracer (dissolved in water, 200 kBq, specific
activity 37 TBq mmol™!) into pre-drilled, silicon-filled holes at 1-cm increments according to
(Jorgensen 1978). These sub-cores were incubated at 6°C in the dark for 6-8 hours. Incubations
were stopped by slicing sediment cores in 1-cm increments into 50-mL centrifuge tubes filled
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with 20-mL zinc acetate (20% w/w) and frozen at -20°C until analysis at the land-based
laboratory. Microbial activity in controls was terminated with zinc acetate (20 mL of 20% w/w)
before the addition of radiotracer and subsequent freezing. Lab-based analysis of sulfate

reduction rates were determined following the cold-chromium distillation procedure (Kallmeyer

et al. 2004).

2.7 Benthic In-Situ Investigations

Per station, one to three microprofiler (Fig. 1D) and three BFC (Fig. 1E) deployments
were carried out by the ROV Jason at the seafloor. Construction, deployment and operation of
automated microprofilers and BFCs followed those described in (Treude et al. 2009). The
microprofiler deployed in this study is a modified, miniaturized version of the instrument
described in (Gundersen and Jargensen 1990) that was constructed specifically for use by ROV.
Microprofilers were outfitted with three O2-microelectrodes (Glud et al. 2000), two pH-
microelectrodes (Revsbech and Jargensen 1986), two HoS-microelectrodes (Jeroschewsky et al.
1996), and one conductivity sensor to determine the position of the sediment-water interface
relative to the tips of the microelectrodes. Concentrations of oxygen and sulfide, as well as pH
were each calculated from microelectrode readings and averaged for the respective sites where
replicates existed.

The BFC consisted of a frame equipped with a cylindrical polycarbonate chamber (inner
diameter = 19 cm) with its lower portion sticking out of the frame. The upper side of the
chamber was closed by a lid containing a stirrer (Type K/MT 11, K.U.M., Kiel, Germany),
oxygen optodes (Type 4330, Aanderaa Data Instruments, Bergen Norway and Hydroflash,
Contros/Kongsberg Maritime, Kongsberg, Norway), a conductivity sensor (type 5860, Aanderaa
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Data Instruments), and a valve. Prior to insertion into the sediments, the chambers were held
upside down by the ROV manipulating arms within approximately 10 m of the seafloor and
moved back and forth to make sure that water from shallower depth that may have been trapped
was replaced by bottom water. Chamber incubations lasted between 240 and 390 minutes. Each
BFC was outfitted with a custom-built syringe sampler containing seven syringes that were
connected by tubes to sampling ports in the upper wall of the chambers (Fig. 1F): one injection
syringe and six sampling syringes that were fired at regular time intervals over the time course of
the deployment. The injection syringe contained de-ionized water and the reduction in salinity in
the overlaying water after salinity readings stabilized (i.e., full mixing was achieved) 10-30 min
after injection was used to determine BFC volumes (Kononets et al. 2021). Samples obtained
from the overlaying water of the BFC were examined for the same geochemical constituents as

described above (section 2.4). Benthic fluxes of NOs", NH4", PO4*", and Fe?* were calculated as

follows:
Ac 'V
S =% "%

Where ] is the flux in mmol m™ d!, AC is the concentration change in mmol m?, At is the time
interval in d, V is the overlying water volume in m®, and A is the surface area of the sediment
covered by the benthic flux chamber in m?. An average flux within BFC’s was calculated for
stations of similar depth. One chamber per site contained '’N-NOs in the injection syringe for in-
situ nitrogen cycling experiments. Results are reported from two of these chambers (SDRO and

NDT3-D) and all '>'N-NOs™ chambers were excluded from benthic flux calculations (see next
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section).

2.8 In Situ >N Incubations

Two hundred pumol of N-labeled potassium nitrate (99% '*N; Cambridge Isotopes) was
injected into the '°N incubation chamber at each site to obtain a final concentration of ~50 — 100
uM !*N-labeled nitrate. Nitrate was amended at this level to prevent its depletion before the last
sampling time point (Valentine et al. 2016). Samples for '°N analysis were preserved by filling
a pre-evacuated 12-ml exetainer vial with 0.1 ml 7M zinc chloride as a preservative. Another
aliquot (~12 ml) of seawater for ammonium isotope analysis was filtered through 0.2 um syringe
filters and stored frozen. Prior to analyzing the samples in 12-ml exetainer vials, 5 mL of sample
was replaced with ultra-high purity helium to create a headspace. The concentration and §'°N of
dissolved N> and N>O was determined using a Sercon CryoPrep gas concentration system
interfaced to a Sercon 20-20 isotope-ratio mass spectrometer (IRMS) at the University of
California Davis Stable Isotope Facility.
2.9 Ammonium Isotope Analyses

The production of '’NH4" in seawater samples was measured using a method adapted
from Zhang et al. (2007) and described previously by (Peng et al. 2016). In brief, NH4" was first
oxidized to NO>™ using hypobromite (BrO~) and then reduced to N>O using an acetic acid-azide
working solution (Zhang et al. 2007). The 8'°N of the produced N>O was determined using an
Elementar Americas PrecisION continuous flow, multicollector, isotope-ratio mass spectrometer
coupled to an automated gas extraction system as described in (Charoenpong et al. 2014).
Calibration and correction were performed as described in (Bourbonnais et al. 2017). The

measurement precision was £0.2 %o for 8'°N. Depending on the in-situ ammonium
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concentration, the detection limit for total NH4" production rates ranged between 0.006 and

0.0685 mmol m2 d™".

Table 2-1. Station details and photos of representative ROV push cores taken at each station. Mat
presence (Y: yes; N: no) was determined vi- sually. Station water depth and oxygen concentration
were determined by sensors attached to ROV Jason (bdl: below detection limit, <3 uM O2).
Anoxia was confirmed by additional methods (see discussion in Sect. 4.1). Latitude and longitude
were determined by triangulation be- tween the ROV and the ship. Bottom-water nitrate
concentration was derived from an average of benthic flux chamber nitrate measurements at time
0 for each station (chambers with no calculable flux and '°N-nitrate addition excluded). Note that
benthic flux chambers were not deployed at SDT1-A. Photographs show the sediment—water
interface (SWI; top part) and each sediment core in full length (lower part).

Parameter | NDT3-D [NDT3-C [ NDT3-B |[NDT3-A| NDRO | SDRO |SDT1-A | SDT3-A | SDT3-B | SDT3-C | SDT3-D
Mat Present N N N Y X Y x Y N N N
Depth (m) 447 498 537 572 580 586 573 571 536 494 447
Latitude (°) | 34.363 | 34.353 | 34.333 | 34.292 | 34.262 | 34.201 34212 | 34.184 | 34.168 | 34.152 | 34.142
Longitude (°)|-120.015 | -120.016 | -120.019 [ -120.026 | -120.031 | -120.044 | -120.116 | -120.047 | -120.053 | -120.050 | -120.052
Oxygen (uM) 8.7 . 12.2 9.2 0.0 0.0 0.0 0.0 1.8 3.1 9.6
Nitrate (uM) |  27.3 . . g 18.5 9.9 20.4 K 16.3

SWI & o mﬁm gg»

Sediment Depth (cm)

3. Results
3.1 Bottom water conditions

07 and NOs3™ concentrations in the bottom water along the transects can be seen in Table
1. O concentrations below detection as determined by the ROV sensor could in some cases be
considered to represent anoxia (0 pM O») based on a set of different analytical methods (see
discussion section 4.1). Bottom water solute concentrations (as defined by the average To

concentration in BFC at each site) can be seen in Appendix A, Figs. 1-4. Bottom water NOs3"
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concentrations roughly decreased with increasing station depth (e.g., 28 uM at NDT3-D vs. 19
uM at NDRO). Bottom water NO>™ concentrations were below detection at all stations. Bottom
water NH4" concentrations were 9 uM at NDRO and 13 uM at SDRO and below detection in
shallower stations. Bottom water PO4*" concentrations roughly increased with increasing basin
depth (e.g., 2 uM at SDT3-D vs. 7 uM at SDRO). Finally, Fe*" was 2 and 5 uM at the NDRO

and SDRO stations, respectively and below detection at all shallower stations.

3.2 Sediment characteristics

Photographs of sediment cores with a depth scale are shown below Table 1. Sediment
colors were classified according to Hossain et al. (2014). Cores from the shallowest (D) stations
were uniformly reddish in color with small pockets of black. The sediment color changed with
station depth, transitioning from a reddish color in the shallowest stations to predominantly black
with reddish laminations at the depocenter stations. The band of black sediment appeared at
approx. 8 cm sediment depth in the C-station cores and became progressively more ubiquitous
with station depth. Notably, NDT3-C sediment (Table 1B) contained black bands from approx.
6-14 cm sediment depth, while SDT3-C sediment (Table 1J) had a much narrower band around
8-10 cm. Sediment cores from shallower stations (D and C stations) contained signs of
bioturbation (e.g., u-shaped burrows) and, in some cases, contained visible macrofauna, such as
polychaetas and mollusks. Deeper in the basin (A and depocenter stations) no signs of
bioturbation were detected, and the sediment-water interface was colonized by patches of white
GSOB mats. Spherical cells (given the moniker ‘ghost balls’) were found mixed amongst giant
sulfur bacteria filaments within the top 0-1 cm of sediment at NDRO (Appendix A, Fig. 7).

These unknown organisms had similar morphological characteristics to the species
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Thiomargarita namibiensis (Schulz et al. 1999; Schulz and Schulz 2005) containing a translucent
cell with sulfur granules giving them a ghostly white appearance. A small sample of cells (n = 8)
were measured, featuring diameters between 48.0 and 99.6 um, amounting to an average
biovolume of 2.5 x 10° um?, compared to 7. namibiensis with a cell diameter usually between
100-300 um (Schulz et al. 1999). B station cores contained sporadic GSOB filaments slightly
deeper in the sediment (approx. 2-4 cm sediment depth). Sediment solid phase parameters
(averaged over the entire sediment core depth) can be seen in Table 2. Average sediment
porosity increased with basin depth (e.g., from 0.79 at NDT3-D to 0.88 at NDRO). TOC, TON,
the C/N ratio, and the §'°C isotopic signature of organic carbon remained relatively constant (2.5

—4.5%, 0.1 —0.4%, 8.0 — 8.7 and 21.3 — 22.4 %o, respectively) over all stations.

3.3 Sediment porewater geochemistry

Total alkalinity (Figs. 2 A-E & 3 A-F) increased steadily with sediment depth at all
stations starting with, on average, 2.4 mM in the core supernatant reaching a maximum at the
respective deepest sediment sample (20 cm). Porewater alkalinity and DIC also increased with
basin depth (Figs. 2 A-E & 3 A-F) indicating that total alkalinity was dominated by the carbonate
system. Porewater DIC was, on average, 2.2 mM in the core supernatant and reached maximum
concentrations at the deepest sediment depth (20 cm) at most stations.

Porewater PO4> profiles (Figs. 2 A-E & 3 A-F) were markedly different between the
depocenter and shallower C and D stations. Porewater PO4>" concentrations in the depocenter and
A stations generally increased with sediment depth but several profiles (NDT3-C, NDT3-A,
SDRO, SDT1-A) remained unchanged or decreased deeper in the sediment (starting at approx.

10 cm). The profiles in C and D stations showed a peak in PO4>" concentrations near the
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sediment-water interface, particularly in the northern basin. Below 2 cm, PO4s* decreased with
sediment depth, but sometimes showed a second small peak deeper in the sediment (12-14 cm at
NDT3-D and 10-12 cm at SDT3-D).

Porewater NH4" concentrations (Figs 2 & 3 A-E) showed trends often similar to
alkalinity and DIC; NH4" concentrations increased downcore and were higher at depocenter than
at D stations (e.g., 370 and 91 uM at 20 cm for SDRO and SDT3-D, respectively). Porewater
NO>" (Appendix A, Table 1) and NOs™ (Figs. 2 F-J & F G-L) concentrations were at or near zero
below 2 cm at every station, except at SDRO and NDT3-A where large peaks in NO3™ (376 and
81 uM, respectively) and NO> (37 and 5 uM, respectively) occurred in the top 1 cm.

Porewater Fe?" concentrations (Figs. 2 F-J & 3 G-L) were several orders of magnitude
higher at shallower D-stations (max. 722 and 395 uM at NDT3-D and SDT3-D, respectively)
compared to depocenter stations (max. 13 and 51 uM at NDRO and SDRO, respectively).
NDT3-C porewater Fe?" concentration (Fig. 2G) peaked in the top 1 cm of sediment (similar to
deeper stations) while SDT3-C porewater Fe?" concentration (Fig. 3H) peaked around 5-cm
sediment depth. Fe?* concentrations reached a max. at 0-2 cm and declined sharply with depth in
depocenter and A-station sediment. Northern basin sediment was similar, but the decline in Fe*"
below 0-2 cm was less pronounced.

Maximum porewater sulfide concentrations (Figs. 2 F-J & 3 G-L) were 1-2 orders of
magnitude lower at the shallower D-stations (5 and 4 uM at NDT3-D and SDT3-D, respectively)
compared to A stations (350 and 148 uM at NDT3-A and SDT1-A, respectively). Unlike Fe*",
peaks in sulfide concentration occurred deeper in the sediment (e.g., below 5 cm depth at A
stations). Porewater sulfate concentrations (Figs. 2 K-O & 3 M-R) decreased slightly with depth,

but never reached values below 20 mM at any station.
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3.4 In-situ microprofiling

Microprofiler O> and sulfide measurements are shown in Fig. 4. Oxygen was rapidly
consumed within the first 0-1 cm of sediment at every station where O, was detected in the
bottom water (i.e., at all stations except NDRO, which showed no positive signal of oxygen in
the water compared to the sediment; note that no oxygen profile is available for SDRO). Sulfide
concentrations from microsensors showed similar trends to spectrophotometric measurements,
albeit with different absolute values (below detection in shallower B-, C- and D-stations that
lacked mats and >1,000 uM at A- and depocenter stations). Microprofiler pH (Fig. 4) was near
7.5 in the bottom water at all stations, and slowly decreased to near 7.0 in the lower parts (3-5
cm) sediment at most stations except NDT3-C and SDT3-B. pH at 2.5 cm at SDT3-B reached

6.77, which was the lowest observed during this expedition.

3.5 In-situ fluxes of benthic solutes

NOs", NH4", PO4>, and Fe?* flux measured in the BFC revealed different patterns of
uptake and release from the sediment throughout the basin (Fig. 5 and Appendix A, Figs. 1-4).
BFC O> concentrations were compromised by O» release from the chamber’s polycarbonate
walls, which prevented an accurate calculation of O fluxes from BFC sensor data. NO3™ was
consumed at all stations as indicated by a negative flux (i.e., a flux into the sediment). On the
contrary, benthic release (i.e., a flux out of the sediment) was observed for all other analyzed
solutes (NH4", PO4*, and Fe?"), with the lowest fluxes in the shallow D and C-stations and
highest fluxes in the depocenter. Ammonium fluxes were the highest of all the determined

solutes and showed the largest difference between deep and shallow stations, with a flux of 1.6
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mmol m™? d! at NDT3-C (there were no measurable NH4" fluxes in D-station chambers) and
reaching 11.1 + 3.1 mmol m2 d! (n = 3) at the two depocenter stations. The depocenter
ammonium flux far-outpaced the concomitant flux of nitrate into depocenter sediments (-3.2
0.7 mmol m? d!, n = 3). Iron and phosphate fluxes were similar at depocenter stations (4.1 + 0.7,
n=23,and 3.2 +0.7,n =3, mmol m? d"!, respectively). Alkalinity and DIC concentrations from
flux chambers (Appendix A, Figs. 5 and 6) remained constant at all stations and thus no DIC flux
was calculated. Results from BFCs injected with °’N-NO;" at the SDRO and NDT3-D station are
shown in Fig. 6. The rates of denitrification, anammox, and N>O production were higher at
SDRO compared to NDT3-D. '"NH4" production (DNRA) was one order of magnitude higher at
the SDRO station (2.67 mmol m? d!') compared to the NDT3-D station (0.14 mmol m™ d™).
DNRA accounted for a much higher percentage of NO3™ reduction at SDRO (54.1%) than NDT3-
D (13.3%).
Table 2-2. Sediment solid-phase data: porosity, density, total organic carbon (TOC), total organic
nitrogen (TON), C : N ratio, and 013C. All data were averaged for the top 0—19 cm of sediment
except for NDT3-C (17 cm), NDT3-A (11 cm), and SDRO (7 cm), where the core length was

shorter. The integrated sulfate reduction rate (SRR) values were integrated over a 0—14 cm
sediment depth. No sulfate reduction rates

Station Porosity Density TOC TON C:N slic Integrated SRR

(%) (%) ratio (%e) (mmolm™=d™7)
NDT3-D 0.79=003 121%007 29%05 03=01 89=02 -224+03 29
NDT3-C 0812004 116%008 2505 05%01 87%05 -224+04 38

NDT3-B 086+004 106+008 36+05 04+01 85+05 -222+04
NDT3-A 088=003 105+004 31+04 0401 82£02 -221+02
NDRO 088004 106=003 3304 04%00 82x04 -221%02
SDRO 087003 1042003 35+04 04x01 80x02 -220%03
SDT1-A  088=003 1112023 45+05 10+01 86+08 -213+07 20
SDT3-A 086004 105005 32+00 04+00 8306 -221+04
SDT3-B 085004 1122006 36=06 04=01 83=03 -220x02
SDT3-C 082004 1222005 36x08 04x01 8703 -219x02 17
SDT3-D 078004 122£003 33+05 04£01 85202 -220x01 19

