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ABSTRACT

Modelling of natural organic matter affinity for mackinawite, FeS, based on FTIR spectra by

partial least squares regression (PLSR)

Alexandre Tétrault

Marine sediments represent the most important sink for natural organic matter (NOM) across
geological time spans, in which carbon-containing molecules are sequestered away and can escape
remineralization to CO, by microbial degradation. Strong associations between iron oxide minerals and
organic matter reaching the seafloor play a fundamental role in this preservation and have been known
for some decades. Despite the importance of this protective mechanism in the balances of the global
carbon budget, very little is known about the affinity of NOM for reduced iron species such as
mackinawite (FeS) in the anoxic layers of sediment. In this study, equilibrium partition coefficients
(Kq) for three types of NOM (soil leachate, corn leaf and plankton lysate) on FeS were determined
through batch sorption experiments. Attenuated Total Reflectance Fourier Transform Infrared spectra
(ATR-FTIR) of the organic matter was then used as model inputs to train a partial least squares
regression model (PLSR) to quantitatively predict K4 values based on the FTIR spectra of NOM. The
final model fit the training data with an R? of 0.97 (n = 17) and the validation data with a Q* of 0.98
(n=5) and a RMSEP of 0.036. Inspection of the PLSR regression coefficients indicate that functional
groups characteristic of polysaccharides are the greatest positive predictors of NOM sorption onto FeS
at sediment pore water pH. To our knowledge, this research presents a novel machine-learning

approach to the quantitative modelling of NOM sorption to minerals found in marine environments.
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Chapter 1: Introduction

1.1 Carbon sequestration and marine sediments

The longest chapter of the global carbon cycle begins at the ocean floor. Starting within the
muds and clays of ocean sediments and the continental shelf, organic carbon can be sequestered away
from microbial degradation and begin a transformation of millions - if not tens of millions - of years,
into a rock-like form known as kerogen (Hedges and Oades, 1997). Carbon sequestration is of
significant importance to our present epoch in which the burning of fossil fuels and the use of
petrochemicals are considered a defining feature (Falkowski et al., 2000). Although it is not the most
potent, carbon dioxide (CO>) is by far the most important greenhouse gas owing to its sheer abundance
and rate of release into our atmosphere from human activities. For photosynthesizers such as plants
and green algae, CO; is the building block for complex organic molecules such as sugars, proteins and
lipids. A simple linear molecule, CO. is also the stable end-result of both carbon combustion and
biological respiration. It floats around contentedly in our atmosphere, blanketing our planet. Two of its
vibrational modes - the asymmetric C-O stretch and the bend - are readily excited by the absorption of
infrared (IR) radiation and are said to be IR active. When IR radiation bounces off the Earth's surface
and encounters CO, molecules in our atmosphere, these molecules can absorb the radiation and then re-
emit it back to Earth. This phenomenon is known as the greenhouse effect and is largely responsible
for the climate change our planet is presently experiencing. The rate at which our climate is changing
is proving to have disastrous consequences for life on Earth (IPCC, 2021), and climate change
mitigation should be the number one priority of the 21st century. The modelling of organic matter
(OM) sorption affinities for reduced sedimentary iron minerals, as proposed by this research, is an
important tool for such mitigation. A better conceptual understanding of the processes involved in
organic carbon burial will aid in our ability to model and predict environmental changes and prepare us

for the future.

1.2 The global carbon cycle

Since CO., as well as methane (CH,) are such critical components of climate change, it is

important to understand the system in which they exist. The global carbon cycle describes the



trajectory of carbon: its sources, transformations and sinks, both spatially and temporally across the
planet. Carbon can take on many forms: as the backbone of organic molecules where it provides the
characteristic C-H bond, in inorganic molecules such as the abundant carbonate rocks in the Earth’s
crust and as several elemental allotropes (e.g. graphite and diamond). A brief introduction is given to

better understand and appreciate the role of sediments in carbon sequestration (see Figure 1.1).
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Figure 1.1. Major reservoirs in the global carbon cycle, with approximate turnover times. Figure from

Woods Hole Oceanographic Institute (URL: https://www.whoi.edu/oceanus/feature/carbon-cycle/).

1.2.1 Inorganic carbon

Inorganic carbon represents by far the largest pool of carbon on Earth. Roughly 40 petagrams
(x10™ g) of carbon exists as dissolved CO, and bicarbonate in seawater, a reservoir that is 50 times
greater than the atmosphere (Hedges and Keil, 1995; Falkowski et al., 2000). This reservoir is in
equilibrium with the atmosphere and exchange occurs in both directions, following the reaction:
(1) CO; + H,O « H" + HCO3
CO; is also withdrawn from the atmosphere via the weathering of silicate rocks, leading to the
formation of solid calcium and magnesium carbonates which can persist for millions of years (Berner,

2003). Certain species of zooplankton build their shells from carbonates and thus also contribute to the



sequestration of carbon in inorganic forms in the sediment and, eventually, in the Earth’s crust
(Falkowski et al., 2000). Both these processes are reversible given the right conditions, such as thermal
decomposition following deep burial and acidic dissolution (Berner, 2003). The increase in ocean
acidity caused by atmospheric CO; is already driving the equilibrium towards carbonate dissolution

with catastrophic consequences for marine life (Gao et al., 2019).

1.2.2 Organic carbon

The organic carbon (OC) cycle is characterized by the fixation of CO, into organic molecules
via photosynthesis by primary producers (plants, phytoplankton), and the generation of CO, by aerobic
respiration. The general formula for photosynthesis is given as:

(2) CO, + H,O0 - CH.0 + O,
Anaerobic respiration by bacteria, not discussed in this work, is also an important consideration as it is
the principal source of methane, an extremely potent greenhouse gas (IPCC, 2021). While the organic
pool is smaller than that of inorganic carbon, it is extremely important for several reasons. The fossil
fuels (oil, gas, coal) on which our societies are presently dependent are one result of the organic carbon
cycle and originate from buried OM (Berner, 2003). Their extraction and combustion is responsible for
the net increase in CO, in the Earth's atmosphere and the main driver of climate change.
Photosynthesis is an active means by which CO- is removed from the atmosphere and also sustains
virtually all life on Earth. A fraction of the total organic matter into which CO; is fixed may wind up
buried in marine sediments and ultimately removed from the active CO, pool, thus demonstrating the
importance of marine sediments in long-term carbon sequestration (Hedges and Keil, 1995; Burdige,

2007).

1.3 Sources of organic carbon to marine sediments

1.3.1 Terrestrial organic carbon

Photosynthesis can occur in both terrestrial and aquatic ecosystems. Multicellular land plants

require structural molecules to maintain their shape and support growth. Refractory macromolecules

such as lignin, cutin and cellulose play these roles. These molecules contain stable C-C and ether



bonds (lignin, cellulose) and long aliphatic chains (cutin) which can prove very resistant to microbial
degradation (Arndt et al., 2013). Much of this terrestrial biomass will remain on land and will provide
short-term carbon sequestration, in forests for example. The total residence time of carbon sequestered
in terrestrial sinks is only on the order of a few decades to at most a few centuries before being respired
back into CO; by bacteria and fungi (Falkowski et al., 2000; Liitzow et al., 2006) and is therefore not
sufficient on its own to compensate for CO, accumulation in our atmosphere. However, it is estimated
that 0.38-0.45 Pg (10" g) of this terrestrially-derived OC is transported annually by rivers to marine
environments (e.g. estuaries) before heading to continental margins (Meybeck, 1982; Bauer et al.,

2013).

Terrestrial OM that gets transported to marine systems may be pre-aged in soil and during the
transport process and can be significantly degraded, particularly in the dissolved organic carbon (DOC)
fraction. Decades may pass between the initial fixation of this carbon in photosynthetic plants and its
eventual export in rivers, which may include a stage of association to minerals in soils (Hedges et al.,
2000). Also during this period, the more labile (easily-degraded) compounds will have been largely
consumed by microorganisms leaving behind a component that is rich in large, refractory
macromolecules to be carried to marine systems (Vannote et al., 1980; Hedges et al., 2000; Arndt et al.,
2013). Importantly, a large fraction of the total organic carbon (TOC) in suspension at the mouths of
rivers may already be associated to minerals (Hedges et al., 2000) before arriving to marine

environments.

1.3.2 Marine organic carbon

Marine phytoplankton are responsible for primary production in the world's oceans (for a full
review, see Sigman and Hain, 2012). They synthesize a higher proportion of proteins than terrestrial
plants and are thus especially rich in amino acids, as well as lipids and carbohydrates (Burdige, 2007).
The high nitrogen and phosphorous contents of phytoplankton also make them important food sources
for aquatic life. Many species of phytoplankton are unicellular and therefore have no need for resistant
structural molecules like cellulose, meanwhile the abundant peptide bonds in marine OM are easily
degraded by consumers. Fresh phytoplankton biomass therefore represents the labile end-member of

the OM spectrum in marine environments, while heavily-degraded humic substances arriving from land



represent the refractory end-member (Burdige, 2007). It should be noted that despite this
generalization, certain species of algae also synthesize small proportions of highly refractory
macromolecules called algeanans which contain hard-to-degrade aliphatic chains with C-C and ether
linkages similar to terrestrial OM (e.g. Gelin et al., 1996). Organic matter from primary production in
the ocean’s photic zone eventually sinks to the ocean floor. En route, the OM is remineralized (broken
down, in the aerobic case into CO, and anaerobically to small organic acids) by feeding bacteria (see
Figure 1.2). As aresult, only about 1% of the primary production reaches the ocean floor (Hedges and
Keil, 1995), but the huge variability in this figure globally ranges from 0.3-30% (Lutz et al. cited in
Arndt et al., 2013). Mineral particles can act as ballast for OM in the water column, decreasing
residence time and therefore limiting the degradation that can occur before reaching the sediment-water
interface (SWI) (Armstrong et al., 2001). As previously mentioned, much of the particulate OM
reaching marine environments from land is already associated to minerals (Hedges et al., 2000), which

may further decrease the reactivity of this fraction.