3.6 Sulfate reduction rates

Vertical profiles of bacterial sulfate reduction as determined by the radioisotope
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technique differed throughout the basin (Figs. 2 & 3). Peaks in sulfate reduction were seen in the
top 0-1 cm of sediment at stations with a visible GSOB mat on the surface (120.2, 151.0, and
85.3 nmol cm™ d ! at NDRO, SDT1-A, and NDT3-A, respectively). Sediments at most shallower
basin depths exhibited peaks slightly deeper in the sediment and of lower magnitude (25.5, 44.5,
22.5 nmol cm™ d!'at SDT3-C, NDT3-D, and SDT3-D respectively). NDT3-C had no visible
GSOB mats but exhibited a peak (133.7 nmol cm™ d™!) in sulfate reduction at 0-1 cm depth,
similar to deeper stations (e.g., NDRO in Fig. 20), which differed from other shallow stations
(e.g., SDT3-C in Fig. 3N). The integrated sulfate reduction rate (0-14 cm depth) at NDRO (4.1
mmol m™ d!) was noticeably higher than most other stations with the exception of NDT3-C (3.8
mmol m? d!) (Table 2). NDT3-D and NDT3-C exhibited higher integrated rates (2.9 and 3.8
mmol m™ d!) than their southern station counterparts SDT3-D and SDT3-C (1.9 and 1.7 mmol

m2d)
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Figure 2-2. Biogeochemical data from ROV sediment push cores collected at stations on the
northern transect (NDT3) and in the northern depocenter (NDRO): total alkalinity (TA),
dissolved inorganic carbon (DIC), ammonium (NH4"), phosphate (PO4>") in the first row; nitrate
(NO35"), total sulfide (sulfide), and iron (II) (Fe*") in the second row; sulfate (SO4>") and bacterial
sulfate reduction rate (SRR) in the third row. Data analyzed from sediment core supernatant are
plotted at -1 cm sediment depth; the dotted line connotes the sediment-water interface. Note the
change in scale on the primary x-axis in panel I and the change in scale of the secondary x-axis
in panels F and I. No spectrophotometric sulfide data is available for NDRO and NDT3-B and no
SRR data is available for NDT3-B. For station details see Fig. 1 and Table 1.
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Figure 2-3. Biogeochemical data from ROV sediment push cores collected at stations on the
two southern transects (SDT1 and SDT3) and the southern depocenter (SDRO): total alkalinity
(TA), dissolved inorganic carbon (DIC), ammonium (NH4"), phosphate (PO4>) in the first row;
nitrate (NO5"), total sulfide (sulfide), and iron (II) (Fe**) in the second row; sulfate (SO4*) and

bacterial sulfate reduction rate (SRR) in the third row. Data analyzed from sediment core
supernatant are plotted at -1 cm sediment depth; the dotted line connotes the sediment-water
interface. Note the change in scale on the primary x-axis in panel L and the change in scale of the
secondary x-axis in panel G. No sulfide nor SRR data are available for SDT3-B and -A;
spectrophotometric sulfide and the top 0-4 cm of SRR data are not available for SDRO. For
station details see Fig. 1 and Table 1.
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4. Discussion
4.1 Giant sulfur-oxidizing bacterial mats proliferated in response to deoxygenation in the
Santa Barbara Basin

The SBB is an ideal environment to study the effect of transient deoxygenation on
benthic biogeochemistry. In Fall 2019, when this expedition took place, the SBB was undergoing
a transition from oxygenated to virtually anoxic conditions (Qin et al. 2022). When the AT42-19
cruise occurred, most of the bottom water in the basin was hypoxic (A-, B-, C-, and D-stations),
except for the depositional center. Separate O, measurements from the ROV sensor (O below
detection limit, Table 1), microprofilers (no signal change between water column and sediment,
Fig. 4), and Winkler titration from CTD/rosette casts (uniform non-zero value below 500 m (Qin
et al. 2022)) indicated full anoxia in the bottom water at the deeper stations (NDRO and SDRO).
Notably, bottom water conditions revealed a slight asymmetry between the basin transects (Fig.
1); bottom water along the northern transect generally had more O> and NO3™ than the southern
transect (e.g., 9 uM O, at NDT3-A and 0 uM O» at SDT3-A). This asymmetry indicated
differences in the circulation and/or microbial communities between the northern and southern
portions of the basin. Whether this asymmetry is a permanent feature of the basin or
symptomatic of the specific conditions in November 2019 is unclear; previous studies in the SBB
have been restricted to the depocenter or one side of the basin (Kuwabara et al. 1999; Reimers et
al. 1996a; Sholkovitz 1973). Regardless of bottom water oxidant concentration, the energetically
most favorable terminal electron acceptors (O2 and NOj3") disappeared in a very narrow zone
below the sediment-water interface (Fig. 4 and Figs. 2 and 3, respectively), consistent with their

expected rapid consumption by the benthic microbial community.
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In the present study, benthic GSOB mats were primarily limited to the anoxic depocenter
of the SBB. Similarly, such mats were replete in the core of the anoxic Peruvian OMZ (Levin et
al. 2002; Mosch et al. 2012; Sommer et al. 2016), but absent from the seafloor below the
hypoxic, i.e., slightly oxygenated, Mauritanian OMZ (Schroller-Lomnitz et al. 2019). GSOB
mats in November 2019 were observed deeper in the basin than in October 2013 (Valentine et al.
2016) but in a similar location to June 1988 (Reimers et al. 1996a) and April 1997 (Kuwabara et
al. 1999). During the 2013 sampling, dense GSOB mats were confined to depths between
approx. 500-570 m (equivalent to the B-stations from this expedition), corresponding with
anoxic conditions in the bottom water. This habitat was sandwiched between an anoxic, anitric
(i.e., nitrate-free) deep and a hypoxic, nitrigenated (i.e., nitrate-rich) shallower water layer
(Valentine et al. 2016). The difference in depth distribution of GSOB mats between the 2013 and
2019 expedition provides evidence that GSOB mats in the SBB are ephemeral and proliferate
where the bottom water is anoxic but not anitric.

As our study represents only a snapshot of an oxygen- and nitrate-driven mat dynamic,
we can only speculate how areas of the basin that did not contain GSOB mats in November 2019
fit into this dynamic. For example, mat-forming sulfur bacteria found slightly deeper in the
sediment at B-stations (see section 3.2) could be progenitors to surface sediment colonization of
thick GSOB mats, as has been recorded in other transiently deoxygenated environments
(Jorgensen 1977). Alternatively, these subsurface colonies could also be remnants of a former
surface GSOB mat that retreated under changing redox conditions. Oxygenated conditions in the
water preceding the 2019 expedition would, in this context, suggest the mats migrated following
a previous anoxic event (Qin et al. 2022). If deoxygenation persisted in the SBB after the AT42-

19 cruise, then anitria (i.e., anitric conditions — similar to anoxia) would likely follow in the
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deepest basin water. These conditions would be similar to those seen in 2013 (Valentine et al.
2016), where GSOB mats formed a contiguous “donut ring” at shallower basin depths.
Interestingly, GSOB mats in the Eastern Gotland Basin of the Baltic Sea were confined to a
hypoxic transition zone, where O2 was < 30 uM but did not reach anoxia, while no mats were
observed at deeper anoxic locations (Noftke et al. 2016). This difference in distribution
compared to the SBB suggests that GSOB mats proliferate under different conditions (anoxic or
hypoxic), potentially depending on the species of mat-forming bacteria present and whether they

specialize in aerobic or anaerobic chemosynthesis.
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Figure 2-4. In-situ sediment microprofiler results for all stations (except SDT1-A and SDRO):
oxygen (O2) and total sulfide (sulfide) concentration in the first row; pH profiles in the second
row. Note the change in scale on the secondary x-axis for NDRO sulfide. Values determined in
the overlying water are plotted at negative sediment depths; the dotted line connotes the
sediment-water interface.
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4.2 Shift from benthic denitrification to dissimilatory nitrate reduction to ammonium in

response to complete deoxygenation in the Santa Barbara Basin

Benthic uptake and release of nitrogen species by SBB sediment appeared to be affected
by the presence of GSOB mats. While total benthic nitrate uptake was similar between D- and
depocenter stations based on in-situ NO3™ flux measurements (Fig. 4), NH4" release from the
sediment into the water column increased where GSOB mats were present (Fig. 5). This trend is
supported by the porewater profiles of NH4", which showed a steeper increase over sediment
depth at deeper stations (Figs. 2 & 3). Incubations with '’N-NO; revealed that N> production
(denitrification and anammox) accounted for 86% of NO3;/NO; reduction in the shallow basin,
while NH4" production (DNRA) accounted for 13% and N>O production accounted for 1%
(NDT3-D, Fig. 6;(Peng et al. 2023)). In contrast, most (54%) of NOs™ reduction at the
depositional center occurred via DNRA; N> production accounted for 45% and N>O production
accounted for 1% of NO;™ reduction at the SDRO (Fig. 6; Peng et al. 2023). It is important to
note that these results only describe patterns of NO3™ reduction in the basin, while other
mechanisms of nitrate uptake by sediment (e.g., hyper-accumulation of nitrate into vacuoles) are
more difficult to calculate accurately.

It is likely important to SBB benthic nitrogen cycling that some eukaryotic organisms can
hyper-accumulate NO3™ in benthic, anoxic environments including diatoms (Kamp et al. 2011)
and foraminifera (Risgaard-Petersen et al. 2006). Additionally, meiofauna (e.g., nematodes) can
enhance rates of denitrification (Bonaglia et al. 2014). Both foraminifera and meiofauna were
observed in SBB depocenter and A-station sediments in November 2019, and diatoms were

observed in shallower sediments in the basin (data not shown). Other studies found that benthic
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foraminifera in the SBB depocenter can hyperaccumulate NO3™ intracellularly up to 375 + 174
mM (Bernhard et al. 2012) and host symbionts capable of performing denitrification (Bernhard
et al. 2000). These foraminifera were found to be responsible for approx. 3 mM N m2 d™!, or
67% of the total denitrification occurring in the SBB depocenter (Bernhard et al. 2012).
Additionally, fungi could reduce NO3™ or NO> to nitrous oxide in marine sediments and may
contribute to denitrification in SBB sediments (Kamp et al. 2015; Lazo-Murphy et al. 2022).
This opens up the possibility that the majority of denitrification we observed in the SBB
depocenter is performed by eukaryotes, while prokaryotes (especially GSOB) are responsible for
most of the DNRA. Elevated NO3™ and NO>™ concentrations that were observed in our 0-1 cm
samples from NDT3-A and SDRO have been reported from SBB depocenter sediments in the
past (Bernhard et al. 2003; Reimers et al. 1996a), and have been attributed to both GSOB and
benthic eukaryotes. The impact of eukaryotes on SBB benthic nitrogen transformation remains to
be disentangled from the mats themselves.

Our data suggests a transition from denitrification-dominated sediment in the oxygenated
basin to an increasing influence of DNRA on N cycling in the deeper, anoxic basin. Placed in the
context of other OMZs, Mauritanian shelf sediment was dominated by denitrification (Dale et al.
2014), similar to SBB shallow sediment (below hypoxic water) while core Peruvian OMZ
sediment was dominated by DNRA, similar to sediment of the deeper SBB (below anoxic water)
(Sommer et al. 2016). Nitrate reduction in sediment below the seasonally hypoxic Eckernforde
Bay (Dale et al. 2011) and below the hypoxic transition zone of the Eastern Gotland Basin
(Noffke et al. 2016) also showed increased DNRA where GSOB mats were present, though with
an order of magnitude lower NH4" flux (avg. 1.74 mmol m? d! and max. 1.10 mmol m? d’!,

respectively) than the SBB depocenter.
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While our study suggests a shift from denitrification to DNRA during deoxygenation of
SBB bottom water, other studies examined changes in benthic nitrogen cycling under reverse
conditions, i.e., the reoxidation of the environment following anoxia (De Brabandere et al. 2015;
Hylén et al. 2022). After a decadal oxygenation event in the Eastern Gotland Basin (Baltic Sea)
in 2015-2016, sediment exhibited a slight increase in denitrification, but remained dominated by
DNRA and N>O production (Hylén et al. 2022). The lack of N> production via denitrification
following this oxygenation event was attributed to the reoxygenation event being too weak to
substantially oxidize sediments, which would favor denitrification (Hylén et al. 2022). In an
engineered reoxygenation event of the By Fjord on Sweden’s western coast, where dissolved O»
and NOj3™ content of anoxic and anitric bottom water was artificially increased to approx. 130 uM
07 and 20 uM NOs™ over a period of roughly 2 years, denitrification rates were increased by an
order of magnitude and DNRA rates were also stimulated (De Brabandere et al. 2015).
Comparing our results to these two studies suggests that DNRA bacteria are more resilient to
weak reoxygenation events and thrive in transiently deoxygenated systems that remain hypoxic
(O2 <63 uM). The frequency and magnitude of reoxygenation and deoxygenation of SBB
bottom waters, and the effect of these processes on the benthic microbial community, could be a
major factor supporting some of the highest recorded total nitrate reduction rates in a natural
benthic marine setting (Peng et al. 2023).

A high ratio of electron donor to electron acceptor favors DNRA over denitrification
(Hardison et al. 2015; Marchant et al. 2014; Tiedje et al. 1983) and this ratio appears to be
critical in determining the dominant nitrate reduction pathway in SBB sediments, similar to the
Eastern Gotland Basin (Hylén et al. 2022) and the By Fjord (De Brabandere et al. 2015).

Example energy yields for denitrification and DNRA are shown in Table 3. As discussed in
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(Tiedje et al. 1983), heterotrophic denitrification yields more energy per mol of electron donor
than DNRA. However, the reverse is true when considering energy yield per mol of electron
acceptor (NOs3’). DNRA also yields 3 more electrons per molecule of NO3™ than denitrification.
Tiedje et al. argued that in environments that are starved of powerful terminal electron acceptors,
such as anoxic, organic-rich sediment, the energy yield per electron acceptor and additional
electrons available for transfer could push nitrate reduction towards DNRA. Multiple laboratory
and model studies have converged on an electron donor to acceptor ratio of approximately 3 to
encourage DNRA over denitrification (Algar and Vallino 2014; Hardison et al. 2015) though
other studies have found higher values (Kraft et al. 2014; Porubsky et al. 2009). Sulfide
concentrations near the sediment-water interface at the SBB depocenter (approx. 200 uM at 0.5
cm depth; Fig. 3, NDRO) would favor chemoautotrophic DNRA over denitrification at ambient
marine nitrate concentrations (approx. 28 uM). Additionally, DNRA appears to be the preferred
nitrate reduction pathway for chemoautotrophs that utilize iron or sulfide as an electron donor
(An and Gardner 2002; Caffrey et al. 2019; Kessler et al. 2019). As GSOB mats hyper-
accumulate nitrate from the bottom water into their intracellular vacuoles, the resulting decline in
electron acceptors at the sediment-water interface coupled with an elevation of the sulfate
reduction zone would create an electron donor to acceptor ratio that favors DNRA. Since GSOB
mats in the SBB seem to prefer DNRA, starving the bottom water of electron acceptors coupled
with the high sulfate reduction rates could give them a competitive advantage and allow them to
proliferate into the largest-yet mapped GSOB mat in Earth’s oceans, as seen in other expeditions

(Kuwabara et al. 1999; Reimers et al. 1996a; Valentine et al. 2016).

4.3 Microbial mat proliferation and benthic phosphate remineralization dependent on high
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rates of organic matter degradation in the Santa Barbara Basin

Organic carbon content of the benthic environment appears to be a key control on sulfate
reduction rates near the sediment-water interface as well as microbial mat proliferation. Sulfate
reduction rates in the SBB depocenter are most similar in magnitude and profile (i.e., highest
rates found at the sediment-water interface and decline drastically thereafter) to those found in
sediments below the transiently deoxygenated portion of the Peruvian shelf (e.g., 4.1 mmol m™
d! at the SBB NDRO station vs. 2.5-3.8 mmol m d™! at 128-144 m water depth on the Peruvian
margin (Gier et al. 2016; Treude et al. 2021)). The TOC content of surface sediments in these
two regions are both high and within the same order of magnitude (maximum recorded TOC of
5.2% at the 0-1 cm margin at the SDT1-A station compared with 7.6% in the Peruvian margin
145 m depth (Noftke et al. 2012)). In comparison, sulfate reduction rates in the SBB were at least
one order of magnitude lower than found in sediment below the OMZ on the Namibian Shelf,
which has much higher TOC contents of >10% (Bremner 1981; Briichert et al. 2003). Sulfate
reduction rates in the shelf sediments below the Eastern Arabian OMZ were much lower (0.18 —
1.27 mmol m™ d!) than rates in the SBB depocenter (Naik et al. 2017) despite similar hypoxic to
anoxic bottom water conditions. These lower sulfate reduction rates were attributed to the
relatively low amount of pelagic primary productivity and ergo benthic organic matter delivery
in the Eastern Arabian OMZ compared to other upwelling systems (Naik et al. 2017). The
organic matter content of the sediment appears to be important in the proliferation of GSOB
mats; too much TOC could result in toxic levels of sulfide at the sediment-water interface
(Beggiatoa exhibit an aversion to sulfidic sediments but toxicity has not been quantified)
(Preisler et al. 2007), whereas too little sulfide would not provide enough electron donor for the

GSOB’s chemoautotrophic metabolism.
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The profiles of several indicators for benthic anaerobic organic matter remineralization
(total alkalinity, DIC, PO4*, NH4") increased in steepness with increasing water depth (Figs. 2
A-E & 3A-F). One divergence from this trend can be seen in PO4* profiles from the shallow C-
and D-stations, which also featured low rates of sulfate reduction. PO4> profiles in these
sediments track closely to Fe?" profiles; both solutes dip in concentration in areas with visible
iron sulfide formation (e.g., 5-11 cm in NDT3-D as seen in Fig. 2A). Additionally, several
stations that exhibited high sulfate reduction rates in surface sediment (e.g., SDT1-A) showed
almost no change in PO4>" at depths below 5 cm (e.g., Fig. 2 K-O compared to Fig. 2 A-E). This
phenomenon has been previously documented in SBB sediment and is attributed to the
precipitation of carbonate fluorapatite (Reimers et al. 1996a). The confinement of these flat PO4*
profiles to stations with >100 nmol cm™ d'! sulfate reduction in surface sediment suggests that
this mineralogical sink of PO4>" in SBB sediment may be dependent on high sulfate reduction
rates, owing to the bicarbonate produced by sulfate reduction (Reimers et al. 1996a), and is not
found throughout the basin. Flat PO4>" profiles were also reported from the transiently
deoxygenated portion of the Peruvian OMZ, where phosphate mineral precipitation has been
documented (Noffke et al. 2012). Similar to the shallow margins of the SBB, PO4* in
Mauritanian OMZ porewater tracks closely with changes in porewater Fe?* (Schroller-Lomnitz
et al. 2019), indicating that iron mineralization/dissolution mechanisms hold a greater influence

on PO4* concentrations under hypoxic bottom waters.
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Table 2-3. Example reactions of nitrate reduction pathways with associated energy yield in
respect to the electron donor (Hz or HS") and electron acceptor (NO3") and electron accepting
capacity. Modified from Table 2 in (Tiedje et al. 1983).

AGO' (kcal mol!)

Reaction Electrons per NO3y
H,/HS- NO;

Chemoheterotrophic Denitrification

2NO; + 5H, + 2H* — N, + 6H,0 =336 -133.9 3

Chemoautotrophic Denitrification

8NO,- + SHS- + 3H* — 5S80,2 + 4N, +4H,0 1779 1112 5

Chemoheterotrophic DNRA

NO,- + 4H, + 2H* — NH,* + 3H,0 358 1434 8
Chemoautotrophic DNRA 107.0 -107.0 ]

NO, + HS" + H* + H,0 — NH," + SO >

4.4 Iron oxide exhaustion is critical for raising the sulfate reduction zone close to the
sediment-water interface in Santa Barbara Basin sediment.

The hyper-accumulation of NO3™ by GSOB mats potentially facilitates sulfate reduction
close to the sediment-water interface in the SBB (e.g., NDRO and NDT3-A as seen in fig. 2N
and 20) by starving the sediment of this more powerful electron acceptor. The rise of the sulfate
reduction zone at NDT3-C (fig. 2L) further suggests that the exhaustion of iron oxides and the
formation of iron sulfide below the sediment-water interface may play a crucial role in
controlling the distribution of sulfate reduction as well. SBB sediments showed a wide vertical
and horizontal heterogeneity of redox states based on visual appearance (Fig. 1 A-K). Sediment
beneath the hypoxic bottom water at the shallowest D-stations was reddish, consistent with a
high content of iron oxides. Interestingly, porewater Fe?" concentrations in shallower parts of the
basin (e.g., NDT3-D, max. ~700 uM Fe?") were an order of magnitude larger than those found in
both the Peruvian (max ~60 and ~30 uM Fe?*, respectively; (Noffke et al. 2012; Plass et al.
2020) and Mauritanian (max. ~50 uM Fe?"; Schroller-Lomnitz et al 2019) OMZ. It should be

noted that porewater samples for geochemical analyses were unfiltered and hence reported iron
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concentrations include aqueous, colloidal, and nanoparticulate species. Regardless, all these
components represent bioavailable sources of iron. Further, since filtering through 0.45 or 0.2
um filters only removes a fraction of colloidal particles and no nanoparticles (Raiswell and
Canfield 2012), potential surplus porewater iron in SBB samples in comparison to studies that
applied filtering was likely minimal.

Deeper in the basin, bands of black sediment that appear mid-core at NDT3-C (6-14 cm)
and SDT3-C (6-10 cm) indicate the formation of iron sulfides as a result of sulfide produced by
sulfate reduction (Canfield 1989a). Both D-stations had similar bottom water conditions (Table
1), sulfate reduction rates (Fig. 3W-AG), porewater concentrations of solutes (Figs. 2 and 3), and
visual sediment characteristics (Section 3.1). On the contrary, there are some noticeable
differences in the porewater geochemistry between the two C-stations. At the C-stations, peaks
in sulfate reduction were in the surface sediment, above the iron sulfide layers, and declined
below approximately 4 cm, indicating a discrepancy between observed peak sulfate reduction
activity and the mineralogical clues left behind by the process. Comparing NDT3-C and SDT3-
C, iron sulfide formation (Table 1B compared to 1J), porewater Fe** profiles (Fig. 2G compared
to Fig. 3H), and sulfate reduction rates (Fig. 2L compared to Fig. 3N) show that NDT3-C
sediment appears to be in transition towards a more sulfidic state, while SDT3-C sediments still
mimic the shallow D-station ferruginous state. While sulfate reduction rates for B-stations are
not available due to technical issues during sample processing, porewater Fe?" profiles show a
similar difference between the north and south basin (Fig. 2H compared to Fig. 3I) as did visual
sediment characteristics (Table 1C compared to 11). This difference in biogeochemical profiles
and apparent minerology between the north and south C- and B-stations could be a result of

hydrographic and/or bathymetric differences in the basin (Bograd et al. 2002; Sholkovitz and
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Gieskes 1971), but a discernable link between the differences in sediment biogeochemistry and
the differences in bottom water oxygen (Table 1) need to be further explored.

Deeper in the basin (depocenter and A-stations), porewater Fe?* concentrations in
sediment beneath anoxic bottom water (max. 84 uM Fe?") were similar to concentrations found
below the Peruvian OMZ in 2008 under anoxic bottom water conditions (78 m water depth, max.
80 uM Fe**) (Noffke et al. 2012). These deep basin porewater Fe?* concentrations were,
however, an order of magnitude larger than those found at a similar site on the Peruvian shelf (75
m water depth, max. 1 uM Fe?") in 2017 during a kelvin-wave-associated “Coastal El Nifio”
event that created oxygenated bottom waters during the sampling and the disappearance of
previously observed dense GSOB mats (Plass et al. 2020). As the SBB water column was
undergoing rapid deoxygenation in the weeks preceding this study (Qin et al. 2022), the
sediments below the sill appeared to be actively shifting from a ferruginous state to a sulfidic
state, with this change starting around the C-stations and being complete in the depocenter.
Comparing apparent iron sulfide formation with dips in porewater Fe?" concentrations in C-
station profiles (Fig. 1B compared to Fig. 2G and Fig. 1J compared to Fig. 3H) signals a shift
away from a ferruginous state occurring just below the SBB sill.

C-station porewater Fe?* concentrations and sulfate reduction rates indicate that
migration of the sulfate reduction zone towards the sediment-water interface is associated with
iron sulfide formation deeper in the sediment. The activity (or lack thereof) of cable bacteria,
which are able to bridge the gap between the oxidized sediment-water interface and reduced
sediment below using a biofilament (Pfeffer et al. 2012), could explain the interplay between
sulfate reduction and iron cycling in SBB sediments. Cable bacteria, such as Ca. Electronema

sp., contain genes involved in DNRA (Kjeldsen et al. 2019) and can perform nitrate reduction in
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incubation experiments (Marzocchi et al. 2014), but their direct transformation of NO3™ in the
environment appears limited (Kessler et al. 2019) and they appear to be inactive in anoxic
aquatic environments (Hermans et al. 2019; Marzocchi et al. 2018; Seitaj et al. 2015). Cable
bacteria primarily conduct aerobic sulfide oxidation (Pfeffer et al. 2012), though they can also
utilize Fe?" as an electron donor (Seitaj et al. 2015). The maximum recorded filament length of
cable bacteria is 7 cm (Van De Velde et al. 2016), though typically they are not stretched
completely vertically through the sediment. The appearance of black sediment in the SBB C-
station sediments, starting at approx. 5 cm depth, could be an indication that cable bacteria are
oxidizing iron sulfides at that sediment depth and prevent their formation at shallower depths.
Further, cable bacteria have been found to directly compete with GSOB in transiently
deoxygenated systems, with cable bacteria active under oxygenated conditions and GSOB active
in anoxic conditions (Seitaj et al. 2015). Cable bacteria can also prevent the benthic release of
sulfide, which is toxic to many pelagic animals, via the creation of an iron-oxide buffer (formed
through Fe?" oxidation) in near-surface sediments (Seitaj et al. 2015). Therefore, if cable bacteria
activity in the SBB decreased with declining oxygen concentrations below the sill, the iron oxide
buffer they create could have been reduced, encouraging the sulfate reduction zone to migrate
towards the sediment surface (as seen at NDT3-C). Cable bacteria can sometimes be detected in
sediments via a slight pH increase (typically pH > 8) (Schauer et al. 2014) which was not
reflected in our pH results, but this phenomenon is more typically seen in the laboratory and not

the field (Hermans et al. 2019).
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Figure 2-5. Benthic fluxes of solutes (positive flux = release from the seafloor; negative flux =
uptake by the seafloor) determined with in-situ benthic flux chambers. Rates were averaged for
stations of same depth from the northern and southern transect and the depocenter (NDRO and
SDRO). Note, giant sulfur-oxidizing bacterial mats were found at depocenter and A-stations.
Error bars represent standard errors.

4.5 Iron and phosphate flux into SBB bottom water is a feature of transient deoxygenation.
Release of dissolved iron and phosphate from sediment below anoxic waters is a well-
documented phenomenon (e.g., (Mortimer 1941; Noffke et al. 2012; Van Cappellen and Ingall
1994; van de Velde et al. 2020a)) and this phenomenon is seen in the SBB as well. As postulated
previously (Kuwabara et al. 1999), basin flushing oxidizes iron sulfides at the sediment-water
interface, providing ample substrate for microbial iron reduction once anoxia returns. This iron
reduction initiates high rates of Fe?* release from SBB depocenter sediment (Fig. 5). Iron

reduction further releases iron-bound POs> (Mortimer 1941) as seen by high benthic fluxes of
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PO.* at the depocenter (Fig. 5), although notably some of this PO4> release is likely attributed to
organic matter degradation (Van Cappellen and Ingall 1994). High benthic Fe?*" and PO4>" fluxes
were also seen on the Peruvian shelf during transient anoxia (Noffke et al. 2012). The release of
these solutes was interpreted to be sourced from a layer of reactive iron hydroxides existing near
the sediment surface, likely established during a recent oxygenation event. Similar conditions,
i.e., visibly oxidized (reddish) sediment laminae and a thin zone of iron reduction apparent from
a peak in Fe?* at the sediment-water interface, were found in sediment from the SBB depocenter.
Deeper in the persistently anoxic core of the Peruvian OMZ, sediment appears to have little to no
flux of Fe**and PO4™ into the bottom water (Noffke et al. 2012). Here, iron at the sediment-water
interface is hypothesized to be locked up in iron sulfides, which are rarely re-oxidized due to
persistent anoxia.

In a different study from the Eastern Gotland Basin in the Baltic Sea, enhanced elemental
fluxes were observed during a decadal oxygen flushing event (van de Velde et al. 2020a), which
was attributed to enhanced elemental recycling, or cycles of mineral precipitation in the water
column followed by mineral dissolution once those minerals sink to the sediment. Notably, the
iron flux observed in the Eastern Gotland Basin (max. 0.08 mmol m™ d!) (van de Velde et al.
2020a) was two orders of magnitude lower than the flux observed in the anoxic depocenter of the
Santa Barbara Basin (max. 4.9 mmol m™ d!). It is further notable that benthic fluxes of PO4> in
the SBB depocenter were also an order of magnitude higher than fluxes in the Eastern Gotland
Basin's hypoxic transition zone (3.6 vs. 0.23 mmol PO4s* m™ d!) - both of which contained
GSOB mats, but while the SBB was anoxic and the Eastern Gotland Basin was hypoxic (Noffke
et al. 2016). These differences in Fe?" and PO4*- flux between the SBB and the Eastern Gotland

Basin suggest that reoxidation of the sediment-water interface during basin flushing, as opposed
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to water-column-associated reoxidation, appears to encourage higher benthic iron fluxes.
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Figure 2-6. Areal rates of total N> production, denitrification, anammox, NH4" production

(DNRA), and N>O production.

Fe?" and PO4*" flux from the SBB depocenter were also approximately five times higher
(Fig. 5) compared to the anoxic Peruvian shelf (4.9 vs. 0.9 mmol Fe** m™? d"! and 3.6 vs. 0.8
mmol POs* m™? d*!, respectively) (Noffke et al. 2012). Based on Fe?" profiles, the zone of iron
reduction in Peruvian shelf sediments extended down to approx. 10 cm, while the zone appeared
to be much shallower and narrower (less than the top 5 cm) in the SBB depocenter. These
differences in magnitude of Fe** concentration and Fe** and PO4™ flux between the SBB
depocenter and the Peruvian shelf could be attributed to differences in the recency and
magnitude of reoxygenation events. The release of Fe?* from sediment into the bottom water
could create a buffer against reoxygenation in transiently deoxygenated systems, giving a
competitive advantage to anaerobic benthic metabolisms (Dale et al. 2013; Wallmann et al.
2022). Additionally, both Fe** and PO4*" release from the SBB sediment could allow for higher
rates of primary productivity if those constituents diffused into the photic zone (Robinson et al.

2022). The fate of Fe?" and PO,* diffusing into SBB waters from the sediment-water interface is
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a focus of ongoing work within the basin.
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Figure 2-7: Schematic of biogeochemical processes in the Santa Barbara Basin along the depth
gradients studied in October/November 2019. Teal to lavender gradient represents a decline in
0O: and NOs3™ concentrations with basin depth. In the shallower, hypoxic basin (D-stations),
denitrification and iron reduction are dominant and reduced iron is rapidly re-oxidized in near-
surface sediment by cable bacteria. Deeper in the basin (A-stations and depocenter), nitrogen
cycling shifts towards dissimilatory nitrate reduction to ammonia (DNRA). Reduced iron
combines with sulfide, produced by sulfate reduction, diffusing from deeper sediment layers to
form iron sulfides. As oxygen concentration approaches zero between the A-stations and the
basin’s depocenter, giant sulfur-oxidizing bacteria hyper-accumulate nitrate in their intracellular
vacuoles. Nitrate removal combined with the exhaustion of available iron oxides in the near-
surface sediments allows the zone of sulfate reduction to migrate towards the surface (see dashed
arrows at A-stations), providing the giant sulfur-oxidizing bacteria with sufficient reduced sulfur
to proliferate into thick, contiguous mats. Note: Table is not to scale, and processes are
simplified to illustrate main concepts.

5 Conclusions

This research expands upon the wealth of science already conducted in the SBB and other

transiently deoxygenated environments by examining changes in benthic biogeochemistry
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promoted by the onset of anoxia. Our main interpretations are summarized in Fig. 7. We found
that GSOB mats proliferate in the SBB where the bottom water is anoxic and nitrate
concentrations are declining (Fig. 7, A- and depocenter stations). Nitrate uptake by SBB
sediment is similar regardless of GSOB mat presence, but these mats appear to initiate a shift
from denitrification to DNRA as the primary nitrate reduction pathway (Fig. 7, beginning at B-
stations). The zone of sulfate reduction rises to the sediment-water interface where GSOB mats
are present (Fig. 7, A-stations), possibly because the hyper-accumulation of nitrate into their
intracellular vacuoles starves the environment of this more powerful electron acceptor. However,
following the natural order of electron acceptor utilization (Boudreau and Jorgensen 2001), iron
oxides near the sediment-water interface must be exhausted before sulfate reduction can
dominate surface sediments and GSOB mats can proliferate in the SBB (Fig. 7, depocenter
stations). If anoxic events become longer and more frequent in the SBB because of global
warming (see, e.g., (Qin et al. 2022; Stramma et al. 2008)), the iron oxide buffer built up in
shallower basin depths could be exhausted, allowing for surface sulfate reduction and the
proliferation of GSOB mats in shallower margins of the basin than currently seen. Further, the
same transient deoxygenation that allows for these mats to re-stablish themselves also allows for
a high Fe?" and PO4*" flux into the SBB water column. In order to fully understand the complex
changes in the benthic environment in response to deoxygenation, genomic and molecular work
of the upper sediment community needs to be characterized. Overall, the insights gleaned from
this research will aid in the understanding of fundamental biogeochemical changes that occur

when marine environments become anoxic.
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Abstract

The Santa Barbara Basin within the Southern California Bight experiences anoxic events
below the Basin’s sill, which is situated at ~475 m depth. These anoxic events have increased in
duration, frequency, and strength, corresponding to an increase in El Nifio conditions in the
Pacific Ocean. The sediment below the Basin sill experiences vast swings in redox state at the
sediment-water interface, and previous expeditions in the Basin over the past several decades
have shown the benthic microbiology and chemistry can be vastly different depending on the
redox conditions in the bottom water. Using a combination of long-term water column chemistry
observations, analyses from sediment samples, and in-situ experiments, we investigated how
increasing anoxia in the Basin is affecting early diagenesis of iron and sulfide minerals in the
sediment. We found there is a shift in redox conditions from a ferruginous to sulfidic state in the
sediment below the sill. This geochemical shift is evidenced by high rates of biological sulfate
reduction (>200 nmol cm™ d!') with concomitant high concentrations of porewater sulfide (>100
uM) in the Basin Depocenter, yet the accumulation of iron sulfides below the sill is well below
what is expected in sulfidic marine sediment. The sediment below the sill appears to be losing
highly reactive iron content to the anoxic water column and does not appear to regain this iron

upon re-oxygenation events. Additionally, in summer 2023 we documented a flux of more than 1
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mmol m™ d! hydrogen sulfide into the water column that replaced the iron flux seen in fall 2019.
This work demonstrates how increased deoxygenation in the Santa Barbara Basin associated
with increasing El Nifio events in the Pacific Ocean has drastic impacts on sediment near the

sediment-water interface.

Introduction

Oxygen minimum zones, naturally occurring areas in the ocean where organic matter
remineralization in the water column drives down dissolved oxygen concentrations, are
intensifying due to global warming and eutrophication (Stramma et al. 2008). Anoxia (zero-
oxygen condition) development is facilitated when low oxygen waters occur within semi-
enclosed oceanic basins with extended deep-water residence times (e.g., the Baltic Sea (Almroth-
Rosell et al. 2021)) and coastal upwelling environments (e.g., the Peruvian margin (Demaison
and Moore 1980)). The Santa Barbara Basin (hereafter 'Basin') is located in the Southern
California Borderland and features a sill at 475m which forms a layer of poorly mixed water
between the sill and its maximum depth at approx. 590 m. Historically, annual upwelling events
in the winter and spring can introduce a flushing event in the Basin (Bograd et al. 2002;
Sholkovitz and Gieskes 1971), although these events do not happen every year (McWilliams et
al. 2024; Reimers et al. 1990). Due to a relatively high sedimentation rate in the Basin (1-10 mm
yr'!), these shifts in bottom water redox regime have been well documented in the varved
sediments of the Basin’s depositional center (hereafter, ‘Depocenter’) (Schimmelmann and
Lange 1996). One predominant feature of the Basin's sedimentary record are lighter-colored,
diatom-rich laminae that correspond to late summer/early fall in the Basin. These laminae also

correspond to periods when the Basin’s bottom waters stagnate, allowing anoxia and the
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subsequent development of expansive mats of giant sulfur-oxidizing bacteria (hereafter 'mats') in
the Basin’s Depocenter (Bernhard et al. 2003; Kuwabara et al. 1999; Reimers et al. 1996a;
Valentine et al. 2016; Yousavich et al. 2024). To perform their chemoautotrophic metabolism,
i.e., nitrate reduction coupled to sulfide oxidation, the mats hyper-accumulate nitrate from the
bottom water in intracellular vacuoles, enabling them to migrate deeper into sulfidic sediment for
access to their electron donor (Fossing 1995; McHatton et al. 1996).