Figure 1.2. Transformations of OM and fluxes
of CO, throughout the water column. Image

from Chisholm (2000).
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1.4 Marine sediments as carbon sink

Diagenesis is the process whereby sediments, under the influence of increasing pressure and

temperature during burial, slowly transform into sedimentary rock in the Earth's crust. This process



equally affects the organic matter associated to sediments and is responsible for the formation of
kerogen (also: oil, gas and coal), a fossilized form of OM that may reside in the Earth's crust for
millions of years (Berner, 2003). One example of diagenesis is sulfurization, a process whereby sulfur
atoms replace reactive functional groups in OM, making them less accessible to bacterial degradation
(LaRowe et al., 2020 and sources therein). As a result of diagenesis, marine sediments are the
fundamental sink for OM on Earth - the one location where burial of OM will ultimately remove CO,
from the atmosphere and sequester carbon into the lithosphere on geological time scales (Garrels et al.,
1976; Hedges and Keil, 1995). Surface sediments alone are estimated to account for the storage of 150

Pg of OC (Emerson and Hedges cited in Hedges and Keil, 1995).

1.4.1 Physical protection

Over the past three decades, it has been widely observed that the majority of organic matter in
sediments (up to 90%) is directly bound to mineral phases (Keil et al., 1994; Hedges and Keil, 1995;
Ransom et al., 1998) while similar associations between OM and minerals have been well-documented
in soil systems (e.g. Kaiser and Guggenberger, 2000). Lalonde et al. (2012) determined that 21.5 +
8.6% of OM in sediments is directly bound to reactive iron mineral phases. The persistence of OM
sorbed to minerals indicates that minerals help to protect OM from microbial respiration, a
phenomenon known as physical protection. Physical protection may impede microbial degradation via
three principal mechanisms: steric hindrance (inaccessible target sites owing to molecules rigidly
attached to mineral surfaces), encapsulation (within sheet clay minerals or within amorphous blebs as
coprecipitated organic-inorganic material), and the shielding of labile functional groups through direct
metal complexation (see Burdige, 2007). In contrast, OM desorbed from sediment minerals in a
laboratory experiment was rapidly remineralized by microbes (Keil et al., 1994) despite having been
otherwise stable for hundreds of years. Recently, researchers have proposed that proteinaceous
material, a particularly labile OM pool, routinely escapes complete remineralization and accumulates in
oxic marine sediments for millions of years due to sorption onto mineral surfaces (Estes et al., 2019).
It appears that both the strength/type of mineral-OM interaction as well as the associated decrease in
desorbability are important factors in promoting the stabilization of OM (Mikutta et al., 2007), more so

even than the nature (labile vs. recalcitrant) of the organic matter itself.



1.5 Marine sediment chemistry

1.5.1 Redox depth profile

Marine sediments provide a unique chemical environment both in the pore waters and the solid

phase, that is continually transforming with increasing depth below the SWI. One of the most

important features of sediment chemistry is the changing redox profile with depth as electron acceptors

are gradually used up by microbial respiration (Figure 1.3). At the top of the sediment column near the

SWI, oxygen dissolved in the bottom waters penetrates into sediments and provides the strongest and

most energetically-favourable electron acceptor. As sediment depth increases, however, oxygen is

limited by diffusion and may quickly become consumed at the same rate as it is replenished. The

transition to fully anoxic conditions (i.e. [Ozaq] < 10° M) may occur as deep in the sediment as several

meters in the case of deep ocean environments to a mere couple of millimetres below the SWI in high-

productivity coastal margins (Rickard and Luther, 2007).
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Figure 1.3. The order of redox-active dissolved
species with depth in the sediment column. Higher-
energy electron acceptors are depleted first. Figure

from Rickard and Luther (2007).

The order of electron acceptors used for microbial
respiration follows roughly from the decreasing yields
in energy as the more desirable oxidizing agents are
consumed first, along the lines of O, > NO3 > Mn(IV)
> Fe(III) > SO, (LaRowe et al., 2020). A list of the
major redox half reactions found in groundwater and
marine environments, along with associated reduction
potentials, is given in Figure 1.4. It should be noted
however that seasonal mixed redox cycles and
bioturbation of sediments by benthic organisms may

complicate this sequence considerably, for example



by the creation of heterogeneous micro-environments in the sediment where redox potential does not
follow a simple diffusion gradient (Rickard and Luther, 2007). Nevertheless, this sequence of electron
acceptors has a substantial impact on the pore water chemical profile as well as the minerology of
sediments, including the speciation of iron and sulfur species. Climate change and human land-use are
causing marked changes to the redox chemistry of many marine environments by way of oxygen
depletion, causing the formation of O, “dead zones” and anoxia to set in earlier in the sediment column
(Gilbert et al., 2005; Diaz and Rosenberg, 2008). These changes are likely to have significant

consequences for the speciation of iron minerals within sediments and the OM associated to them.
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a. pE°(w) is the standard electron activity of the halfreaction at pH = 7.

Figure 1.4. Major redox half reactions in groundwater and marine environments. Image from

Christensen et al. (2000).

1.5.2 Major dissolved Fe species in soils and sediments

In soils and sediments, variations to pore water redox potentials (oxic vs. anoxic) cause iron
minerals to cycle between ferric (Fe*) and ferrous (Fe*") states. This cycle has been variously called
the iron shuttle (Barber et al., 2014) or redox-wheel (Li et al., 2012). Fe®" is highly insoluble in oxic
waters and rapidly precipitates out as iron oxides, initially as poorly-crystalline ferrihydrite Fe(OH)s.

When iron oxides come into contact with inorganic reducing agents such as microbially-produced



sulfide (S*) and Fe*, reduction of Fe*" to soluble Fe** in the crystal structure causes dissolution of the
mineral (Dos Santos Afonso and Stumm, 1992; Pedersen et al., 2005). A common phenomenon in
marine sediments is the direct microbial reduction of solid-phase iron oxides by dissimilatory iron
reducing bacteria such as Shewanella and Geobacter (Lovley and Anderson, 2000). This process also

cycles Fe* to Fe*".

Fe”" is considerably more soluble in anoxic waters than Fe**. In pore waters with total sulfide
concentrations in the micromolar range, [Fe*]rw can reach concentrations of 1 pM - predominantly as
FeSq - up to three orders of magnitude higher than total dissolved iron concentrations in oxic pore
waters (Rickard and Luther, 2007). The comparatively high solubility of Fe*" in anoxic waters allows
dissolved iron to recirculate back into oxic regions where contact with dissolved O, will cause
oxidation and precipitation to occur once more. Multiple cycles of this dissolution/recrystallization
event cause an overall increase in mineral crystallinity, likely through a process of Ostwald ripening,
and shifts the dominant iron oxide forms away from ferrihydrite and towards more stable forms such as
lepidocrocite (y-FeOOH), goethite (a-FeOOH) and magnetite (Fe;O4) (Pedersen et al., 2005; Hansel et
al., 2005).

1.5.3 Mackinawite

In alkaline seawater, the predominant dissolved sulfide species in anoxic sediment pore waters
are HS (. and H>Sq) ,which build up due to the microbial reduction of sulfate (Rickard and Luther,
2007). Aqueous FeS° clusters form and rapidly precipitate out of solution as mackinawite or FeS,
(intrinsic solubility: logK, = -5.7) (Rickard, 2006) . We are selecting mackinawite as our model
reduced iron sulfide species as it is the first to precipitate out of solution in low-temperature
environments and is commonly formed by sulfate-reducing prokaryotes (Rickard and Luther, 2007;
Picard et al., 2016). Lennie et al. (1995) described mackinawite as having a tetragonal unit cell in
which each iron atom is coordinated to four neighbouring sulfurs while also exhibiting Fe-Fe bonding
in a square planar coordination in the (001) plane (Figure 1.5). The extended mackinawite crystal
consists of sheets stacked along the axis normal to the (001) plane and held together by van der Waals

forces (Rickard and Luther, 2007).



Figure 1.5. The tetragonal
mackinawite unit cell. Yellow spheres:
sulfur atoms, brown spheres: iron
atoms. The c-axis is normal to the

(001) plane.

Mackinawite produced in sediments

is likely to be poorly ordered /

: nanocrystalline, showing only broad
O and poorly-defined peaks by X-ray
diffraction associated to this stacking
(Rickard and Luther, 2007), but is more
amenable to study by Raman spectroscopy (Boughriet et al., 1997; Bourdoiseau et al., 2008). Density
functional theory calculations have confirmed that the (001) surface is the most stable face of
mackinawite and promotes the growth of thin, platy crystals that stack along the c-axis (Devey et al.,
2008). Few studies of the surface chemistry of mackinawite in aqueous solution have been undertaken
(Wittekindt and Marx, 2012), however an important study involving the potentiometric titration of
mackinawite determined the point of zero charge (PZC) to be around 7.5 (Wolthers et al., 2005),
slightly below the typical pH of 7.8 found in marine pore waters. Based on the higher affinity of
aqueous Fe?* for HS™ over OH", Wolthers et al. (2005) concluded that iron surface sites in FeS-saturated
waters would be of the form =FeSH? instead of =FeOH? (the latter being the case for goethite). Crystal
analysis led them to propose two surface sites: a weakly-acidic tricoordinated sulfur and a strongly-

acidic monocoordinated sulfur (Figure 1.6).

Figure 1.6. Depiction of two different ... |-« T} T - T} - - 7. .. Bulk solid

Surface
sulfur surface sites of the mackinawite
crystal. Figure from Wolthers et al.