Mats in the Basin are concomitant with high fluxes of NH4", Fe**, and PO4* from
sediment and require a depletion in iron oxides so that free hydrogen sulfide can reach the
sediment-water interface and allow the mats to proliferate (Yousavich et al. 2024). Previous
benthic surveys showed that mats disappear from the Basin Depocenter after complete nitrate
depletion in the water column and appear further upslope where anoxic water still contains
nitrate (Valentine et al. 2016). Studies from oxygen minimum zones on the Peruvian margin
(Sommer et al. 2016) and in the Baltic Sea (Seitaj et al. 2015) have further shown that bottom
waters turn euxinic, i.e., accumulate hydrogen sulfide in the water, once the sulfide-oxidizing
mats vacate an area in response to nitrate deficiency. A long-term study in the Basin's water
column conducted by the California Cooperative Oceanic Fisheries Investigations (CalCOFI,
https://calcofi.org/data/) has shown that Basin flushing is becoming less frequent, while periods
of anoxia and nitrate deficiency below the sill have increased in frequency, duration, and
distribution since the 1950’s (Qin et al. 2022). Additionally, the Basin's sedimentary record
suggests annual flushing events with oxygenated water until the 1970’s, after which changes in
the California Current System weakened upwelling in the North Pacific, in turn weakening
flushing events in the Basin (Palacios et al. 2004). Accordingly, increasing anoxia and nitrate

deficiency in the Basin may push sediments towards a sulfidic state, beginning in the Basin’s
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Depocenter and dispersing to shallower depths concertedly with an increase in the magnitude
and duration of anoxic events. If sulfidic conditions became present in the bottom water, this
euxinia would create an environment that is hostile to larger benthic organisms such as
cephalopods and crustaceans; pulses of sulfide from anoxic waters have been implicated in fish

kills off the coast of Africa (Hamukuaya et al. 1998).

Here we present results from four expeditions to the Santa Barbara Basin between 2019 and
2023, reporting a distinct geochemical shift in the sedimentary redox environment in response to
increasing marine anoxia. We collected sediment and conducted in-situ experiments on the
seafloor along Basin depth transects characterized by different redox regimes. Through a
combination of biogeochemical analyses, in-situ observations, and extensive historical data, we
report evidence that the benthic environment of the Basin is shifting towards a sulfidic state,
which is associated with a loss of highly reactive iron in the Basin’s upper sediments in response
to increased deoxygenation. The data presented here expands our knowledge on early sediment
diagenesis, particularly the formation and preservation of iron and sulfide mineral phases, in
transiently deoxygenated environments and provides a glimpse into potential future shifts in their

redox state.

Shift from a ferruginous to a sulfidic state in the Basin's sediment in response to persistent
deoxygenation

To assess the effect of increasing deoxygenation in coastal California bottom waters
through the late 20" and early 21% century, it was imperative to analyze long-term trends in the

water column and sediment in tandem. The Depocenter sediment of the Basin has been sampled
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and analyzed for porewater Fe**, porewater sulfide, and sulfate reduction rates at several
occasions since the 1980°s: February, June, and October of 1988 in Reimers et al. (1996a) ;
February and November of 1995 in Kuwabara et al. (1999) and Zheng et al. (2000) ; November
2019; July 2021; June 2022; and June 2023. All results from 2019 (aside from iron mineral
speciation) were reported initially in Yousavich et al. (2024); results from the last three sampling
campaigns (2021-2023) are reported here for the first time and compared to previous data.
Depocenter profiles for 2019 and 2023 were reported from the NDRO station, which was our
closest sampling location to the sites sampled in 1988 and 1995. Details of the Depocenter and
other sampling stations can be found in Appendix B, Fig. 1 & Table 4.

Our analyses indicate that concentrations of porewater Fe?*, a product of benthic iron
reduction, decreased in recent years, displaying only a weak peak at the sediment-water interface
(<20 uM since 2019 in the top 1 cm layer) and near-zero values below (Fig. 3-1¢ & 1f). These
declines in porewater Fe?" in the Basin Depocenter sediment are accompanied by an increase in
porewater sulfide (Fig. 3-1d & 1g) particularly near the sediment-water interface. This shift from
a ferruginous sedimentary state to a sulfidic sedimentary state coincides with the appearance of
periodic total nitrate depletion below the Basin’s sill (Fig. 3-1¢) and a weakening in the intensity
of flushing events in the Basin (Bograd et al. 2002; Zheng et al. 2000).

The most intense flushing events appear to correspond with transitions from El Nifio to
La Nina climate patterns, when the California Current System is strengthened and warm surface
waters in the California Bight are replaced with cooler waters (Bograd et al. 2002; McWilliams
et al. 2024). El Nifo events, which are increasing in frequency along with global
temperatures(Cai et al. 2014), coincide with the most extreme anoxic conditions that have been

observed in the Basin. The presence of authigenic molybdenum minerals in the Basin’s
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sediments, which require anoxia in the bottom waters and at least 10 uM porewater sulfide near
the sediment-water interface to form, indicate El Nifio-related anoxia in the Basin in 1972, 1982
and 1990 (Zheng et al. 2000). Predictions of oxygen conditions in basins off the coast of
California from coupled physical-chemical models are inaccurate at predicting the duration and
intensity of anoxia due to inadequate spatial and temporal resolution (McWilliams et al. 2024).
It is thus important to resolve the frequency and duration of these anoxic events, and how it
changed over time, in order to understand the effects of expanding anoxia on sediment
biogeochemistry.

Using DIVA (Data-Interpolating Variational Analysis) gridded values in the Ocean Data
Viewer, we determined that anoxic events in the Basin have increased in frequency; 17% of days
between 1985-1990 had an estimated [O2] <2 uM and 55% of days between 2015 and 2020 had
an estimated [O2] <2 uM. These periods of anoxia also lasted an average of 185 days longer
(Appendix B, Fig. 2). Our results indicate that as El Nifio events become more frequent and
stronger, and as Basin flushing becomes weaker, the Basin will continue to shift towards a
sulfidic sediment state. A shift towards sulfidic sediment is further suggested by our Spearman
rank correlation, which shows that porewater Fe?* in the Basin is positively correlated (p = 0.62)
while porewater sulfide is negatively correlated with bottom water oxygen concentration (p = -
0.61, Appendix B, Table 1). Additionally, several products of organic matter degradation like
alkalinity (p = 0.63), ammonium (p = 0.70), and phosphate (p = 0.34) correlate positively with
water depth (Fig. 3-2), indicating that organic matter degradation increases towards the Basin’s

Depocenter, where this shift from ferruginous to sulfidic sediment state is occurring.
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Figure 3-1: Bottom water and sediment redox over time in the Basin Depocenter.

A. Oxygen concentration (umol Kg™!) below 400 m depth in the Basin from 1985-2023. Vertical
dashed lines represent sampling time-points represented in d-h. B. Nitrate concentration (umol
Kg!) below 400 m depth in the Basin from 1985-2023. (C, D & E). Sediment porewater Fe?*

concentrations and sulfide concentrations, and microbial sediment sulfate reduction rates (SRR)

in the Depocenter during anoxic bottom water conditions (F, G & H). Sediment porewater Fe*"
concentrations and sulfide concentrations, and microbial sulfate reduction rates in the
Depocenter during oxygenated bottom water conditions. (A) and (B) were created using DIVA
gridding in the Ocean Data Viewer and are based off of CalCOFI observations. Black dots in (A)
and (B) represent discrete samples from CalCOFI and Winkler titrations from May 1970
(Sholkovitz and Gieskes 1971) as well as oxygen optodes on CTD casts from 2022, and 2023.
Sediment porewater profiles and microbial rates from 1988 taken from (Reimers et al. (1990)
and Reimers et al. (1996a) and profiles from 1995 taken from Kuwabara et al. (1999). Full
oxygen and nitrate profiles since 1956 in the Basin can be seen in Appendix B, Fig. 3.
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Figure 3-2. Relationship of geochemical parameters in the Basin benthic environment.

Results of the Spearman Rank Correlation test on measured parameters in 2019 (Yousavich et al.
2024) and 2023 in a heatmap. Red corresponds to a negative correlation of two parameters and
blue corresponds to a positive correlation of two parameters. The darker the color, the stronger

the correlation. Parameters that start with BW, PW, and SED represent bottom water,
porewater, and sediment solid phase, respectively. “LAT” is latitude, “LONG” is longitude, KM
is kilometers, CM is centimeters, SRR is sulfate reduction rate, TOC is total organic carbon,
FE_AVS is iron mono-sulfides, FE PY is pyrite, FE_CARB is iron carbonates, FE OX1 is
poorly crystalline iron oxides, FE OX2 is highly crystalline iron oxides, and FE MAG is
magnetite. FE_HR is the sum of these fractions. FE_ HR_NONS is the sum of these fractions
except FE_ AVS and FE PY. FE Ill is the sum of FE_OX1, FE OX2, and FE MAG. FE Il is
the sum of FE_AVS, FE PY, and FE_CARB. DOP and DOS are degree of pyritization
(Fepy/Fenr) and degree of sulfidation (Fepy + Feavs/Feur), respectively. Correlation coefficients

118



and p-values are presented in Appendix B, Tables 1 & 2.

Extended anoxia leads to a loss of sedimentary iron in the Basin.

The waters below the Basin sill and up to approx. 400 m water depth are enriched in Fe**
during times of anoxia (Robinson et al. 2022; Shiller et al. 1985). Additionally, seasonal
transitions from an Fe**-dominated sediment-water interface to a sulfide-dominated sediment-
water interface have been observed in the Basin’s Depocenter sediment (Reimers et al. 1990). To
evaluate changes in early diagenesis of iron and sulfide minerals throughout the Basin, we
utilized geochemical sediment porewater analyses, radiotracer studies of bacterial sulfate
reduction, and a sequential extraction protocol designed for iron and sulfide mineral speciation in
modern sediments (Poulton 2021). We applied these analyses to sediment samples taken on a
transect from the Depocenter (580 m) to just above the sill (450 m) in 2019 and in 2023
(Appendix B, Fig. 1).

We found that highly crystalline iron oxide content (Feox2) in Basin sediment was
negatively correlated (p = -0.72, Fig. 3-2) to distance from the California coast (defined as
distance from the outlet of San Jose Creek, the closest stream outlet to the study site). The
primary delivery of sedimentary iron to the Basin is via turbidity currents through submarine
canyons along the coast (Schimmelmann and Lange 1996), thus decreased highly reactive iron
content (Fenr) towards the southern end of the Basin is likely explained by physical distance
from the California coast. Acid volatile sulfides (predominantly in the form of iron mono-
sulfides, therefore here termed Feavs) was negatively correlated with bottom water oxygen (p = -
0.56), nitrate (p = -0.52), and porewater iron (p = -0.68). Fepy (elemental sulfur and pyrite)
showed no strong correlations with any measured constituents, except a slight negative

relationship with sulfate reduction rate (p = -0.36) and surface organic carbon (p = -0.38).
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Similarly, the degree of pyritization (DOP in Fig. 3-2), the ratio of Fe,y/Fenr, was negatively
correlated with surface TOC and sulfate reduction rate. DOP was also negatively correlated with
porewater sulfide despite sulfide being necessary for Fepy formation (p =-0.41). This negative
relationship between DOP and sulfate reduction rate agrees with previous findings (Hardisty et
al. 2018). Results from our sulfate reduction determinations suggest this negative relationship is
caused by Fe?" sequestration into Feca (iron carbonates): bicarbonate is a byproduct of sulfate
reduction (Jergensen et al. 2019), and we detected a build-up of Fecar, where sulfate reduction
rates were high (Fig. 3-4).

Just above the Basin sill (NDT3-D, 450 m) we found an accumulation of Fepy within 3-
cm of the sediment-water interface 2019 (Fig. 3-3B), which was not present in 2023 (Fig. 3-3E)
nor was this Fepy detected directly below the sill at 500 m in both years (NDT3-C, Fig. 3-3H &
K). Sediment at NDT3-C showed a depletion in Fe,y content near the sediment-water interface
from 2019 to 2023 (Fig. 3-3H compared to 3-3K), albeit with a slight growth in Feavs (metal
mono-sulfide) content. Feox1 (poorly crystalline iron oxides), Feox2 (highly crystalline iron
oxides), and Femag (magnetite), the sum of which constitute iron oxide content in the sediment,
were similar in magnitude in 2019 and 2023, above (NDT3-D) and below (NDT3-C) the sill. The
iron oxide content at 500 m was markedly depleted just below the sediment-water interface in
2023 (Fig. 3-3] compared to 2G), coinciding with a depression in the porewater Fe** (Fig. 3-3L
compared to 3-3I), but more replication is needed to determine if local-scale heterogeneity could
explain those differences.

Deeper in the Basin (NDT3-A, 570 m), there was a slight build-up of Feavs near the
sediment-water interface in 2023 that was absent in 2019 (Fig. 3-4E) along with an increase in

sulfate reduction rates (3-3F). The Depocenter (NDRO, 580 m) exhibits a high Fe(II) content
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relative to iron oxide content. Fe(Il) is primarily in the form of iron carbonates, not iron sulfides
(Figs. 3-3H & K). Integrated sulfate reduction rates (0-10 cm sediment depth) were high below
the sill, peaking at ~560 m (10.6 mmol m™ d"!, Appendix B, Table 5). Despite these high rates of
sulfate reduction in the deeper Basin, the degree of pyritization (Fepy/Fenr) was low throughout
the entire Basin (0.16 + 0.15), only approaching 0.5 near the sediment-water interface at the
shallowest station below the sill. This degree of pyritization is commonly used to distinguish
between sediments deposited in ferruginous and euxinic bottom water conditions, with values
below 0.7 indicating ferruginous conditions and values above 0.7 indicating euxinia (Hancock et
al. 2019; Liu et al. 2020; Poulton 2021).

As previously reported, the Fepy/Fenr ratio in Santa Barbara Basin sediments are
anomalously low (<0.7) for sediments with high amounts of sulfide detected in the porewater
(Hardisty et al. 2018; Raven et al. 2016; Reimers et al. 1996a). This low ratio has been attributed
to high organic matter delivery rates and high rates of ongoing organoclastic sulfate reduction
(which produces bicarbonate as a byproduct) in sediments where iron sulfides are accumulating
(Hardisty et al. 2018). Our results indicate that reduced forms of iron are primarily shunted into
iron carbonates below the Basin sill, especially in the Depocenter of the Basin where sulfate
reduction rates are highest. These iron carbonates could be transformed to pyrite later in
diagenesis via the polysulfide pathway, which is preferred in alkaline sediments (Kamyshny Jr
and Ferdelman 2010). This pathway, however, requires sufficient elemental sulfur to react with
Fe(II) minerals (Liu et al. 2020). While we did not assess elemental sulfur separate of pyrite in
the Basin sediment, the low ratio of Fe,y to Fecaw, particularly below the Basin sill, indicates that
deeper pyrite formation would require deeper elemental sulfur formation as well. Interestingly,

the highest pyrite content in the sediment was measured at both NDT3-D (Fig. 3-3B) and SDT3-
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D (Appendix B, Fig. 3) in 2019, both of which are the only stations that lie above the Basin sill.
The presence of sulfur-oxidizing bacteria below the sill could interfere with the production of
Fepy and Feavs, and encourage Fe(II) to instead form iron carbonates, or flux out of the sediment
entirely.

The sediment iron content measured in 2023 revealed a relatively steady highly
crystalline iron oxide content in Depocenter sediment, but a loss of Fe(II) (-30.3 + 8.2 umol
Fe/g) and poorly crystalline iron oxides (-66.4 = 64.5 umol Fe/g) in the upper 3 cm of sediment
(Fig. 3-4] & K, respectively). Additionally, the high flux of Fe** seen from the sediment to the
water in the deep Basin in 2019 (Robinson et al. 2022), which was absent in 2023 (Fig. 3-6),
could explain why surface sediment appears relatively depleted in highly reactive iron content
compared to shallower sediment in the Basin. This decrease in sedimentary iron content and
change in Fe?" flux could indicate that deeper stations below the sill, which experience frequent
deoxygenation, are losing their iron content due to cycles of deoxygenation and reoxygenation.
In contrast, the nearby Santa Monica Basin rarely (if ever) experiences full anoxia and has an
enrichment of iron oxide content in the deep Basin surface sediment due (in part) to upward
diffusive flux and re-oxidation of porewater Fe?* in the hypoxic bottom waters (Figueroa et al.
2023).