(2005).
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1.6 Batch sorption experiment

To study the mobility or retention of chemical species through a system, researchers typically
build simplified models of the environmental system of interest and measure adsorption parameters by
way of flow-through or batch sorption experiments. This is the case for example in the study of
contaminant transport for environmental assessment studies (Krupka et al., 1999). The same physico-
chemical principles apply when studying the cycling of organic carbon. The batch sorption experiment
has received extensive use as a method for probing sorption affinities and mechanisms for a variety of
organic molecules onto mineral surfaces such as iron oxides in order to better understand carbon
cycling through soil and marine environments (Gu et al., 1994; Boily et al., 2000; Chen et al., 2014;
Coward et al., 2019). Single compounds have been employed, for example oxalate and malonate
(Persson and Axe, 2005; Axe et al., 2006), phthalate (Tejedor-Tejedor et al., 1992) and salicylate (Yost
et al., 1990; Thomas and Kelley, 2008; Yang et al., 2013), as representatives of typical functional
groups found in the heterogeneous OM of pore waters. Through subsequent FTIR analyses, Yost et al.
(1990) determined that inner-sphere ligand exchange between the carboxyl/hydroxyl functional groups
of salicylate were the predominant mechanism of sorption onto the goethite surface. Other researchers
have used natural OM (NOM) from various sources to arrive at similar conclusions regarding the
importance of ligand exchange, for example on the surface of hematite (Fe,O3) (Gu et al., 1994).
Arnarson & Keil (2000) performed batch sorption experiments on montmorillonite clay using NOM
extracted from sediments. By their estimation, ligand exchange accounted for approximately 35% of
sorption interactions while van der Waals forces and cation bridging contributed 60% and 5%
respectively. Sorption interactions can also be probed by exploring the differential fractionation of
dissolved OM (DOM) by mineral surfaces. Electrospray ionization Fourier-transform ion cyclotron
resonance mass spectrometry has also been used to analyze the residual DOM following batch sorption
experiments on iron minerals to determine which types of molecules adsorb preferentially (Lv et al.,
2016). Coward et al. (2019) observed temporal fractionation occurring in DOM sorbing onto the
surface of goethite. In this case, aromatic and polycyclic aromatic compounds with high O/C ratios
demonstrated the greatest sorptive preference for the goethite surface, followed by lignin-like

compounds.
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In contrast to iron oxides, very little work has been undertaken to study the sorption of OM onto
mackinawite. Wang et al. (2019) performed batch sorption experiments on four different iron species
including mackinawite and pyrite using NOM extracted from peat. Their results showed that, when
normalized by specific surface area, mackinawite had the highest sorption capacity, above that of even
hematite and ferrihydrite. Their findings suggest, similarly to Coward et al.’s (2019) study of goethite,
that aromatic and oxygen-rich compounds are preferentially sorbed by mackinawite. The difficulties
posed by working with an oxygen-sensitive compound such as mackinawite may be partially

responsible for the lack of sorption experiments on reduced metal sulfides.

1.7 Constant partition coefficient Kq

Batch sorption experiments that cover the full range of adsorption capacity of the mineral
surface will typically deviate from linearity as sorbate molecules compete for available surface sites
and interact with one another. Furthermore, since adsorption is a surface-mediated phenomenon, the
heterogeneity of the mineral surface plays an important role in both shaping the sorption isotherm and
affecting isotherm reproducibility. A mineral crystal possesses several different surfaces of varying
energies. Typically the lowest-energy surface accounts for the largest faces of the crystal but also
provides the least sorption energy. In the specific case of mackinawite, the (001) face is the
predominent and lowest-energy surface (Section 1.5.3). The simple constant partition coefficient
model employed in this research does not account for multi-site complexity. Isotherms such as the
Langmuir and Freundlich models are mathematical fits to account for the deviations in sorption
linearity due to competition, surface heterogeneity (i.e. multi-site sorption) and other effects. These fits
can provide empirically-derived approximations of the equilibrium partition coefficient K4 which
parameterizes the strength of bonding for dissolved species adsorbing onto a solid (Gu et al., 1994;
Thimsen and Keil, 1998; Feng et al., 2005). In the limit of low total dissolved species when surface
available sites are still well in excess of sorbate molecules, the sorption behaviour can nevertheless be
approximated as a linear relationship (see Figure 1.7) known as the constant partition coefficient

model, Kg.
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Figure 1.7. Left: Sorption is proportional to concentration and the relationship is modeled by the
constant partition coefficient (Kq). Right: Sorption deviates from linearity; empirical relationship is

fitted by Langmuir, Freundlich or other isotherm. Figure adapted from Krupka et al. (1999).

Krupka et al. (1999) give the equation for the conditional Kq, which deviates from the strict
thermodynamic definition, as:
2 A,

B Ky= =

2.C,

n=1

where A, is the equilibrium concentration of OC of the i" species sorbed (mg C kg™ mineral) and C; is
the equilibrium concentration of DOC of the i" species in solution (mg C L™"). A and C are summed
across all species in their respective phases and K, takes units of L. kg™'. The partition coefficient K4
can be related to Freundlich constant via the equation:

(4 K=K(C| ™"
where K is the empirically-fit Freundlich constant, C. is the equilibrium DOC concentration, and n is a
parameter describing the deviation from linearity of the Freundlich fit. When the fit is perfectly linear,

n = 1 and the equation becomes independent of C..

Marine sediment pore water DOC concentrations for continental slopes and estuaries typically
vary between 6-50 mg C L™ (Alperin et al., 1999). At such low concentrations of DOC, K4 becomes an
effective model for quantifying and comparing sorption affinities across diverse OM inputs and varying

solid phases. A batch sorption experiment in this working range of DOC yields a linear relationship
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between A and C at equilibrium where the slope of the best fit line gives the value of K4. Numerous
factors are known to influence sorption equilibria and therefore the values of K,. A non-exhaustive list
of these factors include solution pH, ionic strength and the associated activities of dissolved species,
temperature and particle density (Thimsen and Keil, 1998; Krupka et al., 1999). The above parameters
should therefore be well-documented in order to appropriately compare studies to discern trends. The
vast majority of studies (this one included) are conducted under laboratory conditions (e.g. temperature
and pressure), therefore the resulting equilibrium values pertain to those conditions and not the in-situ

marine sediment pore water equilibrium values.
1.8 Fourier Transform Infrared Spectroscopy

Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR) is a simple,
fast and effective method for studying the functional group distribution of OM. Molecular bonds can
be excited into higher-energy vibrational modes by IR radiation if these modes possess a fluctuating
dipole moment. In the harmonic oscillator model of molecular vibrations, the energy associated to

these excitations is proportional to the frequency of vibration, given by:

_1 |k
) V_ZHC\/;

where v is the frequency of the photon absorbed in wavenumbers (cm™), ¢ is the speed of light, k is the
force constant of the interatomic bond and p is the reduced mass. Variations in the modes and bond
types (stretching is more energetic than bending; double bonds more energetic than single bonds) and
the nature of the atoms involved (lighter atoms will vibrate at higher frequencies) create distinct
regions of absorbance for different functional groups and vibrational modes when absorbance is plotted
against wavenumber. The resulting spectrum enables us to identify the functional groups that are
present in complex OM mixtures and thus to get an indication of chemical reactivity. The ATR
collection method permits fast and accurate measurement of liquids, solids and gasses. The sample is
placed on a crystal surface and an IR beam is passed through the crystal, whereupon it is internally
reflected against the crystal walls multiple times. At each reflection, a small evanescent wave escapes
the crystal and is partially absorbed by the sample before reflecting back to the crystal (see Figure 1.8).

This process subjects the specimen to multiple instances where excitational energy may be absorbed.
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As with all FTIR techniques, it is important to ensure proper background correction for the ambient

atmosphere and consistent sample homogenization prior to analysis.

. Sample R Evanescent wave
"""WWW““'”’” ! Figure 1.8. Schematic of ATR-
IR beam ATR crystal FTIR. Image from Ausili et al.
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Polarizer / (2015).
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1.9 Partial Least Squares Regression

In order to quantitatively predict sorption of NOM onto mackinawite, an appropriate numerical
model must be used. Partial Least Squares (PLS) was invented by statistician Herman Wold in 1975
and then adapted for use as a multivariate regression technique (PLSR) in the field of chemometrics by
his son Svante Wold, where it has since been fully embraced (Wold et al., 2001). In multivariate
modelling, the normal equation gives the least squares solution to the linear equation Y = BX that
minimizes the error of fit, via:
6) B=(x"x| 'X"Y
where B represents the matrix containing intercept and slope of the best-fit line for a first order
solution, and superscripts T and -1 denote matrix transpose and inverse respectively. Spectroscopic
absorbance data as predictor (X) variables pose an issue for this approach as the X variables often
contain significant noise, are usually correlated and far outnumber the instances of observations,
leading to rank-deficiency (Wold et al., 2001). PLSR circumvents these issues by reducing the data X
into underlying latent variables (LVs) described by scores T and loadings P such that:
(7) X=TP"+E
where E is a minimized error term. The scores are weighted combinations of the original X variables
calculated for each observation and limited to the number of components, i.e. LVs, needed to
adequately describe the data. A variation of PLS called SIMPLS approaches the problem by first
decomposing the cross-product S = X"Y in order to immediately capture the greatest co-variance
between predictors (X) and targets (Y) (de Jong, 1993). Benefits of the SIMPLS approach are its

computational speed in comparison to other PLS algorithms, and the way in which deflation is carried
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out. Scores from the a -1" component are projected out of S to ensure that subsequent components fit
only the residual error, thus making them orthogonal to those preceding. By deflating the cross-product
and not the X matrix directly, the weighted contributions of X to the scores, denoted by r,, for the a”
component where a > 1, are directly interpretable from the original data set. The final regression
coefficients are computed from the normal equation via the formula:
(8) Bps=R[T"Y]

The SIMPLS approach will permit us to use FTIR absorbance data from various NOM

compounds as predictors of sorption affinity onto the mackinawite surface. In this way, we will be able

to determine which organic functional groups are the best predictors of sorption.
1.10 Objectives

The importance of iron minerals in OC sequestration in marine sediments cannot be overstated.
However, our understanding of sorption affinities remains largely qualitative, that is to say a direct
relationship between the chemical characteristics of OM inputs and a quantitative measure of sorption
affinity onto sediment minerals has yet to be established, making cross-study comparisons and
predictions difficult. In addition, very little research has been conducted on reduced iron sulfides
despite their prevalence in anoxic marine sediments. Climate change and human land-use are
increasing oxygen stress in many marine environments, bringing about a more rapid onset of anoxia in
the sediment column. Our goal is to model the relationship between functional group distribution of
NOM and sorption affinity for mackinawite in order to make quantitative predictions Kq. Such a tool
would be of direct practical importance for the modelling of carbon cycling through marine sediments
and provide a usable synthesis of the myriad studies on the characterization of OM sorbed to sediment

minerals.