It is commonly believed that Fe?" that fluxes into the water column during anoxia is re-
precipitated as poorly crystalline iron oxides once it reaches the oxycline (as it was the case, for
example, at around 500 m water depth in July 2023 in the Basin, Fig. 3-1B) or once oxygenated
waters return (Reimers et al. 1990; van de Velde et al. 2020a). It is possible that Basin Fe*" is
rather transported in particulate form by bottom water or mid-water currents upslope and

potentially out of the Basin entirely. This hypothesis is supported by the presence of currents
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along the Basin’s northern slope that carry water down the California Coast in-between Basin
flushing events (Bograd et al. 2002; McWilliams et al. 2024). The overall depletion of both
oxidized and reduced forms of iron near the sediment-water interface below the sill could be
indicative of a net loss of highly reactive iron from sediments below transiently deoxygenated

systems.
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methods section. Briefly, Feavs is iron monosulfides, Fepy is pyrite, Fecaw 18 iron carbonates,
Feox1 is poorly crystalline iron oxides, Feox is highly crystalline iron oxides, and Femag is
magnetite. An excerpt from the water column oxygen concentration during both timepoints is
provided on the left side of the Table, with the horizontal black bar representing the sampling

Iron Oxide Cencentration (NDT3-C, Nov 2019)

Fe(ll) Concentration (NDT3-C, Nov 2019)

Sulfate Reduction Rate [nmol cm- d-!|

] 00 0 300 400
I G I H '
/s 1 SRR
1t 4+ 2
‘e ~alron
| 4
\ -e-Sulfide
9
1
6
Fe Oxi D tr Fe CarbD
|
- Fe Oz D b Fe Py D s
Fe Mag D Fe AVS D i
- - - 10
0 50 100 150 200 25 300 O 50 100 150 200 250 300 ] 100 200 300

Iron Concentration (umol g ')

Iron Oxide Concentration (NDT3-C, July 2023)

J

o reon [T
Fe Ox2 D
Fo Mag D

0 50 100 150 200 250 300
Iron Concentration (umol g")

Iron Concentration (umol ™)

Fe(ll) Concentration (NDT3-C, Nov 2023)

¥
Fe CalhD
[ 4 Fe Py D
t Fe AVS
‘ O
r | | | | I
0 50 100 150 200 250 300

1

Iron Concentration (pmol g™')

24

Sulfide and Fe* [uM]

Sulfate Reduction Rate [nmol em 1]

300

0 10 200 400

-=-SRR

~-Iron

~&-Sulfide

0 100 200 300
Sulfide and Fe** [pM]



depth. Sediment core photos are provided to allow visual comparison of sediment in November
2019 vs. July 2023.
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Figure 3-4: Sediment iron minerals and parameters relevant for their formation.
Results from sediment taken from NDT3-A station in 2019 (A-C) and 2023 (D-F). g-i: Results
from sediment taken from NDRO station in 2019 and in 2023 (J-L). A, D, G, and J represent
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methods section. Briefly, Feavs is iron mono-sulfides, Fepy is pyrite, Fecar is iron carbonates,
Feox1 1s poorly crystalline iron oxides, Feoxz is highly crystalline iron oxides, and Femag is
magnetite. An excerpt from the water column oxygen concentration during both timepoints is
provided on the left side of the Table, with the horizontal black bar representing the sampling
depth. Sediment core photos are provided as an inset of the first panel to allow visual comparison
of sediment in November 2019 vs. July 2023.
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Pulses of sulfide into the water column follow iron exhaustion.

Extended anoxia leads to a loss of sedimentary iron in the Basin.

We deployed in-situ benthic flux chambers (hereafter ‘chambers’) to quantify benthic
fluxes of solutes, which captured changes in temporal and spatial distribution of Fe?* fluxes in
the Basin depending on bottom water anoxia. We also recorded a Basin flushing event using a
benthic lander (‘ABISS’) equipped with sensors that recorded pH, dissolved oxygen, and
temperature at 570 m depth from July 2021 through June 2022.

Sensors aboard the ABISS lander recorded an increase of oxygen (up to 11.5 uM) from
November-December 2021 alongside an increase in pH and a decrease in bottom water
temperature (Fig. 3-5). These changes indicate that cooler, oxygenated water came over the sill
during this time, reoxygenating the Basin’s bottom waters as is typical during winter/spring
upwelling season in the Southern California Bight. While the oxygen sensor was programmed to
stop recording near the end of 2021, the pH and temperature logs continued through June of
2022. Assuming the in-situ measurements recorded on the ABISS lander between November
2021 — January 2022 (Figure 3-5) are representative of a typical flushing event, we estimate
these events last approx. sixty days before anoxia is re-established in the Basin’s Depocenter.

Notably, there are distinct periods in March 2022 and May-June 2022 where oscillations
in the pH meter similar to November 2021 were recorded, but there was no discernible
coinciding change in bottom water temperature. The absence of a temperature change suggests
that the pH disturbances were either caused by isothermal intrusion of oxygenated water, or by
changes within the bottom water chemistry originating from the sediment. Oxygen

measurements by CalCOFI (April 2022) and during our one-day field trip (July 2022) do not
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indicate a large-scale influx of oxygenated water into the Basin occurring in either March or May
2022, but as anoxia is quickly re-established (flushing events last approx. 60 days), the
possibility cannot be ruled out. Absent an influx of oxygenated water, it is also possible that
these pH perturbations are due to a flux of bicarbonate ions into the bottom water, which are the
byproduct of anaerobic organic carbon remineralization (e.g., sulfate reduction). In 2023 we
detected an alkalinity release from the Depocenter sediment (0.09 mmol m™ d™!, Appendix B,
Fig. 6). Similarly, an increase in alkalinity in response to benthic bicarbonate release has also
been reported from the Baltic Sea (van de Velde et al. 2023).

Additionally, organoclastic sulfate reduction (e.g., acetate oxidation, Eq. 1) consumes
protons and produces bicarbonate which raises pH. Sulfide oxidation coupled with nitrate
reduction (Eq. 2), and anabolic CO; fixation done by chemoautotrophic organisms such as those

that populate the Basin’s mats (Teske and Nelson 2006), consume protons which also raises pH.

CH;C00™ + SO2™ + H* - 2HCO; + H,S

[1]

HS™ 4+ 1.6NO3 + 0.6H* - SO~ + 0.8N, + 0.8H,0
(2]

6C0, + 24H* > C4H,,0, + 6H,0

[3]

Given the high porewater sulfide measured at the sediment-water interface in July 2022
(800 uM, Fig. 3-1G), and the presence of mats in the Basin’s Depocenter along with nitrate in
the bottom water in July 2022, the pH oscillations observed could be due to a sulfide oxidation
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either at the sediment-water interface or in the bottom water. Additionally, fluxes of sulfide into
the bottom water were documented in July 2023 based on chamber incubations from 520 — 580
m water depth in the Basin (Fig. 3-6). These measurements represent the first directly-measured
sulfide flux into the Basin from the sediment. A flux of sulfide from the Basin's sediment during
anoxic water column conditions has been previously postulated based on diffusion estimates
from porewater profiles (Kuwabara et al. 1999). The largest flux recorded in our study was 1.33
+ 1.09 mmol m™ d! in the Basin’s Depocenter. The observed fluxes of sulfide coincided with
strong dampening of iron fluxes (4.1 compared to 0.1 mmol m2 d! in 2019 and 2023,
respectively), which further re-enforces the hypothesis that reactive iron content in the deepest
parts of the Basin is being exhausted over time (Yousavich et al. 2024).

The trend in increasing deoxygenation in the oceans has been mostly attributed to
increased stratification and lower dissolved oxygen solubility due to warmer surface water
temperatures (Stramma et al. 2008) and eutrophication leading to higher primary productivity
(Stramma et al. 2010). One of the largest extinctions of marine metazoan life happened at the
Triassic-Jurassic boundary (Dunhill et al. 2018). This mass extinction is largely ascribed to
localized de-oxygenation and pulses of euxinia in shallow marine environments (Bond et al.
2023). These changes in marine redox environments followed increases in atmospheric carbon
concentrations due to volcanic activity and increased nutrient input to the oceans (Ruhl et al.
2011). Atmospheric carbon (CO2) concentrations have been increasing on Earth since at least the
beginning of the 20" century (Hansen et al. 1981). Small increases in organic matter delivery to
marine sediment can cause a semi-irreversible shift from ferruginous to sulfidic sediment state,
allowing for a flux of sulfide into the water (van de Velde et al. 2020b). Fepy/Fenr ratios from the

Naples Beach outcrop (sediment age ~18-7 Ma), suggest that bottom water euxinia occurred
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several times in the pre-cursor of the Santa Barbara Basin during the Miocene Epoch (Hancock
et al. 2019). The patterns of alternating oxygenated, ferruginous and euxinic bottom waters
interpreted from these Fepy/Fenr ratios suggest transient deoxygenation associated with
upwelling systems. The frequency of deoxygenation suggested by the Naples Beach outcrop
(approx. 18% of observations over the 11 Ma indicated oxygenated conditions) is much greater
than modern upwelling systems, however. Given the apparent exhaustion of iron oxide content in
near-surface sediments in the Basin’s deep waters, and the apparent shift away from a
ferruginous sediment state below the sill, the Santa Barbara Basin could develop semi-permanent
euxinia (i.e., lasting years at a time with only occasional oxygenation events) in the bottom water
in the future, as was seen in its pre-cursor during the Miocene epoch (Hancock et al. 2019). The
Basin appears to have developed nitrate depletion, a pre-requisite to euxinia, under the sill at
least three times since 1985, thus given our measured sulfide flux it is likely that the Basin has

experienced euxinia recently and that this may become a frequent phenomenon in the future.
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Figure 3-6. Benthic fluxes of sulfide and Fe?* from June-July 2023.

Sulfide and Fe** fluxes calculated from changes in concentrations in benthic flux chambers.
Error bars represent standard deviation from multiple benthic flux chamber deployments per site.
Details of changes in concentration for each chamber can be found in Appendix B, Fig. 5.

Methods
Study Site and Sampling Procedures

Samples from the Santa Barbara Basin were collected in 2019, 2021, 2022, and 2023 at
several stations along a depth transect traversing different water and sediment redox conditions
(Appendix B, Table 3). Sampling details (dates, vessels, stations, equipment, parameters) are

shown in Appendix B, Table 3. Sediment cores (push cores or multicorer cores) were

immediately transferred to 6°C and sub-sampled for porewater analyses, solid phase analyses,
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and radiotracer experiments. Sediment processing prior to analyses is described in detail in

Yousavich et al. (2024).

Solid Phase Analyses

Porosity/Density samples from 2023 were collected and analyzed the same as described
in Yousavich et al. (2024). Sediment sampled in 2019 for sequential extractions was collected in
Whirl-Packs™ during core slicing and immediately frozen. Sediment samples were taken from
the middle of the bag once thawed for sequential extraction. Sediment sampled in 2023 for
sequential extractions was weighed into two separate, argon-flushed 2-mL plastic vials (one
aliquot for sulfide extractions, one aliquot for iron extractions) and immediately frozen.
Extractions of 2019 and 2023 sediments were both performed in 2023.

One aliquot of wet sediment was treated with a standard two-step sulfide extraction
(Fossing and Jergensen 1989). First, sediment was incubated with 6 N HCI to release the acid
volatile sulfur (AVS, mainly Fe mono-sulfide) and then with a chromium(II) chloride solution to
release the chromium reducible sulfur (CRS, pyrite and elemental sulfur). These two solid-phase
sulfur species were recovered in separate 6-mL 5% zinc acetate traps. The contents of AVS and
CRS were analyzed after dilution spectrophotometrically by the methylene blue method (Cline
1969). Feavs was calculated from the measured AVS content of each sample assuming 1:1 Fe:S
stoichiometry. Fe,y was calculated from the measured CRS content of each sample assuming
negligible elemental sulfur content and a 1:2 Fe:S stoichiometry.

Sequential iron extractions followed the protocol of Poulton (2021). These extractions
consisted of: (i) anoxic 0.5 N HCI1 (Fe*" and total Fe measured separately), (ii) sodium

dithionite/citrate, and (iii) ammonium oxalate/oxalic acid. The Fe(II) concentration of (i) was
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determined spectrophotometrically by the ferrozine assay (Stookey 1970) ; while total Fe
concentration of (i) was determined via the ferrozine assay after complexing with hydroxylamine
hydrochloride. Total Fe from (ii) and (iii) were determined via the ferrozine assay.

The above procedure leads to four operationally-defined, distinct fractions. Fecan: Fe(II)
from extraction (i), targeting AVS and carbonate; Feoxi: Fe(IIl) from extraction (1), targeting
poorly crystalline iron oxides (e.g., ferrihydrite, lepidocrocite); Feox2: total Fe from extraction
(1), targeting highly crystalline iron oxides (e.g., goethite, hematite); and total Fe from extraction
(111), targeting magnetite (Femag). Final Fe(Il) concentration for Fecar is the measured value for
Fecas — Feavs. Final Fe(IIl) concentration of Feox 1s the measured value of total Fe for Feoxi —
Fecab. “Highly Reactive Iron” (Fenr) is defined by Feoxi + Feox2 + Femag + Feavs + Fepyr + Fecar.
Highly Reactive Fe(Ill) is defined as Feox1 + Feox2 + Femag. Highly Reactive Fe(Il) is defined as
Feavs + Fepyr + Fecan. Degree of pyritization is Fepy / Fenr while degree of sulfidation is (Fepy +

Feavs) / Fenr. Note, in Poulton (2021) Fecar 1s referred to as Fe(Il)unsulf.

Sulfate Reduction

To determine ex-situ microbial sulfate reduction rates, whole round sub-cores were
injected at 1-cm increments with 10 uL carrier-free 3°S-Sulfate radiotracer via pre-drilled,
silicon-filled holes according to Jergensen (1978). Details of the radiotracer injections and
incubation procedures were identical to Yousavich et al. (2024). Lab-based analysis of sulfate
reduction rates was accomplished following the cold-chromium distillation procedure

(Kallmeyer et al. 2004).

Porewater Geochemistry
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Concentrations of porewater total sulfide (Cline 1969), NH4*, PO4>, and Fe** (Grasshoff
et al. 1999) were determined with a Shimadzu UV-Spectrophotometer (UV-1800) immediately
after core sectioning. Detection limits for total sulfide, NH4*, PO4*, and Fe*" were 1 uM. The
detection limit for NO3™ and NO™ was 0.5 uM. The analysis was calibrated using IAPSO
seawater standard, with a precision and detection limit of 0.05 meq L!. Subsamples (1 mL) for
sulfate (used to calculate sulfate reduction rates) were stored in O-ring sealed 2-mL plastic vials,
frozen at -30°C and measured later using a Metrohm 761 ion chromatograph with a

methodological detection limit of 30 uM (Dale et al. 2015).

Benthic In-Situ Investigations

Per station, two benthic flux chambers deployments were carried out by the HOV Alvin
on the seafloor and recovered on the subsequent dive. Construction, deployment and operation of
automated chambers followed those described in Yousavich et al. (2024) modified from Treude
et al. (2009). Different than in previous deployments in the SBB (Yousavich et al., 2024),
chambers were kept on their side during descent on the underwater elevator to avoid capture of
surface water inside the chamber rather than shaking the chambers manually once they reached
the seafloor. Chamber incubations lasted approx. 20h. Samples obtained from the overlaying
water of the chambers were examined for the same geochemical constituents as described above

(Porewater geochemistry). Benthic fluxes of sulfide, and Fe?" were calculated as follows:
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Where J is the flux in mmol m™ d"!, AC is the concentration change in mmol m™, At is the time
interval in d, V is the overlying water volume in m>, and A is the surface area of the sediment
covered by the benthic flux chamber in m?. An average flux within chambers was calculated for

stations of similar depth.

ABISS Lander

The ABISS lander is an autonomous biogeochemical observatory, which is built upon a 2
m x 2m seafloor lander. For the Basin deployment, the lander was equipped with 2 oxygen
optodes (Aanderaa™ 4330W with ultra-stable foils), a PyroScience™ AquapHOx-LX optical pH
and temperature datalogger, an osmotic sampling system for microbial and geochemical
sampling (e.g, as in Robidart et al. (2013), and a custom low-light camera system. The lander
frame is anodized aluminum, with syntactic foam floatation and an EdgeTech™ acoustic release,
which drops the steel ballast for ascent. Deployment of the ABISS lander occurred aboard the
R/V Nautilus on July 15, 2021 with visual confirmation of its successful deployment undertaken
by ROV Hercules. Recovery of the ABISS lander occurred on August 5, 2023 during dive 5211.
Exact lander coordinates and water depth can be seen in Appendix B, Table 4. One oxygen
optode was located on the top of the 2 meter tall floatation mast, but no data were recovered due
to memory corruption. The other oxygen, pH, and temperature sensors were all located

approximately 1 m above the seafloor on the lander’s main deck.

Time-series oxygen and nitrate data
Time series maps were generated using Ocean Data View version 5.6.7—64 bit. All data is

from CalCOFI except 1969/1970 oxygen data (Sholkovitz 1973) and from an oxygen optode
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deployed on a CTD cast during our 2023 expedition. CalCOFI data after June 2021 is considered
preliminary and may be subject to future changes. Gridded fields were calculated using DIVA

gridding algorithm, with X scale-length of 5 and Y scale-length of 300.

Spearman Rank Correlation

2019 and 2023 station metadata (e.g., depth, latitude, longitude), bottom water chemistry,
sediment solid phase, porewater, and microbial rate data were used to calculate the Spearman
Rank Correlation Values for the Santa Barbara Basin. This analysis was conducted in R Studio
(R 4.3.2) using the “cor” function with method set to “spearman”. Significance testing at a 95%
confidence interval was conducted and only correlations with a significant correlation (p < 0.05)

were further examined and reported upon here.
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Abstract

The Salton Sea is a large, shallow, inland lake that is marked by hypersaline conditions
and rapid desiccation. Sulfate concentration in the Salton Sea exceed five times seawater
concentrations, and the lake’s seasonal hypolimnion reaches anoxia during the summer and fall
resulting in extreme euxinia (>2 mM sulfide). The maximum depth of the lake has shallowed by
over 3 m since 2003, with the remaining lake water becoming increasingly more saline. The lake
has also frequently experienced many harmful algal and dinoflagellate blooms. While

geochemical and metagenomic studies have been done of the lake’s water column and sediments,
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these studies pre-date drastic reductions to the lake’s inflow since 2018, and further, microbial
metabolic rates have not been determined in either the lakes water column or sediments.
Between January 2020 and November 2023, we conducted geochemical analyses and microbial
rate determinations in the water column and sediment of the Salton Sea during five sampling
campaigns to assess how desiccation is affecting the lake’s biogeochemistry. We found that the
lake no longer contains an intensely stratified thermocline though it does develop an anoxic
bottom layer during summer months. We detected are high rates of ex-situ and potential sulfate
reduction in both the sediment (>3 mmol m? d'!) and water column (up to 2,200 nmol L' d'!),
including under oxygenated conditions near the lake’s surface. We also present potential rates for
denitrification and anaerobic ammonium oxidation, and ex-situ rates of methane oxidation in the
lake’s water column. This work furthers our understanding of how the biogeochemistry of inland

endorheic lakes changes as desiccation drives their salinity higher.