The following chapter contains the manuscript for this research thesis as prepared for
submission to the academic journal Geochimica et Cosmochimica Acta. The title for this work is
“Modelling of natural organic matter affinity for mackinawite, FeS, based on FTIR spectra by partial

least squares regression (PLSR)”, authored by Alexandre Tétrault and Yves Gélinas.
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Chapter 2:
Modelling of natural organic matter affinity for mackinawite, FeS, based on

FTIR spectra by partial least squares regression (PLSR)

2.1 Introduction

Marine sediments have long been established as a fundamental sink for natural organic matter
(NOM), providing the one location where burial of NOM will ultimately remove CO, from the
atmosphere via carbon sequestration into the lithosphere across geological time scales (Garrels et al.,
1976; Hedges and Keil, 1995). Over the past three decades, it has been widely observed that the
majority of organic matter in sediments (up to 90%) is directly bound to mineral phases (Keil and
Hedges, 1993; Hedges and Keil, 1995; Ransom et al., 1998) while similar associations between NOM
and minerals have been well-documented in soil systems (Kaiser and Guggenberger, 2000). The
persistence of NOM sorbed to minerals indicates that minerals help to protect NOM from microbial
respiration, a phenomenon known as physical protection (Keil et al., 1994). Clay minerals in marine
sediments have been posited as the main drivers of organic carbon (OC) sequestration and responsible
for increasing atmospheric O, concentrations beginning in the late Precambian (Kennedy et al., 2006).
Lalonde et al. (2012) determined that 21.5 + 8.6 % of NOM in sediments is directly bound to reactive
iron mineral phases, leading to a global estimate of 19-45 petagrams (10" g) of carbon sequestered in
surface marine sediments via iron oxides. Emerson and Hedges (cited in Hedges and Keil, 1995)
estimated that a global total of 150 petagrams of OC is preserved in marine sediments due in part to
mineral interactions. Since these discoveries, the mechanisms through which sedimentary minerals
sorb and protect NOM from remineralization have been extensively studied (McKnight et al., 1992; Gu
et al., 1994; Filius et al., 1997; Meier et al., 1999; Riedel et al., 2013; Barber et al., 2017; Zhao et al.,
2018; Coward et al., 2018).

A major difference between aluminosilicate clays and iron oxides is that the latter are redox
sensitive. In soils and sediments, variations to pore water redox potentials (oxic vs. anoxic) cause iron
minerals to cycle between ferric (Fe**) and ferrous (Fe*") states (Liu et al., 2012; Barber et al., 2014).
At a variable depth below the sediment-water interface (SWI), oxygen diffusion from the bottom

waters may fail to compensate for microbial aerobic respiration thus causing sequential switches to
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microbial nitrate, ferric iron, manganese and then sulfate reduction when the sediment becomes anoxic
(Rickard and Luther, 2007). The buildup of microbially-produced dissolved sulfide species in anoxic
porewaters causes the concomitant precipitation of reduced iron(II) sulfide species such as mackinawite
(FeS), greigeite (FesS,) and pyrite (FeS,) - the most abundant mineral on the Earth’s surface (Rickard
and Luther, 2007).

Anthropogenic climate change is causing serious consequences for the Earth’s systems. Human
driven land-use changes and climate change are having significant impacts on carbon fluxes to marine
environments and associated sedimentary carbon stocks (Atwood et al., 2020). Research from the past
two decades has shown the onset of hypoxia in marine bottom waters due to increased water
temperatures, changes in current circulations and eutrophication from nutrient runoff (Gilbert et al.,
2005; Jutras et al., 2020). The average O, concentration in bottom waters and O, penetration depth in
sediments are decreasing in many aquatic environments, causing oxygen-depleted dead zones (Diaz
and Rosenberg, 2008). Given these changes, it is foreseeable that the abundance of reduced iron
species in sediments is set to increase. In contrast to iron oxides, very little research has been
conducted on the affinity of NOM for reduced iron sulfide species. Studying these interactions will
improve our understanding of carbon sequestration in anoxic sediments and is critical to predicting the

effects of hypoxia on carbon sequestration in marine and freshwater environments.

Mackinawite (FeS) is the first species formed by the rapid precipitation of dissolved Fe** and S*
species (typically HS .q) in low-temperature marine environments (Rickard and Luther, 2007) and
constitutes an important mineral fraction of acid volatile sulfides (AVS) found in sediments (Rickard
and Morse, 2005). For these reasons it can serve as a model reduced iron sulfide compound.
According to Rickard & Morse (2005), mackinawite is metastable compared to greigite and pyrite but
can nevertheless persist for geological timespans in sediments. The study of FeS and other metastable
iron sulfides is rendered challenging due to their high susceptibility to O,, making them unstable with
respect to cryptic reoxidation during analyses. Furthermore, rapidly-precipitated mackinawite is
typically nanocrystalline and possesses little to no defining features by powder X-ray diffraction
(Rickard and Morse, 2005). As a black, light-absorbing mineral, it is not amenable to the same types of
infrared studies that have been regularly performed on iron oxide-organic matter interactions (Tejedor-

Tejedor et al., 1990; Gu et al., 1994; Axe et al., 2006; Yang et al., 2013; Chen et al., 2014). We believe
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these challenges are in large part responsible for the relative paucity of data on interactions between

NOM and reduced iron sulfides.

Batch sorption experiments provide useful data for comparative analyses of sorption affinities
across changing redox regimes. This method has been used extensively for probing the sorption
affinities of a variety of organic molecules onto mineral surfaces in oxic environments (Gu et al., 1994;
Boily et al., 2000; Chen et al., 2014; Coward et al., 2019). The linear constant partition model is
applicable at low dissolved organic carbon (DOC) concentrations (Krupka et al., 1999) and is

parameterized by the coefficient Kg, given as:

A,

1

i [Ms

3) Ky="%

C,

1

M

n=1

where A, is the equilibrium concentration of OC of the i species sorbed (mg C kg™ mineral) and C; is
the equilibrium concentration of DOC of the i species in solution (mg C L ™). A and C are summed

across all species in their respective phases and K takes units of L kg™

In order to better predict the effects of hypoxia on carbon cycling through soil and marine
environments, we sought to arrive at a quantitative prediction of the partition coefficient K4 of NOM
for surface sorption onto a model iron sulfide mineral. We hypothesize that different affinities are to be
expected between iron oxides and iron sulfides due to the changing chemical natures of Fe*" and Fe**
species. We first experimentally determined the sorption affinities of three NOM sources and their
mixtures for the surface of freshly-precipitated mackinawite through batch sorption experiments. We
then built a predictive model using partial least squares regression (PLSR), taking as inputs the
functional group characteristics of the varying NOM sources as determined by attenuated total
reflectance Fourier transform infrared spectroscopy (ATR-FTIR). This approach mitigated the
exposure of iron sulfides to oxygen commonly risked when directly measuring surface complexes, and
did not require high-energy bombardment for surface characterization which has been known to alter
the physical state of mackinawite (Rickard and Morse, 2005). Our model provided us with quantitative

data on sorption affinity that can be compared to the existing studies from oxic systems.
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2.2 Materials and Methods

2.2.1 Preparation of organic matter

Three different endmembers were selected to represent NOM inputs to marine sediments. Soil
NOM was chosen to represent highly-degraded and stable terrestrial inputs to sediments. Soil NOM
was extracted from aged compost soil (>10 years since last amendment) by sonicating the residues in
milliQ water and retaining the aqueous fraction. Plankton, representing highly reactive marine NOM
inputs to sediments, was extracted from a species of microalgae of genus Nannochloropsis (Reed
Mariculture) by repeated freeze-thaw cycles in liquid N, and subsequent filtration (0.45 pm nominal
pore size). Corn leaf extract, representing fresh and highly reactive terrestrially-derived NOM, was
prepared by heating green corn leaves in milliQ water to 60°C and then macerating to a pulp in a
blender. Solids were filtered off as above and the solution containing all dissolved NOM was retained
for use. Each endmember solution was divided into high molecular weight (HMW > 1 kDa) and low
molecular weight (LMW < 1 kDa) size fractions via dialysis membranes (Spectra/Por) and then re-
concentrated by way of a rotovap connected to a vacuum pump. Final DOC concentrations of each
endmember size fraction were determined with a total organic carbon analyzer (Shimadzu TOC-

VCSH). All endmember solutions were stored without biocide in the fridge at 4°C when not in use.

In addition to the endmembers, NOM was also extracted from two marine sediments collected
from the St-Lawrence Estuary. One sediment (Station SAG-05; 48°24.75’N / 70°49.26W) is
characterized by more terrestrial inputs while the other (Station 19; 49°29.50°N / 65°13.19W) receives a
greater contribution of marine NOM. Extractions were performed by sonicating the sediments in
milliQ water for 2 hours, then centrifuging and filtering off any suspended solids from the supernatant.

No size fractionation was performed on these samples.

Stock solutions of either HMW or LMW NOM were prepared prior to each batch sorption
experiment using a single endmember or their mixtures, for example 20% soil - 20% plankton -
60% corn, to a concentration of approximately 56 mg L' DOC. The pH of the stock solutions was
adjusted to 7.8 £+ 0.1 with concentrated HCI or NaOH, and a portion was subsampled and freeze-dried

for subsequent analysis by ATR-FTIR.
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2.2.2 Mineral phase preparation

Mackinawite was chosen as the model reduced iron sulfide in marine systems. Prior to each
batch sorption experiment, mackinawite was freshly precipitated into each reaction vial by combining
0.5 M solutions of iron (II) chloride tetrahydrate (Sigma #44939) and sodium sulfide nonahydrate
(Sigma #208043) to obtain a consistent mass of 43.95 mg FeS, with a 1% excess of sulfide in solution.
The mackinawite was precipitated onto 4.59 g of acid-washed and combusted quartz sand (Ottawa sand
20-30 mesh, Fisher Chemical) in order to approximate a final particle density of 0.8 and then

thoroughly mixed to ensure coating of the sand.

2.2.3 Batch sorption experiment

All precipitations and sorption experiments were conducted in a glovebox under an N,
atmosphere in order to prevent the oxidation of mackinawite. An oxygen meter was used to ensure that
O, levels were maintained below 0.05%. Ten individual sorption experiments were performed per
NOM input across a range of 5-40 mg L™ DOC in 15 mL polypropylene conical vials cleaned of trace
iron and leachable organic carbon. The masses and working volumes were chosen to obtain 0.96% FeS
by mass which reflects sedimentary AVS concentrations in our neighbouring marine environment of the
St. Lawrence Estuary (Balind, 2019). Each vial contained a final volume of 7 mL, consisting of the
predetermined concentration of DOC in a 0.7 M NaCl solution in order to approximate the ionic
strength of seawater. Blank solutions containing FeS, 0.7 M NaCl and no NOM, as well as 0.7 M
NaCl, NOM, and no FeS were also prepared.

Vials were sealed under a stream of N, and mixed on an end-over-end shaker for 3 hours to
allow sorption to run to equilibrium. After equilibration, vials were centrifuged at 4000 rcf for 10
minutes and the supernatant then carefully extracted in the glovebox while verifying the pH for any
substantial drift. Before DOC analysis, the supernatant samples were acidified to pH ~2 with
concentrated HCI to prevent the oxidation and precipitation of any FeS.q, which might artificially
decrease the residual levels of DOC. Residual DOC in solution was measured by TOC-VCSH

analyzer, and the concentration of organic carbon sorbed to FeS at equilibrium was calculated by mass-
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balance (Krupka et al., 1999). Partition coefficients were obtained for each NOM input by measuring

its equilibrium sorption onto mackinawite across 5 sequential concentrations of DOC, in duplicate.

2.2.4 ATR-FTIR analysis

Each of the NOM solutions used in the batch sorption experiments was subsampled prior to
sorption and analyzed by ATR-FTIR for subsequent use as model inputs. The freeze-dried aliquots
were homogenized and analyzed on a Cary 630 ATR-FTIR with diamond crystal (Agilent
Technologies) at a resolution of 4 cm™. All spectra were preprocessed before use in the PLSR model.
Each spectrum was baseline corrected in the software Spectragryph v1.2.15 (Menges, 2020) due to
significant scattering at the lower end of the wavenumber scale. Subsequently in R v4.1.0 (R Core
Team, 2021), each spectrum was converted to absorbance and averaged over 5 separate measurements
to account for variation in the ATR measurement procedure and then scaled between 0 to 1 absorbance
units. Finally, all sample spectra were smoothed using the R signal package v0.7-7 (Signal developers,

2021) by applying a first order Savitzky-Golay filter with 15 spectral points.
2.2.5 Partial least squares regression (PLSR)

The PLSR models to predict sorption of NOM onto mackinawite based on functional group
distribution were built in R using the package pls v2.7-3 (Mevik et al., 2020). In order to normalize the
variance in the data, the logarithm of the K4 values obtained from the batch sorption experiments were
instead used as the target variables for model training and testing, and the predictor variables consisted
of the preprocessed ATR-FTIR spectra.

2.3 Results
2.3.1 Precipitation of mackinawite
Immediately prior to the batch sorption experiments, mackinawite was freshly precipitated in

each experimental vial. A black solid rapidly precipitated upon mixture of Fe** and S* solutions. The

average BET surface area of the solid formed this way and dried under an N, stream was
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59.7 + 5.2 m’g". No definitive powder X-ray diffraction was obtained, likely owing to the small
crystal size of the mackinawite. ATR-FTIR analyses of the surface-NOM complexes were inconclusive
since the dark, highly-absorbing compound yielded no signal. Contact with HCI caused its immediate

dissolution with the evolution of sulfide gas. No further characterization was performed.

2.3.2 Elemental analysis of NOM endmembers

Subsamples of the NOM endmember solutions were freeze-dried and analyzed as solids for
carbon content as well as C/N ratio with an elemental analyzer coupled to an isotope ratio mass
spectrometer (EA-IRMS; Eurovector EA3000). The solid residues of the three HMW endmembers
were each approximately 30% OC by mass (Appendix, Table A.1). The C/N ratios of the endmembers
decreased in the order corn > soil > plankton as is to be expected given the higher proportion of
polypeptides in plankton compared to the other two endmembers. In the LMW fractions, however, the
residues of the corn and soil stock solutions were dominated by inorganic salts. The percentage of OC
for the solids dropped from approximately 20.8% for plankton, to 4.3% for corn and 1.4% for soil. An
extremely low C/N ratio of 0.2 for the soil endmember is indicative of an abundance of nitrate salts in
its residues, which is further supported by the FTIR spectrum showing a predominant nitrate peak

centred around 1370 cm™ (data not shown).

2.3.3 FTIR Analysis of NOM endmembers

The endmember compounds (soil, plankton and corn) of the HMW fraction were analyzed by
ATR-FTIR to determine which chemical functional groups were present. Due to the overlapping nature
of the peaks, the 2™ derivative of the spectra were calculated to obtain peak centres using a Savitzky-
Golay filter (Signal developers, 2021), and these peak centres were plotted over the original smoothed
spectra in Figure 2.1. Two regions are of particular interest for modelling as they contain the most
chemical information. The first region between 3600-2500 cm™ contains information on O-H, N-H and
C-H stretching. A broad region for O-H stretching (~3275 cm™) can be seen in all spectra. C-H
stretching vibrations for aliphatic compounds are evident from the peaks at 2920 and 2850 cm™
although these are diminutive in the soil spectrum. A shoulder at approximately 3060 cm™ indicates

alkenes/aromatic compounds due to C-H stretching for sp* hybridized carbon.

23



— Corn 3275 2920 1729 1569 1452 1305 1237 1122 1029
{— Plankon 2850 | v(CE0)  Vas(COOT)! S(C-H) | 8(CH3) 8(COH) v(C-0) / v(C-0-C)
— Saoil v( ) V(C-H)ainh v(C=C)ayom aliph. polysacch. polysacah.
aliph.
N 3060 1 1646 1554 1396 967
V(C-H)spz v(C30) amide il vs(COO7)/ v4(C-0-C)
amide | v(C-O)phenor glycos.
1517
| i /" N\A(C=Charom.
n \
1 N 1 ~
] \
S = \
= i i
o
S
o
g | /\ NN\ —
0 | _,__/
o
=yl
o

T T T T T T T T T T | B e ) T T T T T T T T T
3600 3400 3200 3000 2800 1800 1600 1400 1200 1000

Wavenumber (cm )

Figure 2.1. ATR-FTIR spectra of the HMW NOM endmembers along with major peak assignments.

The spectra demonstrate the greatest amount of variation in chemical composition in the second
range of interest from 1800-900 cm™ which includes the carbonyl stretching regions and fingerprint
region. In general, three broad bands can be discerned: a carbonyl/amide/aromatic stretching region
(approx. 1660-1500 cm™), a region associated to C-H bending, C-O phenol stretching and aromatic ring
stretching (1470-1300 cm™), and a C-O stretching region indicative of alcohols, ethers and
polysaccharides (1150-1000 cm™) (Parikh et al., 2014). Aside from small shoulders in the corn and soil
spectra, very little absorbance occurs at 1700 cm™ and above in the carbonyl C=0 stretching region.
The onset of the first spectral envelopes becomes evident at approximately 1650 cm™. The
disappearance of carbonyl stretching is explained by Evangelou et al. (2002) and sources therein:
deprotonated carboxylic acids become complexed to metal ions, causing the appearance of

antisymmetric and symmetric COO" stretching bands instead at approximately 1600 and 1380 cm™
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respectively. These two regions correspond to major peaks in all three HMW endmembers and are the
most prominent features of the soil OM. Along with carboxylate, regions assigned to aromatic C=C
stretching are prominent in all three samples. This includes the peak centered at 1569 cm™ in soil
which overlaps with the two other endmembers, and the shoulders from 1517-1504 cm™ (Jouraiphy et
al., 2008; Hatcher et al., 2014; Boukir et al., 2019). Unique to the corn and plankton endmembers are
peaks at approximately 1646 & 1554 cm™. We associate these to the C=0 stretch of amide I (Howe et
al., 2002; Abdulla et al., 2010; Hatcher et al., 2014) and §(N-H) plus v(C-N) modes of amide IT (Howe
et al., 2002; Jouraiphy et al., 2008; Mayers et al., 2013) indicative of polypeptides. Strong absorbance
in these regions of the plankton spectrum is consistent with its low C/N ratio (Section 3.2). The corn
endmember registered a much higher C/N ratio so we conclude that aromatic C=C stretching must also

contribute to these peaks (Jouraiphy et al., 2008; Margenot et al., 2015).