Introduction

Inland saline lake habitats around the world, which are considered critical habitats for
migrating birds, are desiccating, thereby creating increasingly saline habitats that can be toxic for
aquatic life (Jellison et al. 2004). These lakes are primarily endorheic (i.e., the basin is not
connected to the world’s oceans) and exist in arid climates around the world. Human
development in these water-scarce regions has reduced the inflow to these inland lakes, causing
them to desiccate over time (Williams 2002). As the lake water level decreases, it exposes areas
of lakebed to the air, which can release dust that contains toxic chemicals (e.g., recalcitrant
pesticides) that were once complexed in the lakes sediments (Frie et al. 2017). Additionally, as

the lake shallows, wind-driven mixing patterns can penetrate closer to the lakebed.
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Most lakes around the world have some degree of mixing, particularly when air
temperatures cool and/or wind can induce mixing within the lake (i.e., holomictic lakes). During
the summer, holomictic lakes can develop thermal stratification and a hypolimnion, or a bottom
layer below the thermocline that does not mix with upper waters. This stratification can lead to
chemical changes, such as anoxia and euxinia, in the hypolimnion, restricting fish and larger
organisms to the upper waters of the lake, and potentially leading to mass fish-kills (Marti-
Cardona et al. 2008). Some lakes (such as Hot Lake, WA) are meromictic, where permanent
stratification prohibits mixing year-round, ergo these lakes have a permanent hypolimnion
(Anderson 1958). Meromictic lakes are usually stratified based on salinity, with brackish to
hypersaline bottom waters, such as Green Lake, NY (Brunskill and Ludlam 1969). The
biogeochemistry above and below the pycnocline in both holomictic and meromictic lakes is
usually quite different. With restricted mixing in the hypolimnion a negative oxidative reductive
potential (ORP) is common, indicative of anaerobic metabolisms like sulfate reduction and
anaerobic methane oxidation (Ingvorsen et al. 1981; Joye et al. 1999).

Endorheic salt lakes constitute nearly half of all standing inland water volume on Earth
(Williams 1996). Both freshwater and saline lake biogeochemistry and microbial community
composition varies between the hypolimnion and epilimnion (Diao et al. 2017; Phillips et al.
2021). Changes in mixing patterns can bring about drastic changes in saline lake community
composition and biogeochemical cycling, particularly in the hypolimnion of these lakes
(Bjorndahl et al. 2022; Phillips et al. 2021). Additionally, once anoxia is established in a lake’s
hypolimnion, the sediments below the lake act as a seed for anaerobic microbial communities to
migrate into the water column, particularly sulfate reducing bacteria (Phillips et al. 2021).

Sediments below saline lakes can contain vastly different microbial community structures
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depending on salinity and relative ion concentration, with archaeal lineages becoming prevalent
and more diverse with increasing salinity in some salt lakes (Liu et al. 2023; Swan et al. 2010a).
In particular, both fermentation and sulfate reduction are dominant metabolic pathways in anoxic
sediments and hypolimnions of saline lakes (Liu et al. 2023; Phillips et al. 2021; Swan et al.
2010a).

The Salton Sea is an endorheic, holomictic lake that has developed an extremely euxinic
seasonal hypolimnion, with sulfide concentrations exceeding 2 mM between May and November
2006 at maximum lake depth of 15 m (Reese et al. 2008). In fall, the Santa Ana winds usually
mix the lake, causing the sulfide that built up in the euxinic hypolimnion to oxidize to sulfate and
leading to gypsum blooms that can be seen from satellite images (Tiffany et al. 2007b). The
Salton Sea has been progressively desiccating, since its formation but especially since both
agricultural runoff was reduced in 2003 and periodic Colorado river discharge was stopped in
2018 (Fogel et al. 2021). The high salt concentrations are thought to be due to connections to
underlying evaporite layers (Wardlaw and Valentine 2005). Additionally, as the lake has dried,
fumaroles containing high levels of ammonium sulfate salts that are connected to geothermal
brines below the Salton Sea have been uncovered, allowing the possibility that some of the
sulfate in the lake is geothermally sourced (Adams et al. 2017). The sulfide in the Salton Sea is
thought to be a result of biological sulfate reduction in the sediments (Reese et al. 2008).
Microbial sulfate reduction rates for the Salton Sea sediments have been assessed once (Swan
2009) but water column sulfate reduction has not been quantified. As the Salton Sea is rapidly
desiccating, there is an urgent need to quantify the biogeochemical changes that coincide with
the lake's drying process to assess the future of the lake and its surrounding community, which

include the Coachella and Imperial valleys, one of the United States most important agricultural
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regions (Fogel et al. 2021).

In order to quantify microbial metabolic activities and associated geochemical signatures
of the Salton Sea since the state of California stopped diverting Colorado River water to the lake
in 2018, we conducted five sampling campaigns between January 2020 and November 2023. We
collected water column and sediment samples for geochemical and microbial respiration rate
determinations. We set out to quantify the relative contribution of sediment and water column
sulfate reduction to the extreme euxinia seen in the Salton Sea. We also sought to understand
biological oxidation and reduction of nitrogen species and the oxidation of methane in the lake
water. In combination, our analyses provide a first glance at the biogeochemistry of the Salton
Sea and may aid the understanding of biogeochemical processes of other drying inland lakes,
such as the Aral Sea (Micklin 2007), as well as past mass-drying events in Earth’s history, such

as the Messinian Salinity Crisis (Krijgsman et al. 1999).
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Figure 4-1. Map of the Salton Sea with sampling locations in the North and South Basin. Map
taken from Shuford et al. (2002).
Study Site
The Salton Sea is an inland lake in California’s Coachella Valley with two basins,

centered approx. at 33.26093° latitude, -115.742° longitude (South basin) and 33.44454° latitude,
-115.9628° longitude (North basin). The Salton Sea is evaporating at a rate of 0.3 m yr'!' and the
maximum depth of the Salton Sea in both basins during the sampling period was approx. 10.5 m.
The modern Salton Sea formed when a levee on the Colorado River broke in 1905 and diverted

water for two years into the Coachella valley, where it settled in the Salton Sink, the lowest point
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(approx. 64 m below sea level) of the Salton Trough. The Salton Trough lies above the San
Andreas fault, an active transform boundary, which contains a geothermal field roughly below
the Salton Sink (Younker et al. 1982). The Salton Trough was connected to the Gulf of
California in the early Pleistocene and was progressively cut off by the formation of the
Colorado River Delta, creating a shallow marine inland sea that eventually evaporated (Tompson
2016). Over the course of the late Pleistocene and into the Holocene epoch, a lake would form in
the Salton Trough, occasionally connecting with the Gulf of California, due to meandering of the
Colorado River, before re-desiccating, with the most recent incarnation (before the Salton Sea)
being Lake Cahuilla between 1600-1700 AD (Waters 1983). These cycles of marine evaporation,
re-flooding and subsequent dissolution of evaporites, and re-desiccation have led to the salinity
of the current day Salton Sea (47 PSU as of 2006, (Reese et al. 2008)).

The biology of the Salton Sea has changed rapidly with the lake’s decline. While the lake
still provides a crucial habitat for migrating birds (Lyons et al. 2018), larger aquatic organisms
that used to populate the lake such as the hybrid Tilapia Oreochromis mossambicus x O. urolepis
hornorum (Riedel et al. 2002) and even meiofauna such as the polychaete Neanthes succinea
(Dexter et al. 2007) are now restricted to riparian wetlands on the lakes perimeter (Fogel et al.
2021). The Salton Sea has experienced many massive fish kills, particularly in later summer
months when wind mixes the lakes hypolimnion with waters above the thermocline (Marti-
Cardona et al. 2008). Ecosystem models of the Salton Sea have shown that harmful algal blooms,
salinity increase, heat spikes, and sulfide toxicity have all contributed to these fish kills (Kjelland
and Swannack 2018).

The microbiology of the Salton Sea water column is characterized by organisms that can

tolerate the hypersaline, alkaline, and anoxic/euxinic conditions present in the lake (Freund et al.
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2022). Proteobacteria and Bacteroidetes constituted >60% of phyla detected in the water column
in late summer 2009, while Rhodobactareles (an order within Alphaproteobacteria known for
anoxygenic photosynthesis) were also prevalent; only 5% of the taxa found belonged to
Cyanobacteria lineages (Dillon et al. 2009). Additionally, seasonal variation in geochemistry of
the lake seems to heavily impact relative bacterioplankton abundance, with strongest species
diversity in the spring and much lower species richness in summer and fall (Dillon et al. 2009).
Species diversity within the Salton Sea appears to be tightly correlated to sulfide concentrations,
with chemoautotrophic and anoxygenic photosynthesizers being most prevalent during euxinic
conditions (Swan et al. 2010b). Archaea were found to be the dominant micro-organisms at all
depths in the Salton Sea sediment (Swan et al. 2010a). Bacterial communities of the surface
sediment are dominated by aerobic organisms such as Rosebacter spp. when the hypolimnion is
oxygenated, while sulfate-reducing Deltaproteobacteria become dominant when the hypolimnion

is anoxic/euxinic (Dillon et al. 2009; Swan et al. 2010a).

Materials and Methods
Sample collection and processing

Water column samples from the Salton Sea were collected using a small, motorized boat
on 8 January 2020, 11 August 2020, 22 September 2021, and 16 November 2023. Sediment
samples were collected using the same small, motorized boat on 24 August 2021. Samples from
2020 and 2021 were collected at the depositional center (hereafter depocenter) of the southern
basin. Due to logistical complications with launching the boat in the southern basin in 2023,
samples from 2023 were collected at the depocenter of the northern basin. Samples from 2020

and 2021 were collected using a Niskin bottle that was lowered to depth and closed by dropping
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a weight that activated two tension wires, which snapped the ends of the bottle closed. Samples
from 2023 were collected using a hydraulic pump with in-line filtration at 5 microns (Alexis® 12
volt peristaltic pump from Proactive Environmental Products® at 500 mL per minute). In all
samplings, a calibrated YSI EXO2 multi-parameter sonde (Y SI Incorporated, Yellow Springs,
OH, USA) equipped with temperature, conductivity, pH, turbidity, dissolved oxygen, dissolved
organic matter, salinity, and oxidation-reduction potential (ORP) sensors was lowered at each
site before water column samples were collected. Sediment samples were taken from the
southern basin depocenter on 24 August 2021.

Water column samples for sulfate reduction rate determinations were collected in 30-mL
glass serum vials and were immediately closed bubble free with a stopper and crimped on the
boat. Water column samples collected for geochemical parameters were collected in 15-mL
plastic centrifuge tubes. Samples for total sulfide concentration determinations were collected in
separate 15-mL conical centrifuge tubes or 30-mL serum vials, each of which contained 2 mL of
5% zinc acetate to preserve sulfide. Sediment samples were taken with a large bore sediment
sampler unit with stainless steel core head and one-way check valve and ball valve vacuum
release. Two replicate sediment cores (polycarbonate core tube, length ~ 40 cm length, internal
diameter ~ 9.5 cm, outer diameter ~ 10 cm) during the August 2021 field campaign were taken
back to the home lab. One core was sub-sampled with two smaller push cores (polycarbonate,
length = 20 cm, diameter = 2.6 cm) for sulfate reduction rate incubations. The other core was
stored at the home lab at room temperature for approx. 1 week (with overlying supernatant and a
taped plastic stopper on top), until it was sliced in 1-cm increments under a constant argon flow
into argon-filled 50-mL plastic centrifuge tubes. Sediment was centrifuged at 2300 xg for 20

minutes and the centrifugate was immediately subsampled for geochemical parameters.
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Geochemical analyses

Concentrations of porewater and water column sulfide (Cline 1969), NH4*, PO4*, and
Fe?* (Grasshoff et al. 1999) were determined in the lab with a Shimadzu UV-Spectrophotometer
(UV-1800). Detection limits for sulfide, NH4", PO4>", and Fe** were 1 pM. Water column and
porewater subsamples (2 mL) were taken in the laboratory, stored in 2-mL plastic vials with an
O-ring, frozen at -30°C and analyzed for NO3;™ and NO»>™ concentrations on the same
spectrophotometer using the method following (Garcia-Robledo et al. 2014). The detection limit
for NO3™ and NO> was 0.5 uM. Subsamples (1 mL from both porewater and water column
samples) for sulfate and chlorinity were taken in the laboratory, stored in 2-mL plastic vials with
an O-ring, frozen at -30°C and later measured using a Metrohm 761 ion chromatograph with a
methodological detection limit of 30 uM (Dale et al. 2015). Samples for water column methane
concentration were collected in 125-mL serum vials bubble free and then injected with 7.5 mL of
50% sodium hydroxide solution and 2.5 ml air to stop microbial activity and force the gas into
the headspace. Methane was determined in headspace samples using a Shimadzu Gas
Chromatograph (GC-2014) with a packed Haysep-D column and a flame ionization detector. The
column temperature was 80 °C with helium as the carrier gas at 12 mL per min. Methane
concentrations were calibrated against methane standards (Scotty Analyzed Gases) with a + 5%

precision.

Sulfate Reduction
To determine ex-situ microbial sulfate reduction rates in the water column, water samples

were collected into 30-mL glass serum vials and closed bubble-free with blue butyl stoppers
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(Bellco). Five replicate samples (three in August 2020) were collected per water column depth. If
a sample had a large bubble in it, we did not use it for rate determinations, thus 7 m depth in
September 2021 and 1 m depth in November 2023 constitute four replicates instead of five.
Additionally, five samples to produce killed controls were collected per sampling campaign. *°S-
Sulfate radiotracer (15-20 pl, dissolved in water, specific activity 37 TBq mmol!, was injected
activity: 0.8, 1.7, and 2.3 MBq in 2020, 2021, and 2023) was injected through the stopper and the
samples were incubated for 21-23 days. After incubation, the vials were opened, and the water
was poured into 50-mL centrifuge tubes pre-filled with 10-mL zinc acetate (20% w/w) and
frozen at -20°C until analysis. Microbial activity in controls was terminated by injecting either
4.2 mL 37% formaldehyde (2020, 2021) or 300 pl 25% H>SO4 (2023) before injection of the
radiotracer. Approx. 1g of bentonite clay was added to centrifuge tubes to ensure a pellet would
form upon centrifugation. In 2023, water samples were amended with sulfide (final concentration
40 uM) to remove traces of oxygen. Sulfate reduction rates determined from this incubation
should therefore be considered potential rates.

To determine ex-situ microbial sulfate reduction rates in the sediment, whole round sub-
cores were injected with 10 pL carrier-free *3S-sulfate radiotracer (dissolved in water, 222 kBq,
specific activity 37 TBq mmol™) into pre-drilled, silicon-filled holes at 1-cm increments
according to (Jergensen 1978). These sub-cores were incubated at room temperature for 7.5
hours. Incubations were stopped by slicing sediment cores in 1-cm increments into 50-mL
centrifuge tubes filled with 20-mL zinc acetate (20% w/w) and frozen at -20°C until analysis.
Microbial activity in controls was terminated with zinc acetate (20 mL of 20% w/w) before the
addition of radiotracer and subsequent freezing. Lab-based analysis of both water column and

sediment sulfate reduction rates were determined following the cold-chromium distillation
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procedure (Kallmeyer et al. 2004).

Methane Oxidation

Water samples for ex-situ methane oxidation rate determinations were collected only in
2023. Three replicate water samples were collected from 1 and 10.5 m water depth into 30-mL
serum glass vials and closed bubble free with a blue butyl rubber stopper (Bellco) shipboard and
injected with 10 pl *H-methane radiotracer (gaseous, 55 kBq, specific activity 0.37-0.74 TBq
mmol ™) in the home laboratory. Microbial activity in control samples was terminated by the
addition of 300 puL 25% H>SO4 prior to radiotracer injection. Samples were incubated at room
temperature, in the dark, for 94 hrs. After incubation, the sample vials were opened, and 2 mL
water (*H-CH4 + *H-H,0 sample) was removed and analyzed directly by liquid scintillation
counting. After that, another 2 mL water was removed and bubbled with air for 5 min to degas
methane (*H-H20 sample), followed by liquid scintillation counting. Calculation of the methane

oxidation rates was according to (Bussmann et al. 2015).

Ammonium Oxidation Rate Determination

Samples for potential ammonium oxidation rate determination were collected in 60-mL
serum vials shipboard and pre-incubated with 150 uM sodium dithionite for three days to ensure
anoxia. After three days, ammonium oxidation samples were injected with '’N-NH4". Three
replicate ammonium oxidation incubations were stopped at 0, 12, 24, and 36 hours. All
incubations were done in discrete glass vials in parallel (i.e., 16 total incubations, four replicates
and four time-points) and each incubation was sacrificed after sampling. Approx. 20-mL of each

ammonium oxidation sample was transferred to a 50-mL plastic centrifuge tube and immediately
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frozen at -30°C. An additional approx. 12 mL of each incubation was transferred to a 15-mL
plastic centrifuge tube and frozen at -30°C for subsequent nitrogen species concentration
determination.

Samples for ammonium oxidation were treated using the cadmium-azide method
following (Mcllvin and Altabet 2005). Briefly, 100 mg of MgO and 0.75 g of pre-treated
cadmium were added to 20-mL of subsample from each ammonium oxidation incubation in a 50-
mL centrifuge tube and incubated on a shaking table (set to low) for 17 hours. The MgO is used
to stabilize pH and the Cd is used to transform NO3™ to NO»". 2.5 mL of each sample was
transferred into an exetainer using a plastic syringe and needle, purged with helium for 5
minutes, and then injected with 0.4 mL of a 1:1 sodium azide, acetic acid solution to convert
NO2™ to N2O. After 10 minutes, 0.3 mL of 10M NaOH was injected into each exetainer to
neutralize the hydrazoic acid. In-house NO3™ concentration and stable isotope standards were
prepared for the analysis and treated through the sodium-azide procedure.

The concentration and stable isotope composition of N>O produced from the cadmium-
azide method were analyzed at the UC Davis Stable Isotope Facility using elemental analyzer—
isotope ratio mass spectrometry. The detection limit was 0.2 nmol of N and the precision of §'°N
was 0.2%o. The inclusion of in-house NO3™ concentration and stable isotope standards resulted in
standard curves that enable the calculation of sample NO3™ concentration and stable isotope
compositions (Appendix C, Fig. 4-1). '’N-NO;™ concentration in each sample was calculated by
multiplying the concentration of NO3™ by the measured 8'°N- NOj3". A linear regression was
performed to calculate the production rate of ’N-NO;™ (Appendix C, Fig. 2). Ammonium

oxidation rates were then calculated using the following equation:
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4 +_ Al5yo3]

NHy = FISNH] xT
Where A['°NO;7 is the change in concentration of ’NOs” between the start and end of the
incubation as a result of ammonium oxidation, f'>’NH4" is the fraction of NH4" that was labeled

with °N at the beginning of the incubation and T is the length (in days) of the incubation.

Denitrification Rate Determination

Samples for potential denitrification rate determination were collected similar to
ammonium oxidation standards (see previous section). Except denitrification samples were
injected with '>'N-NOs" to a final concentration of 5 uM each and two replicate denitrification
incubations were stopped at 0, 12, 24, and 36 hours. Seven mL of each denitrification sample
was pulled through the stopper using a plastic syringe and immediately injected into a gas-tight
exetainer vial that was pre-filled with 0.1 mL of 7 M zinc chloride. An additional approx. 12 mL
of each incubation was transferred to a 15-mL plastic centrifuge tube and frozen at -30°C for
subsequent nitrogen species concentration determination.

Exetainers with denitrification and ammonium oxidation subsamples were sent to the UC
Davis Stable Isotope Facility for analysis using elemental analyzer—isotope ratio mass
spectrometry. The concentration of N>O and ratio of **N2O/**N,O were determined for
ammonium oxidation rates and the concentration of N and ratio of N2/2®N, were determined
for denitrification rates.

Subsamples were sent to the UC Davis Stable Isotope Facility for analysis using
elemental analyzer—isotope ratio mass spectrometry. Concentration of N, and ratio of 2No/**N»
were determined for denitrification rates. The detection limit was 0.2 nmol of N and the

precision of 8'°N was 0.2%o. Total amount of '’N-N, of each sample was calculated using an
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average of the measured amount of N, multiplied by the measured §'°N- Ny of each sample.
Only incubations from 0 and 36 hours were used for the calculation (concentrations for every

incubation can be seen in Appendix C, Fig. 2).

Table 4-1: Physical attributes of the Salton Sea water column. Parameters are averaged over
approx. 10.5 m water depth; n represents number of measurements averaged for each date. Peak
measured chlorophyll values were at 1 m water depth for all the sampling campaigns. November

2023 sampling campaign occurred in the north basin depocenter while all other sampling
campaigns occurred in the south basin depocenter. TDS is Total Dissolved Solids.

Average Average Peak
Date n Water Temp Average pH  Average TDS Chlorophyll Chlorophyll
°C mg L! RFU RFU

8/11/2020 38 30.1+0.8 8.1+0.1 53544+ 84  2.62+1.59 7.42
8/24/2021 11 304+0.3 8.0+ 0.0 53245+ 110 3.02+0.77 4.44
9/22/2021 13 29.8+£0.5 8.0+ 0.0 56788 + 52 1.30 £ 0.25 1.84

11/16/2023 9 19.7 £ 0.1 8.6+ 0.0 8218 +243  3.52+0.46 4.36

Results
Physical and chemical parameters in the water column

The water temperature in the lake varied between seasons but was constant over all
depths for each sampling campaign: approx. 30°C in 2020 and 2021, and 20°C in 2023 (Table
1). Average pH in the water column remained near 8 in August 2020, August 2021, and
September 2021, but was 8.6 in November 2023. Chlorophyll peaked near 1 m depth in all
sampling campaigns, with a maximum measured value of 7.42 RFU (relative fluorescence units)
in August 2020. While overall salinity was not assessed, sulfate and chloride concentrations
decreased slightly with depth during all sampling campaigns (e.g., from 176 to 168 mM sulfate

and from 845 to 811 mM chloride between 1 and 10.5 m in August 2020, Fig. 4-2B), except in
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September 2021. Surface sulfate concentration increased with every sampling; the lowest value
(163 mM) was found in January 2020 (Appendix C, Table 1) and the highest (210 mM) in
November 2023.

Dissolved water column oxygen peaked near 1-2 m depth and decreased with depth in all
sampling campaigns, reaching anoxic conditions at approx. 8 m depth in August 2020 and at 9 m
depth in September 2021 (Fig. 4-2). Oxygen was >100 uM at all sampled depths in 2023. Sulfide
concentrations ranged between 0 — 5 uM, except for one sample in August 2020 at 10.5 m (57
uM). Phosphate concentrations stayed constant over depth at approx. 4 uM in September 2021
and November 2023 (Fig. 4-2). Nitrate concentrations remained near zero in all measured
samples (Fig. 4-2). Ammonium concentrations decreased slightly between 1 and 10.5 m depth in
September 2021 (from 22.0 to 21.3 uM) and November 2023 (from 31.5 to 25.3 uM) (Fig. 4-2).
Nitrite and Fe?" concentrations were not found above detection limit in the Salton Sea at any

sampling campaign (data not shown).
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Figure 4-2. Biogeochemistry of the Salton Sea water column during three sampling campaigns
(top: August 2020, middle: September 2021, bottom: November 2023). (A, E, I): Sulfate
reduction rates. Blue dots represent individual measurements while purple dots represent the
average. Note the change in scale for E compared to A & 1. (B, F, J): Sulfate and chloride
concentrations. (C, G, K): Dissolved oxygen concentrations. (D, H, L): Phosphate, sulfide,
ammonium, and nitrate concentrations. Note the change in scale for D compared to H & L.
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Microbial metabolic rates in the water column

We detected sulfate reduction in the water column during every sampling campaign and
in at least one sample at every depth (Fig. 4-2) except at 1 m depth in January 2020 (Appendix
C, Table 1). Sulfate reduction rates were generally higher at 10.5 m water depth than 1 m during
all sampling campaigns (e.g., 10 vs. 356 nmol L' d"! at 1 and 10.5 m water depth in August
2020). Sulfate reduction rates were highest at 10 m depth in September 2021 (1,310 nmol L' d!)
and lowest in November 2023 (69 nmol L' d!). Water column methane in November 2023 was
22 nmol L' at 1 m depth and 47 nmol L' at 10 m depth (Fig.4-4). Methane oxidation rates at 1 m
depth ranged from 0.036 — 0.053 nmol L™ d"! and from 0.062 to 0.088 nmol L' d"! at 10 m depth
(Fig. 4-4). The potential anaerobic ammonium oxidation (annamox) rate at 10 m depth was 0.001
nmol NOs™ L' d'! (Fig. 4-4), while the potential denitrification rate at the same depth was 93

nmol L' d! (Fig. 4-4).
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Figure 4-3. Biogeochemical parameters in Salton Sea sediment from the sampling campaign to
the south basin depocenter in August 2021. Starting from left to right: sulfate reduction rate
(SRR); sulfide and iron concentrations; phosphate concentrations; nitrate concentrations;
ammonium concentrations; sulfate and chloride concentrations; and a photo of the core used for
sulfate reduction rates. The two SRR replicates represent different sub-cores from the same core.
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Negative depths indicate samples collected from the core supernatant water.

Sediment characteristic, geochemistry, and sulfate reduction

The top approx. 2 cm of the sediment consisted of brown sludge, likely dead algae. From
2 cm to approx. 10 cm, the sediment consisted of biogenic skeletal material (e.g., fish and
barnacle skeletons) along with loosely consolidated sand. Between approx. 10 cm and 17 cm, the
core was composed of a brown clay or silt-like sediment, and below 17 cm the sediment was
composed of sticky grey clay (e.g., bentonite). Sulfate reduction rates in the Salton Sea sediment
peaked just below the sediment-water interface (102 nmol cm™ d™! in the 0-1 cm section) and
steadily decreased with depth (Fig. 4-3). Sediment porewater sulfide concentrations were 7 uM
at 0-1 cm, peaked at 2-3 cm (70 uM), and declined to >2 uM below 11 cm (Fig. 4-3). Sediment
porewater Fe?" concentrations increased with depth, reaching a maximum (100 pM) at 12-13 cm
(the deepest measured section, Fig. 4-3). Nitrate and nitrite were near-zero in the entire sediment
core (except 7 uM nitrite at 0-1 cm and 10 uM nitrate at 12-13 cm); however, core supernatant
nitrate and nitrite were 56 and 35 uM, respectively (Fig. 4-3). Phosphate concentrations
increased with sediment depth peaking with 17 uM at 8-9 cm depth and decreasing in deeper

sediments (Fig. 4-3).
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Figure 4-4. Microbial respiration rates from the November 2023 sampling campaign. (A) N2
production rate at 10.5 m depth in the lake, used to calculate denitrification rates. (B) NO3z"
production rate at 10.5 m depth in the lake, used to calculated annamox rates. (C) Sulfate
reduction rates at I m and 10.5 m depth (same as Fig.4-2I). (D) Sulfate concentrations at 1 m and
10.5 m depth (same as 2J). (E) Methane oxidation rates at | m and 10.5 m depth. Blue dots

represent discrete samples while purple dots represent average per depth. (F) Methane
concentrations at 1 m and 10.5 m depth.

Discussion

In this study, we set out to quantify microbial metabolisms and associated geochemistry

near the surface and near the lakebed of the Salton Sea when a hypolimnion was present and

when there was no stratification. Ex-situ sulfate reduction rates (measured in 2020, 2021) from

oxygenated waters above the chemocline indicate that small rates of sulfate reduction (<500

nmol SO4* L' d!) are possible even in oxygenated waters of the Salton Sea. Potential sulfate
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reduction rates (measured in 2023 in artificially deoxygenated samples) indicate that water
column sulfate reduction is quickly established upon onset of anoxia, in contrast to studies in
Mono Lake where sulfate reducers appeared in the hypolimnion approx. one year after the onset
of anoxia (Phillips et al. 2021). An order of magnitude higher rates of water column sulfate
reduction were detected below the chemocline (where O> reaches 0 uM) in September 2021.
While the oxidation-reduction potential was not as low as August 2020, when much lower
sulfate reduction rates were recorded, the chemocline in September 2021 was located approx. 2
m higher during the 2021 sampling. This discrepancy indicates that anoxia was more established
in the bottom waters in September 2021 compared to August 2020. Salton Sea water column
sulfate reduction is likely particle-associated, similar to sulfate reduction in the marine water
column (Bianchi et al. 2018; Raven et al. 2021). Future studies of sulfate reduction in the Salton
Sea water column would benefit from monthly sampling events including biogeochemical
analyses of the particles in the water column.

Sediment sulfate reduction rates were similar (~100 nmol cm™ d™!) to those measured in
2005 at the sediment-water interface (Swan 2009). Despite the high rates of both sediment
(measured in August 2021) and water column (measured in September 202 1) sulfate reduction,
sulfide did not accumulate above 5 uM in the water column. Sediment porewater sulfide peaked
between 2 and 7 cm sediment depth while sulfate reduction was highest in the top layer (0-1 cm).
The lower concentration of sulfide in the top 0-1 cm layer, could be caused by either (1)
chemical oxidation, introduced through oxygenation of the supernatant water during sampling
and core storage, (2) microbial sulfide oxidation, or (3) fast short-distance diffusion into the
water column. Regardless the cause, based on the integrated (0-10 cm) sulfate reduction rates

calculated from our sediment incubations (3.58 mmol m™ d!) and a southern depocenter area of
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102 km? (from Table 3.1 in (Cook 2000)) the Salton Sea south basin depocenter sediment could
provide up to 3.6 x 10° moles sulfide d”! to the water column during anoxic bottom water
conditions. Some of this sulfide would likely be oxidized by microbes (e.g., by anoxygenic
photosynthesis) at the sediment-water interface, and some of this sulfide would react with Fe?" in
the porewater, however the excess would diffuse into the water column. This sulfide would
contribute to an estimated 7,700 metric tons of iron sulfides formed per year in the Salton Sea,
much of which forms as framboidal pyrite in the water column (de Koff et al. 2008). The rest of
this sulfide likely oxidizes to elemental sulfur and eventually sulfate when it comes in contact
with oxygen.

Over four sampling campaigns from 2020 — 2023, a hypolimnion in the Salton Sea was
never observed, as evidenced by temperature (Table 1) and salinity (Fig. 4-2) data, including in
summer months when air temperatures above the lake were over 40°C. Despite the lack of a
hypolimnion, dissolved oxygen concentrations at the bottom of the lake and oxidation-reduction
potential (Appendix C, Fig. 4-3) indicate anoxic conditions near the lakebed in August 2020 and
September 2021. The low concomitant sulfide concentrations, however, indicate that the intense
euxinia that characterized the lake in the past, where sulfide concentrations in the lake exceeded
2 mM from May- November (Reese et al. 2008), was not present in summer 2021 or 2022. The
low sulfide accumulation in the lake’s bottom waters could be because the lake is now too
shallow to develop a thermocline (Table 1); daily wind-driven mixing may reach the lake’s
maximum depths now. Spontaneous mixing could also be a factor; with an annual evaporation
rate of approx. 0.3 m H2O yr'! (Fogel et al. 2021), and the salinity in the lake (as shown by
sulfate and chloride concentrations) being slightly higher at the lake’s surface than at the

maximum depth in August 2020 and September 2021, higher saline waters in contact with the air
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could sink to the bottom of the lake at night. This daily delivery of oxygenated waters, and the
lack of a discernable thermocline, could prevent a euxinic hypolimnion from developing in
summer months, like has been described in the past at the Salton Sea (Reese et al. 2008).

While organic carbon delivery to sediment was not assessed during these sampling
campaigns, our TDS measurements (Table 1) along with visual evidence (Appendix C, Fig. 4-4)
of green mats and thick green-brown sludge on the shores of the lake indicate high amounts of
primary production during our sampling campaigns. Algal and dinoflagellate blooms have been
noted in both winter and summer months in the Salton Sea (Carmichael and Li 2006; Tiffany et
al. 2007a; Tiffany et al. 2007c). These blooms are fed by the high flux of nutrients into the
Salton Sea from agricultural and wastewater runoff (Fogel et al. 2021). Total phosphorus and
nitrogen are notably depleted in the Salton Sea water column compared to the streams (e.g., 1.11
and 0.069 mg L! Total P in the New River and Salton Sea, respectively) that feed the lake
(Holdren and Montaiio 2002). Opposite to previous studies (Holdren and Montafio 2002) our
results indicate that the Salton Sea is limited in respect to nitrogen (1:7.2 ratio of PO4* to NO5"
+NO2+NH4" in November 2023). One possibility for a shift from phosphorus to nitrogen
limitation is that macro-organisms that would incorporate phosphate into their shells/bones (e.g.,
barnacles) can no longer live in the lake due to the salinity, temperature, harmful algal blooms,
and sulfide toxicity (Kjelland and Swannack 2018). Nitrate in the Salton Sea did not exceed 3
uM in any of our sampling campaigns, however, ammonium concentrations in the sea exceed 20
uM in both September 2021 and November 2023 (Fig. 4-2), and sediment ammonium
concentrations exceeded 100 uM below 2 c¢cm in the sediment porewater, likely due to organic
matter degradation (Fig. 4-3).

Our potential denitrification rates are similar to other saline lakes (e.g., 93 and 74 nmol
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N2 L' d! produced in the Salton Sea and Lake Rassnitzer, Germany, respectively (Hamersley et
al. 2009)). Our potential annamox rate for the deep Salton Sea is several orders of magnitude
smaller by comparison (0.001 nmol L' d!). This low activity was likely a result of the fully
oxygenated water column in the November 2023 sampling, which forced us to induce anoxic
incubations to measure potential rates. Our potential denitrification and annamox rates however
do suggest that organisms capable of anaerobic metabolisms are present in oxygenated waters of
the Salton Sea and rapidly begin cycling nitrogen species at the onset of anoxia. Similar to
sulfate reducers, these organisms may even be active in particle associated micro-environments
in oxygenated waters of the lake. Molecular studies (e.g., gene sequencing and fluorescence in
situ hybridization) should be undertaken in conjunction with more metabolic rate determinations
in the Salton Sea water in both summer and winter months to identify and quantify the anaerobic

microbes that populate the water column under different redox regimes.

Conclusion

In this study, we present the first measured microbial metabolic rates (sulfate reduction,
denitrification, and methane oxidation) in the Salton Sea water column. We show that sulfate
reduction appears to be active in the Salton Sea water column even when oxygen is present, and
that anaerobic ammonium oxidation and denitrification are initiated quickly after the onset of
anoxia. We further show that the sediments and anoxic waters (when present) of the Salton Sea
produce > 1 x 10° moles of sulfide per day, though our highest recorded sulfide concentration in
the water column was less than 100 uM and all other measurements were near-zero. We show
that the lake appears to have become too shallow for a thermocline to develop. Our data suggests

that evaporation-driven salinity increases in surface waters may contribute to regular oxygen
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delivery to the bottom waters, preventing the intense euxinia (>2 mM) that once characterized
the lake’s hypolimnion. Our results indicate that drying endorheic lakes are subject to changes in
their biogeochemistry due to changes in mixing patterns brought on by their shallowing. Future
studies of the lake’s biogeochemistry would benefit from monthly samplings that aim to
correlate changes anaerobic metabolisms in the water column to changes in the lake’s physical
and chemical properties. Additionally, the particle micro-environments within the Salton Sea
water column would be an excellent candidate to study anaerobic organisms that thrive under

oxygenated conditions.
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Chapter 5
Conclusions and Future Directions

The novel research presented in this thesis details the exploration of transiently
deoxygenated environments and expands our collective knowledge of sulfur and nitrogen
biogeochemistry, the benthic response to expanding oxygen minimum zones, and microbial
metabolisms in drying inland lakes.