In the adjacent spectral band spanning 1470-1300 cm™, we find peaks at 1452 cm™ in the
spectra of corn and plankton. These peaks likely correspond to 8.(CH3) and 8.s(CH>) in aliphatics and
peptides (Dean et al., 2010; Hatcher et al., 2014). The region centred at approximately 1396 cm™ is
most prominent in the soil OM fraction and decreases in plankton and corn. Along with symmetrical
carboxylate stretching, this region includes phenol aromatic-OH stretching coupled with O-H

deformations (Stone et al., 2001; Plaza et al., 2003; Roux-Michollet et al., 2010).

There is a unique band that is well-defined in the spectra of plankton and corn with peak centre
at 1237 cm™. This band, along with a shoulder situated at 1305 cm™ may be a feature of cellulose and
other polysaccharides caused by COH bending and CH> rocking (Dai and Fan, 2011). These peaks also
overlap with the phenol aromatic-OH stretching region (Abdulla et al., 2010; Boukir et al., 2019), but
notably this pair is far less resolved in the soil spectrum indicating that polysaccharides are likely
candidates for the corn and plankton spectra. Peaks at 1122 and 1029 cm™ are signals commonly
associated to cellulose and other polysaccharides (Howe et al., 2002; Plaza et al., 2003; Stehfest et al.,
2005; Jouraiphy et al., 2008; Placido et al., 2013). The shoulder at 967 cm™ is assigned to vs(C-O-C) of
the cellulose glycosidic bond and is considered characteristic (Kunov-Kruse et al., 2013). All peaks
associated to polysaccharides are most prominent in the spectrum of corn, followed by plankton, and

are nearly absent in the soil spectrum.
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2.3.4 Batch sorption experiments

A total of 40 batch sorption experiments of endmember NOM and their mixtures were
performed. Linear regressions were performed on the data and the fitted values of the slopes were
retained as the estimates of Kq(Figure 2.2). Kg values for 25 HMW and 14 LMW samples are listed in
Tables 2.1 and 2.2 along with their relative standard deviations (RSD) based on the fit of the line.
Additionally, the averaged results of triplicate experiments on the two different sediment extracts are
given in Table 2.3. One LMW sample was discarded due to the formation of precipitates in the OM
stock solution prior to analysis, leading to an artificial decrease of the measured K4 value for that
sample. Values of K4 among all samples, calculated as the slope of best fit by linear regression,
spanned nearly two orders of magnitude through the range of 38 to 1130 L kg™'. A comparison of logK4
values obtained for the HMW and LMW fractions is given in Figure 2.3. The largest distribution
coefficients were obtained among HMW compounds with a mean logK4 value of 2.62, while the mean
value for the LMW fraction was 1.85. The general trends observed among sorption affinities were
corn > plankton > soil for HMW compounds and plankton > corn > soil for LMW. Due to the
differences in magnitude and affinity order between the two fractions, HMW and LMW compounds

were modelled separately.
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Table 2.1. Results of linear regressions on batch sorption experiments of HMW NOM. Kq from slope

of best fit line.

Relative SER

Inter-Day RSD

Inter-Day RSD

HMW Samples K, R® (%) (%) w/o Outlier (%)
Soil 100% 188.3 0.97 5.8
Soil 80% - Plankton 20% 218.8 0.98 5.6
Soil 60% - Plankton 40% (n =4) 239.0 0.99 4.0 18.6
Soil 40% - Plankton 60% 305.7 0.98 4.7
Soil 20% - Plankton 80% 391.7 0.96 7.5
Plankton 100% (n = 4) 349.7 0.99 3.2 25.0 2.0
Plankton 80% - Corn 20% 398.4 0.99 3.3
Plankton 40% - Corn 60% 553.6 0.91 12.7
Plankton 20% - Corn 80% 816.7 0.97 7.6
Com 100% (n =4) 997.6 0.98 5.1 12.2
Soil 20% - Comn 80% 603.5 0.93 10.9
Soil 20% - Plankton 20% - Corm 60% 4014 0.99 4.4
Soil 20% - Plankton 40% - Corn 40% 452.2 0.95 8.0
Soil 20% - Plankton 60% - Cormn 20% 261.0 0.96 7.6
Soil 40% - Plankton 40% - Comn 20% 325.5 0.98 5.8
Soil 60% - Plankton 20% - Com 20% 285.0 0.98 4.9
Average 469.0 0.98 5.3 18.6 11.0

Relative Standard Error of the Regression (SER) refers to the error on linear regression slope calculated

from a single set of batch sorption experiments. Inter-day relative standard deviation (RSD) is the

variation in Kq measured when replicate experiments were performed on separate days (number of

replicates in parentheses). Samples in red and one replicate of the Plankton 100% were excluded from

PLSR; K, in units of L kg™.

27



Table 2.2. Results of linear regressions on batch sorption experiments of LMW NOM. K, from slope

of best fit line.

Relative SER Inter-Day RSD  Inter-Day RSD

LMW Samples Kq R? (%) (%) w/o Outlier(%)
Soil 100% (n =3) 47.3 0.96 6.0 21.4 15.1

Soil 80% - Com 20% 49.2 0.90 12.1

Soil 80% - Plankton 20% 55.7 0.97 6.6

Soil 60% - Plankton 40% 73.2 0.97 6.5

Soil 40% - Plankton 60% 70.3 0.96 7.2

Soil 20% - Plankton 80% 100.2 0.93 10.0
Plankton 80% - Com 20% 136.4 0.92 10.5
Corn 100% 74.3 0.99 4.0

Soil 20% - Plankton 60% - Corn 20% 100.2 0.99 9.4
Soil 20% - Plankton 40% - Corn 40% 73.7 0.96 6.8
Soil 40% - Plankton 40% - Corn 20% 73.6 0.99 3.5
Soil 60% - Plankton 20% - Corn 20% 51.5 0.99 3.4
Average 75.5 0.96 6.9

Relative Standard Error of the Regression (SER) refers to the error on linear regression slope calculated
from a single set of batch sorption experiments. Inter-day relative standard deviation (RSD) is the
variation in Kq measured when replicate experiments were performed on separate days (number of
replicates in parentheses). One replicate of the Soil 100% was excluded from PLSR; K in units of

L kg'.

Table 2.3. Results of linear regressions on batch sorption experiments of sediment-extracted NOM. Kq

from slope of best fit line.
Relative SER  Inter-Day RSD

. K 2
Sediment Samples d R (%) (%)
SAG-05 (n=3) 204.4 0.97 4.8 194
Station 19 (n = 3) 306.4 0.99 3.8 8.9
Average 255.4 0.98 4.3 14.1

Relative Standard Error of the Regression (SER) refers to the error on linear regression slope calculated
from a single set of batch sorption experiments. Inter-day relative standard deviation (RSD) is the
variation in Kq measured when replicate experiments were performed on separate days (number of

replicates in parentheses); K, in units of L kg™.
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For both HMW and LMW fractions, a multiple linear
regression (MLR) fit was performed in R to predict the

experimentally-determined Kq based on the relative

E proportions of soil, plankton and corn NOM in each sample.
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therefore excluded from the subsequent PLSR model-building step as outliers (see Tables 2.1 and 2.2
for the identity of the dropped experiments). After their removal, the coefficient of determination for

the MLR model increased to 0.96.
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Predicted response (logKg)
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A similar screening procedure was preformed on the LMW compounds. The results of the

MLR fit on the 14 remaining LMW samples based on NOM composition are given in Figure 2.5. The

R? of the fit is 0.86, showing more scatter than for the HMW compounds. In addition, one sample

point appears to be an outlier at the 95% confidence level. Dropping this point improves the fit by

MLR and increases R? to 0.92.
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2.3.5 PLSR model

Figure 2.5. MLR model for
LMW compounds with 95%
confidence band. One point
with its 95% confidence
interval appears as a clear
outlier. R? for fit (minus

outlier): 0.92.

The final sample pool for HMW compounds consisted of 22 observations once outliers from the

batch sorption experiments were removed. Of these, 5 were set aside as a test group to validate the

predictive results of the PLSR fit, leaving 17 observations with which to train the model. The model

was built using the FTIR spectral range from 3600-900 cm™ since the region below 900 cm™ was prone

to fluctuations from the baseline correction. An additional region between 2500-1900 cm™ was

excluded due to the fact that it contained little useful spectroscopic information and was prone to

interference from background correction of the ATR diamond. Repeated 5-fold cross-validation (5

repeats of 5 randomly generated folds) was performed using the R caret package v6.0-88 (Kuhn, 2021)

to determine the optimal number of components/latent variables (LVs) without leading to overfitting.
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The global minimum in root mean square error of cross-validation (RMSECYV) obtained this way was
0.058 at 2 LVs. The predictive PLSR model was then built, yielding a fit of the training data with a
root mean square error (RMSE) of 0.042 and an R? of 0.97. Two LVs were sufficient to describe 92.9%
of the variance among HMW FTIR spectra (X variables) and 96.8% of the variance in logKq (Y
variable). The fit of the training data by PLSR is summarized in Figure 2.6.
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Figure 2.6. Final fit of HMW training samples by PL.SR at 2 LVs/components.