The findings in chapter 2 elucidated questions involving the proliferation of the largest
yet-mapped mat of giant sulfur-oxidizing bacterial (GSOB) mats in Earth’s oceans. The
ephemeral nature of these mats in the Santa Barbara Basin have been well documented
(Kuwabara et al. 1999; Reimers et al. 1996a), requiring anoxia but not total nitrate depletion to
proliferate (Valentine et al. 2016). Our new studies found that the GSOB that comprise the mats
require an exhaustion of iron oxides in surface sediments, which leads to the elevation of the
sulfate reduction zone to the sediment-water interface, in order to proliferate into thick,
contiguous mats on the seafloor of the Santa Barbara Basin. Similar to other transiently
deoxygenated environments (Dale et al. 2016; Noftke et al. 2016), these bacteria conduct
dissimilatory nitrate reduction to ammonium. Additionally, the wealth of geochemical
parameters published in chapter 2 are a foundation for other manuscripts that have been
published, submitted, and are currently in preparation for publication. In totality, this work
shows that expanding oxygen minimum zones, when they interact with the benthic environment,
lead to the proliferation of chemoautotrophic microbial mats on the seafloor and the flux of
reduced compounds into the pelagic environment.

Chapter 3 combines our data from chapter 2 with data gathered from three additional

expeditions in the Santa Barbara Basin, historical geochemical data from the sediment
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(Kuwabara et al. 1999; Reimers et al. 1996a; Sholkovitz 1973; Zheng et al. 2000), and long-term
water column monitoring from the California Cooperative Oceanic Fisheries Investigation
(CalCOFI) to explore the interplay between iron and sulfur cycling in transiently deoxygenated
aquatic environments. We found that sustained anoxia within the basin is concomitant with a
shift from a ferruginous to sulfidic sediment state, a net loss of highly reactive iron from surface
sediment, and the first-documented sulfide flux from the sediment into the Santa Barbara Basin
water column. The extensive amount of in-situ data collected from the ABISS benthic lander
allowed us to constrain the duration and intensity of a flushing event within the Santa Barbara
Basin, which will help inform biogeochemical modeling in the Southern California Bite and
hopefully other transiently deoxygenated marine systems.

We presented the first measured microbial rates (sulfate reduction, denitrification, and
methane oxidation) in the water column of the Salton Sea in Chapter 4. We found that sulfate
concentrations within the lake have increased over time (to above 200 mM) and that as the lake
has shallowed from 15 m to 10.5 m maximum depth, a thermocline no longer appears to develop
and the extreme euxinia (>2 mM) seen in the past (Reese et al. 2008) is no longer present. The
lake still develops anoxia during the summer months, however, and sulfate reduction rates
appears active in the water column in both oxygenated and anoxic conditions. Additionally, we
found that denitrification is quickly established, at high rates, upon the onset of anoxia in the
lake. These results represent a pilot study within the Salton Sea and offer a blueprint for future
research in endorheic lakes.

Going forward, the work presented within this dissertation offers several avenues of
future exploration into oxygen minimum zones, the benthic marine environment, and drying

inland lakes. The contribution of aerobic sulfide oxidizers, especially cable bacteria, within these
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transiently deoxygenated environments needs to be further constrained. Previous work within the
Baltic Sea has showed that as anoxia develops, colonies of cable bacteria yield their
biogeochemical niche to giant sulfur-oxidizing bacterial mats (Marzocchi et al. 2018; Schauer et
al. 2014). The exact geochemical conditions that accompany this shift still need to be
constrained, as does the contribution of other sulfur-oxidizing bacteria, such as the “ghost balls”
we documented in the basin in 2019. A combination of metagenomics, molecular biology, and
further geochemistry within the Santa Barbara Basin will help elucidate changes in the benthic
chemoautotrophic communities in these transiently deoxygenated environments, what
geochemical parameters accompany these shifts, and how these organisms modulate their
surrounding environment.

Additionally, further work into iron mineral speciation in these transiently deoxygenated
environments will help guide the understanding of early diagenesis in both current environments,
and our interpretations of past marine anoxia from iron and sulfide mineral paleo-proxies. In
particular, elucidating the geochemical conditions at the sediment-water interface that preface
reduced iron to be shunted into iron carbonates vs. iron sulfides would greatly expand our
understanding of how reduced iron is processed during early diagenesis. Recent developments in
in-situ sulfur isotope fractionation by the use of black & white photographic film coupled to
secondary ion mass spectrometry (Gomes et al. 2022) should be applied to the sediment in Santa
Barbara Basin in oxygenated, anoxic, and nitrate-depleted conditions to understand how sulfur
isotope fractionation during early diagenesis is effected by transient deoxygenation. The exact
causes of deoxygenation within the Santa Barbara Basin remain elusive; further investigations
into organic matter delivery to the basin sediment should elucidate whether anoxia is becoming

more of a permanent fixture within the basin. Further in-situ observations, particularly of sulfide,
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should be conducted in the benthic environment to monitor whether euxinia develops within the
basin’s bottom waters and how this effects benthic animal populations within the basin.

The Salton Sea offers a dynamic environment to study sulfur-driven metabolisms, and
especially how these metabolisms interplay with desiccation of saline environments. The high
sulfate content within the water column of the Salton Sea, transient anoxia in the lake’s bottom
waters, and apparent ammonium flux from the sediment into the water allows for a natural
environment to study the newly documented metabolism of sulfate reduction coupled with
ammonium oxidation (Dominika et al. 2021). Additionally, further constraining the sulfate
reduction rate in the sediment porewaters and water column of the Salton Sea will allow for
estimations of sulfide content within the lake, and whether gypsum irruptions (Tiffany et al.
2007b) and sulfide flux into the air surrounding the lake (Reese et al. 2008) that have
characterized the lake in the past will continue in the future.

I have been extremely privileged to contribute to our understanding of marine and
lacustrine environments. In conducting fieldwork aboard ships large and small, going down to
the seafloor in a submersible, and guiding remote operated vehicles on sample collection and in-
situ experimentation on the seafloor, I have found the mantra that “limitations breed creativity”
to be especially true. These environments are technologically difficult to study, and I have been
incredibly inspired by the teamwork, ingenuity, gumption, and gusto necessary to make this
work possible. There are exciting outstanding research questions in this work, some I have
detailed here, and many others yet to be pontificated upon. I look forward to guiding future
investigations into marine and lacustrine chemistry and microbiology to enhance our collective

understanding of Earth’s past, present, and future.
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Appendix A

Supplementary Material: Marine anoxia initiates microbial mat proliferation and
associated changes in benthic nitrogen, sulfur, and iron cycling in the Santa Barbara Basin,

California Borderland.
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Table 1: Porewater nitrite concentrations taken from sediment cores at SDRO and SDT3-A.
Nitrite was below detection in sediment cores for all other stations.

Sediment Depth | SDRO [NO;| | SDT3A [NO; |

[cm] [umol L] [umol L]
-1 1.1 0.0
0.5 36.6 52

1.5 14 1.7
2.5 1.1 0.7
3.5 1.1 0.0
4.5 1.2 0.0
5.5 0.0 0.0
6.5 6.1 0.0

7.5 43 0.0

8.5 0.0 0.0

9.5 0.0 0.0

11 0.0

13 0.0

15 0.0 0.0

17 0.0 0.0

19 0.0
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Figure 1: A) Ammonium concentration changes over time from benthic flux chamber (BFCI1,
BFC2, BFC3) incubations. B) Ammonium concentration changes over time from 15N-Nitrate
benthic flux chamber incubations. Note these chambers were not used to calculate benthic fluxes.
C) Ammonium concentration changes over time from benthic flux chamber incubations where
there was no calculatable flux. No data are shown from chambers if there was a mechanical
failure with the deployment or ammonium concentrations were all below detection. For station
abbreviation definitions please refer to the main manuscript.
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Figure 2: Nitrate concentration changes over time from benthic flux chamber (BFC1, BFC2,
BFC3) incubations. B) Nitrate concentration changes over time from '*N-Nitrate benthic flux
chamber incubations. Note these chambers were not used to calculate benthic fluxes. C) Nitrate
concentration changes over time from benthic flux chamber incubations where there was no
calculatable flux. No data are shown from chambers if there was a mechanical failure with the
deployment. For station abbreviation definitions please refer to the main manuscript.
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Figure 3: Iron (II) concentration changes over time from benthic flux chamber (BFC1, BFC2,
BFC3) incubations. B) Iron (II) concentration changes over time from '’N-Nitrate benthic flux
chamber incubations. Note these chambers were not used to calculate benthic fluxes. No data are
shown from chambers if there was a mechanical failure with the deployment or concentrations
were all below detection. For station abbreviation definitions please refer to the main manuscript.
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Figure 4: Phosphate concentration changes over time from benthic flux chamber (BFC1, BFC2,
BFC3) incubations. B) Phosphate concentration changes over time from 15N-Nitrate benthic flux
chamber incubations. Note these chambers were not used to calculate benthic fluxes. No data are
shown from chambers if there was a mechanical failure with the deployment or concentrations
were all below detection. For station abbreviation definitions please refer to the main manuscript.
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Figure 5: Total Alkalinity changes over time from benthic flux chamber (BFC1, BFC2, BFC3)
incubations. No data are shown from chambers if there was a mechanical failure with the
deployment or concentrations were all below detection. For station abbreviation definitions
please refer to the main manuscript.
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Figure 6: Dissolved Inorganic Carbon (DIC) changes over time from benthic flux chamber
(BFC1, BFC2, BFC3) incubations. No data are shown from chambers if there was a mechanical
failure with the deployment or concentrations were all below detection. For station abbreviation

definitions please refer to the main manuscript.
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Figure 7: A) Photograph of spherical sulfur bacteria (nicknamed 'ghost balls') within a mat of
filamentous sulfur bacteria as seen through a dissection microscope. Black arrows point to a few
of the ghost balls. The size of the ghost ball radius ranges between 24.0 — 49.8 um (n = 8). B)
Light Microscopy image of representative ghost ball with a scale bar. Ghost Balls were sampled
from the 0-1 cm section of a core collected from station NDRO.
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Appendix B
Supplemental Material: Increased bottom water anoxia leads to a loss of sedimentary iron

content and an associated shift to a sulfidic sediment state in the Santa Barbara Basin.
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Figure 1. Map of the Santa Barbara Channel with sampling stations and approximate depths
labeled. Black box represents the area in which “Depocenter” stations have been sampled in the
present study (NDRO, SDRO) and previous studies. The CalCOFI sampling site and location of
the ABISS lander are also highlighted. The map was created using the National Oceanographic

and Atmospheric Administration bathymetric viewer.
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Figure 5. Changes in sulfide (top) and Fe?* (bottom) over time used to construct benthic fluxes
from individual chambers in 2023.
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Figure 6. Changes in alkalinity over time used to construct benthic fluxes from individual
chambers in 2023. Concentrations are only reported for two of the deepest stations (NDRO and
NDT3-A).

Table 1. Spearman Rank Correlatlon produced in R usmg data from 2019 and 2023 expeditions.
Cells in red have p values above 0.05 and the relationship between those variables is considered
insignificant.

Table 2. p Values for the spearrnan rank correlation. Values in red correspond to relationships
with p values above 0.05.
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Sampling Date Stations Vessel Sampling Device and Type Parameters Measured
. Nitrate, Nitrite, Sulfide, Fe2+, phosphate,
Benthic Flux Chamber watt
enthic Flux Shamber water ammonium, sulfate chloride, DIC, Alkalinity
NDT3-D, NDT3-C,NDT3-B, NDT3-A, NDRO, P ter from ROV J h Nitrate, Nitrite, Sulfide, Fe2+, phosphate,
October - November 2019|  SDRO, SDTI-A, SDT3-A, SDT3-B, SDT3-C, | R/V Atlantis orewater from ason push cores ammonium, sulfate chloride, DIC, Alkalinity
SDT3-D . Sulfate reducti te, TOC, TON, density,
Sediment from ROV Jason push cores uitate re uc»lon rate . ensity
porosity, Fe Mineral phases
Sensor data from microprofilers Dissolved oxygen, sulfide
Ifz ion rate, nitr itrite, sulfide, Fe2+
July 2021 Depocenter, NDT3-A, NDT3-C, NDT3-D R/V Nautilus | Porewater from ROV Hercules push cores | 1oe Feduetion rate, nitrate, nitrte, sulfide, Fe2:+,
phosphate, ammonium, sulfate, chloride
July-Dec 2021 SDTI1-A ABISS Lander Sensor data from ABISS pH, temperature, dissolved oxygen
Sulfat ducti te, nitrate, nitrite, sulfide, Fe2+,
July 2022 NDRO R/V Sheerwater Porewater from Multicorer ultate reduction rate, nitrate, nirie, sutice, ke

phosphate, ammonium, sulfate, chloride

June - July 2023

NDRO, SDRO, NDT3-A

R/V Atlantis

Benthic Flux Chamber water

Nitrate, Nitrite, Sulfide, Fe2+, phosphate,
ammonium, sulfate, chloride, Alkalinity

Porewater from ALVIN push cores

Nitrate, Nitrite, Sulfide, Fe2+, phosphate,
ammonium, sulfate, chloride, Alkalinity

Sediment from ALVIN push cores

Sulfate reduction rate, TOC, TON, density,

porosity, Fe Mineral phases

Table 3. Details of sampling stations in the Basin.

Station Lat Long Depth (m)
NDT3 D 3436270433  -120.0147509 447
NDT3 C 34.35260657  -120.016166 498
NDT3 B 34.33341481  -120.0194757 537
NDT3 A 34.29228292  -120.0256272 572

NDRO 34.26216872  -120.0305491 580

SDRO 34.20101741  -120.0441367 586
SDT1_A 34.21173835  -120.1164661 573
SDT3 A 34.18391621  -120.0472195 571
SDT3 B 34.16759993  -120.0530042 536
SDT3 C 34.15158674  -120.0504786 494
SDT3 D 34.14209313  -120.0515394 447

ABISS 34.299182 -120.05943 567

Table 4. Latitude, Longitude, and water column depth for stations that were sampled in this
study.
Station Depth (m) Integrated SRR
(mmol/m2/d)

NDT3-D 447 372
NDT3-C 498 4.02
NDT3-C+ 511 3.63
NDT3-B- 515 5.64
NDT3-B 537 3.55
NDT3-A 563 10.60
NDT3-A+ 572 2.78
NDRO 580 6.15
SDRO 580 5.38

Table 5. Depth integrated sulfate reduction rates (SRR) from June/July 2023. Rates are
integrated over the top 10-cm of sediment.
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Appendix C

Supplemental Material: Anaerobic metabolisms active during anoxia and oxygenation in

the water column and sediments of the Salton Sea, a holomictic saline lake.

NO;™ to N,O Conversion

y = 1.0265x - 0.0399
20 R =0.9917 ..

0

0 5 10 15 20 25
N,O [uM]

Figure 1. Standard curve of NO3™ to N2O conversion used in ammonium oxidation rate
determination.
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I5NO;- Production Rate (nmol NO;~ d!) N, Production Rate (nmol '°N, hr'!)

0.0156 15

. y =4E-06x + 0.0153 [ .

©0.0155 R*=0.2386 P S TUTTUTTTTr YRR veer,  PPPPPRITTITILLLE 3

‘? lllllllll Z"' 1 0 Ghoeecnnnnacscanes .

= 0.0154 | SPRISRTL I -g y= 0.0408x+ 10.223

= B 5 RZ=0.4243

wes = =0.
= 0.0153
0.0152 I 0
0 10 20 30 40 0 10 20 30 40
Hours Hours
Sample Name Time (hr)  Total NOy (uM) SNO; (nM) based on average |[NOy| Sample Name Time (hr) N, (nmoles/vial) 15N, (nmol) based on 29/28

SS NoMo R1 TO 0 4.77 0.01528 SS Denit R1 TO 0 2.5 10.8
$S NoMo R1 Tl 12 3.53 0.01541 S Denit R1_T1 12 27 10.8
SS_NoMo_R1_T2 24 473 0.01526 SS_Denit R1_T2 24 48 102
$S NoMo_R1_T3 36 0.74 0.01549 $S_Denit R1_T3 36 1.5 11.2
S8 NoMe R2 TO i} 4.12 0.01543 SS Denit R2 TO 0 1.5 101
SS NoMo R2 TI 12 4.60 0.01538 SS Denit R2 Tl 12 6.4 10.2
SS NoMe R2 T2 24 323 0.01547 SS Denit R2 T2 24 13 1.8
S8 NoMo R2 T3 36 0.70 0.01556 SS Denit R2 T3 36 13 12.7
$S NoMo_R3_TO 0 475 0.01528
SS NoMo R3 Tl 12 327 0.01543
SS NoMo R3 T2 24 4.52 0.01527
SS_NoMo_R3_T3 36 0.51 0.01562

Figure 2. Full dataset of '’N incubations used for anaerobic ammonium oxidation (left) and
Denitrification (right).

Table 1. Sulfate concentrations and sulfate reduction rate determination from January 2020.
Note, the ¥*S-Sulfate incubations for January 2020 were done in 70-mL serum vials rather than
30-mL vials like our other incubations. * connotes that the rate measured was not above 3x the

standard deviation of controls.

Depth (m)  Sulfate [mM] SRR (nmol L d")

1.0 163 1"
1.0 163 0
10.5 166 0
10.5 166 23
10.5 166 242

198



Oxidation Reduction Potential (mV) Oxidation Reduction Potential (mV) Oxidation Reduction Potential (mV)
-400 -300 =200 -100 0 100 | -400 -300 -200 -100 0 100 | -400 =300 -200 -100 0 100
0 ral G
° @
1 1 1
,| ® | @ 2 *
3 ¢ 3 g 3 P
4| @ 4 L4 4| 9
5 g 5 * 5 ®
L]
6 6 ° 6
7 ¢ 7 ® 7 °
8 ¢ e 8 8 °
9 ¢ ¢ 9 9 °
L ] ® [
10 10 10
® [ ]
‘ 11 11 11

Figure 3. Oxidation reduction potential from the Salton Sea water column in August 2020 (left),
September 2021 (middle), and November 2023 (right). Y-axis represents water column depth in
all graphs.

B

-

- = rrds F: ; b DL & it B
Figure 4. Pictures from August 2020 (left) and September 2021 (middle, right) sampling
campaigns at the Salton Sea. All three pictures show the dense cyanobacteria mat and/or organic-
rich detrital sludge found on the margins of the lake.
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