The data were also inspected for outliers by computing Hotelling’s T* value for each data point
(Appendix, Figure A.1) using the HotellingEllipse package v0.1.1 in R (Goueguel, 2021). All samples’
T? values fall well below the 95% cutoff of 7.85 at 2 LVs, indicating they can be retained. To validate
the model’s predictive error on unseen data as estimated by cross-validation, the model was then
applied to the 5 hold-out samples, yielding a root mean square error of prediction (RMSEP) of 0.036
with a predictive Q* of 0.98 (Figure 2.7).
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2.4 Discussion

2.4.1 Batch sorption experiments

DOC concentrations in marine sediment porewaters directly beneath the SWI can be an order of
magnitude higher than in the water column and generally increase with depth. Alperin et al. (1999)
reported ranges of approximately 6-56 mg C L™ for sediment collected from continental slopes, while
Thimsen & Keil (1998) measured estuary porewater concentrations of approximately 15-21 mg C L™,
although estuaries receiving high amounts of terrestrial runoff can attain porewater concentrations
comparable to the maximum as reported by Alperin et al. (1999) (Balind, 2019). The batch sorption
experiments used to calculate K4 for the NOM mixtures were carried out with concentrations of DOC
from 0 - 56 mg C L™ thereby capturing the expected range for marine sediment porewaters. All
sorption experiments displayed a high degree of linearity, with an average R” of 0.98 for the HMW
(n = 25) and 0.96 for the LMW (n = 15) mixtures respectively (Tables 2.1 and 2.2), indicating that the
constant partition coefficient is a suitable assumption and can be used to measure and compare sorption
affinities. The R? values also indicate the level of intra-day reproducibility within a single experiment.

Thimsen & Keil (1998) reported an average RSD of <10% for the measured K4 based on porewater
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DOC sorption to montmorillonite and iron oxides and Arnarson & Keil (2000) reported an RSD of
approximately 5.1% for sorption onto montmorillonite. Our predicted error on single K4 measurements

averaged 6.3% RSD across 40 experiments.

A comparison of the mean Kg values obtained on replicate experiments provides a measure of
inter-day variability. We observe among the 6 groups of replicates that inter-group RSD spans a range
of 8.9-25.0% with a mean of 17.6%, almost triple the intra-day error (Tables 2.1 and 2.2). An increased
error on inter-day replicates is not surprising for batch sorption experiments, especially given the
sensitivity of mackinawite to unintentional oxidation. Serne and Relyea (cited in Krupka et al., 1999)
reported that an interlaboratory study on batch sorption experiments performed by 9 different labs
yielded K4 values varying between 1-3 orders of magnitude for the same procedure. Since the
coefficients of determination were generally quite high between 0.95-1.0 within an individual
experiment, variation in K4 was likely caused by some environmental parameter affecting all vials
within an experiment and not due to fluctuations in sample pH, salinity or particle density of individual
vials. The most likely candidate is cryptic oxidation of the air-sensitive mackinawite in rare cases,
which could affect all samples in a batch accidentally during precipitation, mixing and centrifugation.
The larger inter-day error demonstrates the sensitivity of the system to small parameter adjustments,
however the variations in K4 are well below even one order of magnitude demonstrating that error was
minimized throughout. This exercise does highlight the importance of detecting outliers as was done in

the MLR step before moving forward with PLSR modelling.

2.4.2 Functional group characterization by ATR-FTIR

All spectra of HMW NOM were similar in profile to spectra obtained from the fulvic fraction of
composting residues derived from activated sludge and plant matter obtained by Jouraiphy et al.
(2008). The natural NOM maturation process brings about a loss of fine structure and homogenization
resulting in operationally defined fractions of NOM including molecularly uncharacterized organic
matter (MU-OM) (Lee et al., 2004; Burdige, 2007) and carboxylate-rich alicylic material (CRAM)
(Hertkorn et al., 2006; LaRowe et al., 2020). The structure of NOM plays a role in determining how
susceptible a particular fraction is to microbial degradation. The irregular crosslinked network of ether

and C-C bonds typical of lignins proves far more recalcitrant to microbial degradation than simpler
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repeating amide and glycosidic linkages of polypeptides and polysaccharides (LaRowe et al., 2020).

As a result, protein and carbohydrate concentrations diminish far more rapidly with depth in both the
water column and in sediments (Hertkorn et al., 2006; Burdige, 2007; Hatcher et al., 2014). Based on
the varying maturities of our NOM extracts, it is expected to see the effects of degradation reflected in
the FTIR spectra of the endmembers since corn and plankton represent much fresher and more reactive
inputs to the sorption experiments. The dominant features in their HMW spectra are vibrations
commonly associated to polysaccharides in the range of 1122-950 cm™. Similarly, corn and plankton
are also richer in polypeptides as evidenced by the amide I peak at around 1646 cm™ in the HMW
spectra, which was notably absent in the soil. In contrast, the soil endmember represents the most
degraded source of NOM. Its simplified FTIR spectrum consisted of a few broad, rounded peaks.
Nevertheless, we infer the presence of phenolic and carboxylate groups due to an important region of
absorbance centred at approximately 1390-1400 cm™. Additionally, the broad absorbance band at

1569 cm™ in the HMW spectrum is indicative of aromatic and carboxylate groups. Similar spectral
trends have been observed during the composting and associated humification of plant NOM and
sewage: FTIR absorbance associated to polysaccharides and protein-like material were seen to decrease
due to preferential microbial degradation while aromatic, oxygenated alkyl and carboxylic intensities
increased (Jouraiphy et al., 2008; He et al., 2011). Thus the endmembers act as representatives not only
of different sources of NOM to marine sediments but also represent variations of reactivity and
degradation. Prolonged degradation is expected to render the spectra of plankton and corn more similar

to that of soil.

2.4.3 Sorption prediction by MLR & PLSR

Initial attempts to model K4 based on the relative proportions of soil, plankton and corn
endmembers present in each mixture were accomplished by MLR. This served as an important proof-
of-concept before proceeding with PLSR model building on FTIR spectra. MLR confirmed a linear
relationship between the NOM mixtures and their experimental sorption affinities for FeS within the
three component (soil, plankton, corn) system, as shown in Figures 2.4 and 2.5. After outliers were
identified and removed as discussed in Section 2.4.1, the coefficients of determination for the MLR
models rose to 0.96 and 0.92 for the HMW and LMW fractions respectively, providing an approximate

upper-bound to the accuracy expected from a PLSR model built on this data.
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An appropriate level of model complexity is required to best capture the data variance without
leading to overfitting, but can be difficult to assess in the case of LVs for PLSR. Since the sum of
contributions of soil, plankton and corn NOM to each sample were constrained to unity, only two
variables were required as inputs for MLR, the relative proportion of the third component being
predetermined by the previous two. This information therefore proved valuable for the PLSR model
building step. Cross-validation of the PLSR model also indicated that 2 LVs were sufficient, and
furthermore the R? of 0.97 was almost exactly as predicted by MLR and in fact slightly higher. Due to
the intrinsically labile nature of NOM, it is possible that modelling by FTIR spectra can be more
accurate than modelling based on the calculated ratios of each NOM component. Slight day-to-day
variations in the DOC concentrations of NOM inputs should be reflected in changes to their FTIR
spectra even if they go unmeasured by other analytical means. The predictive stability of the PLSR
model was confirmed by analyzing a hold-out group of HMW samples (Figure 2.7), demonstrating a
robust model despite the limited number of samples available with which to train it. In general, the low
predictive errors and high coefficients of correlation indicate an excellent fit for the data. Due to the
high salt content of the LMW solid residues (see Section 2.3.2), it was not possible to reliably model
this fraction by PLSR. Initial attempts to background correct for salts in the FTIR were unstable results

due to the disproportionate ratios of salt-to-NOM signals.

2.4.4 Quantitative comparison of K4

Partition coefficients serve as a quantitative measure of adsorption affinity that can in the ideal
case be compared across studies. In practice, the sensitivity of batch sorption experiments (Section
2.4.1) to a multitude of parameters can present a major and often unrecognized source of variability.
Nevertheless, a comparison of the results to partition coefficients on iron oxides and other sedimentary
minerals from the literature is instructive for understanding carbon cycling across oxic and anoxic
boundaries. A summary of cross-study Kq values, normalized to specific surface area of the mineral
phase, is given for model NOM compounds and for sediment NOM extracts in Tables 2.4 and 2.5.
Many studies opted to build full isotherms and fit them with, e.g., the Langmuir model, making a direct
comparison challenging. However, it has been pointed out (Limousin et al., 2007; Salvestrini et al.,

2014) that as g. - 0 , the ratio of qo/C. can be approximated from the Langmuir fit as Kiqmax.
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Since ge/C. is the partition coefficient K4at the linear portion of the Langmuir isotherm, this calculation

was performed on the data when only Langmuir fits were available.

Table 2.4. Comparison of normalized Kq values for model NOM compounds across several studies and

mineral phases.

K

(mLIdm") Mineral phase NOM source pH Study
Hematite Fulvic acid Gu et al.
22r.12 (a-Fe,0,) (Suwanee river) 6.5 (1994)
293 42 Hematite Fulvic acid 4 Gu et al.
- (a-Fe,0,) (Suwanee river) (1996)
133.8° Hematite Hydrophilic NOM 6.8 Gu et al.
: (a-Fe,0,) (wetland pond) ' (1995)
a Goethite . . Wang et al.
98.15 (a-FeOOH) Polymaleic acid 5.8 (1997)
. Safiur
83.40? (igzggeH) Humic acid 8.5 Rahman et al.
(2003)
58,624 Goethite Fulvic acid 5.8 Wang et al.
) (a-FeOOH) (Suwanee river) ) (1997)
- Humic acid Feng et al.
27.86° Kaolinite (peat) 7 (2005)
. Mackinawite Corn
16.18 (FeS) > 1kDa 7.8 Present
Mackinawite Plankton
6.58¢° (FeS) > 1KkDa 7.8 Present
c Mackinawite Soil
3.15 (FeS) > 1KkDa 7.8 Present
I Humic acid Feng et al.
2.67° Montmorillonite (peat) 7 (2005)
1 26° Goethite/Kaolinite Humic acid 8 Chen et al.
) mix (soil) (2019)
c Mackinawite Corn
1.24 (FeS) < 1kDa 7.8 Present
. Mackinawite Saoll
0.76 (FeS) < 1kDa 7.8 Present

a: Kq calculated from Langmuir fit; b: qmx €xtrapolated in study; c: Ksmeasured directly.
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Table 2.5. Comparison of normalized Kq values for sediment-extracted NOM across several studies

and mineral phases.

(mll_(ldmz) Mineral phase NOM source pH Study
16.8 Hematite (a-Fe,0,) Sediment extract 7.8 -IIZ(]eiirln(Si%gg)L
13.6 Bulk sediment  Sediment extract 7.8 Hﬂn(slzggﬁ
12.8 Montmorillonite  Sediment extract 7.8 L@Irln(slggg)‘
5.13 Mackinawite (FeS) Sedi(rg_?_r’l}_f;)tract 7.8 Present
3.42 Mackinawite (FeS) Sedigirgoe%tract 7.8 Present

0.0972 Montmorillonite Sed";‘elnktsg”am 8 nglggg c;?)c
0.0582 Montmorillonite Sedirzelnkt[;a;tract 8 Q’;}f‘gggé‘

a: SSA of montmorillonite from Thimsen & Keil (1998).

From Table 2.4, it appears that mackinawite performs comparably to montmorillonite in terms
of sorption affinity to model NOM compounds. Pure mackinawite may have a higher affinity for
sediment-extracted NOM than montmorillonite, although partition coefficients for montmorillonite
vary over 2 orders of magnitude across studies at similar pH (Table 2.5). Sorption affinities of iron
oxides (hematite and goethite) for model and sedimentary NOM tended to be higher than for
mackinawite, by as much as 2 orders of magnitude for the model NOM compounds. Care must be
taken when interpreting these trends as many of the model NOM studies on iron oxides were conducted
at a lower pH and sorption behaviour onto minerals has been proven to be highly pH dependent (Gu et

al., 1994).

2.4.5 Spectral analysis of regression coefficients

Once the PLSR model was fitted, the regression coefficients could be extracted and plotted
against the wavenumber scale to obtain a pseudo-FTIR spectrum. Positive peaks indicate regions that
increase the final predicted value of logK4 whereas the negative peaks decrease the outcome, making
apparent the spectral regions that are correlated with greater or lesser sorption affinity with respect to

the mean. The plot for the HMW regression coefficients, along with identification of major peaks, are
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given in Figure 2.8. The coefficient plot for the HMW fit at two components is readily interpretable.
The FTIR region between 1150-950 cm™ associated to C-O and ring stretching of polysaccharides is
correlated with the highest sorption affinity among HMW compounds. Additional regions of positive
correlation are associated to O-H stretching (broad peak centred at 3273 cm™) and aliphatic C-H
stretching (2920-2850 cm™), vibrational modes which are consistent with polysaccharides and
polypeptides. The positive coefficient values assigned to these wavenumbers are the result of the
plankton and corn endmembers and their higher K4 values. The greatest positive modifier in the
coefficient trace is by far the polysaccharide region. There is also a small positive peak located at

1651 cm™ which is associated to the amide I C=0 stretch.

o
S 17611700 1565 1383 1305
S] v(C=0) va5(COO7)/ v4(COOT)/
2862 i V(C=C)arom. V(C=O)phenol
3273 2912 y 1651 1474 01]695
v(O-H) V(C_H)allph. ] V(C=0)amide | &(C-H) V(C-O)ether

Coefficient
0.000 0.005
|

-0.005
|

-0.010
|
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Figure 2.8. Regression coefficients by wavenumber as determined by PLSR at 2 LVs.

In contrast, a lower-than-average K, value is correlated to strong absorbance at 1565 cm™, a

region indicative of aromatic C=C stretching and carboxylate, which makes up the major absorbance
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peak for the soil endmember, but also overlaps with absorbance in plankton and corn. In addition, a
broad negative band has a maximum at 1383 cm™ with a prominent shoulder at approximately

1305 cm™. This region includes phenol C-O stretching plus O-H bending and symmetrical carboxylate
stretching. A small but distinct negative peak at 1195 cm™ has been assigned to C-O stretching in both
phenols and ethers (Ibarra et al., 1996). Additional valleys are found throughout the coefficient trace
whose relative contributions to the modification of logK, are small but their presence is instructive
nonetheless. These include valleys at 1761 and 1700 cm™ which correspond to C=0 stretching at
wavenumbers consistent with lactones (Lyman et al., 2003) and carboxylic acid/ester (Artz et al.,
2008), as well as a peak at 1474 cm™ previously assigned to C-H deformations. An interesting
consequence of PLSR is its ability to resolve important spectral regions that were not readily evident in
the original spectra, including the ether and carbonyl peaks, as well as the resolution of the amide I
peak. Oxidative degradation of lignin-like material involves a coincident carboxylation and
demethoxylation of the aromatic material (Ergin et al., 1996). When all the negative regions of the
PLSR coefficients are considered as a whole, we obtain the spectral profile of hydroxyl and carboxyl
rich aromatic molecules possibly crosslinked by short aliphatic chains and ether linkages, consistent
with the oxidized degradation products of lignin (Kirk, 1984; Arndt et al., 2013). Conversely,
functional groups associated to polysaccharides and polypeptides were the greatest predictors of

sorption.

2.4.6 Polysaccharide-mineral interactions

Polysaccharides have a long history of use in the mining industry as selective depressants for
mineral separation (e.g. Laskowski et al., 2007). Hydrophilic polysaccharides such as dextrin and
starch operate by binding to the metal centres of desirable ores, causing them to disaggregate and
remain in solution while unwanted contaminant minerals are removed by flotation. Liu et al. (2000)
proposed that the mechanism be viewed as an acid/base interaction, whereby hydroxyl groups in the
polysaccharide ring act as Brensted acids that interact with mineral surface metal-hydroxylated groups,
causing the formation of five-membered rings (see Figure 2.9). The more basic the metal hydroxide
surface, the higher the affinity for polysaccharides. Quartz (SiO,) with a point of zero charge (PZC)
of ~2 (Liu et al., 2000) is an example of an acidic mineral with minimal affinity for polysaccharides as

compared to the more alkaline hematite (Laskowski et al., 2007). The maximum sorption of
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polysaccharides onto metal centres often coincides with the PZC of the hydroxylated metal surface or
in the case of certain metal sulfides such as nickel, to the PZC of the corresponding metal hydroxide.
Liu et al. (2000) posit this is due to the inevitable oxidation of the metal sulfide surfaces prior to
complexation, although another possibility is the hydroxylation of the metal sulfide surface at higher
pH. Wolthers et al. (2005) calculated the PZC of the mackinawite surface to be approximately 7.5,
which is indeed close to the experimental pH of 7.8 used in this experiment. If instead surface
oxidation/hydroxylation does occur, PZC values are expected to vary between 6-8 as is typical of iron
(oxy)hydroxides (Kosmulski et al., 2003). Whichever the dominant surface chemical groups may be,
the mackinawite surface may have been close to neutral or carried a slight negative charge at this pH.
These electronic effects could lead to repulsion with carboxylate functional groups, which were over-
represented in the soil NOM, but only minimally affect the neutral polysaccharides. Notably, goethite
has been measured to have a PZC as high as 9.3, a characteristic that causes sorption of carboxylated
aromatic molecules to increase gradually with decreasing pH as attractive positive charge on goethite
builds up (Filius et al., 1997). A high PZC and associated charge effects have been used to explain the
greater affinity of goethite for fulvic and humic acids than other minerals with lower PZCs (Meier et
al., 1999).

Figure 2.9. Proposed

H B
ks J A0 mechanism for
,“‘“ ,,f £ ‘,f’-‘
~ / O« Mo Me —> / Me + H,0 polysaccharide binding
—OH A e Vae's il Py
E \a to mineral surfaces

from Liu et al. (2000).

2.4.7 Preferential sorption of NOM in varying environmental conditions

This study on iron sulfide provides unique data for comparison with the numerous studies of
NOM sorption onto iron oxides. The majority of these studies were conducted in the context of soil
systems but they remain pertinent in part due the high proportion of terrestrial NOM entering many
marine systems (LaRowe et al., 2020). A general consensus emerged from these studies as to the
molecular fractions with the highest sorption affinities for iron oxide surfaces. For example, Coward et
al. (2018) used high resolution Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR-

MS) to study the fractionation of soil NOM onto goethite. They concluded that oxygenated lignin-like
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and aromatic molecules were preferentially sorbed out of solution by short-range order iron mineral
surfaces. Polysaccharide and peptide-like NOM was instead found to be retained by mechanisms of
coprecipitation and colloidal aggregation with Fe*, two mechanisms that are not expected to be
prevalent in our batch sorption experiments. In similar studies using FT-ICR-MS, Lv et al. (2016) also
concluded that polyphenols (lignin-like), aromatic and carboxylic molecules were preferentially sorbed
to the surfaces of goethite, lepidocrocite and ferrihydrite. Ohno et al. (2018) experimented with the
sorption of water-extractable corn, wheat and soy crop residues onto an iron oxyhydroxide surface and
determined that aromatic, lignin-like and N-containing aliphatic molecules were preferentially bound,
while Riedel et al. (2013) demonstrated that reoxidation of anoxic porewaters selectively removed
plant-derived polyphenols by coprecipitation with Fe**. In fact the strong affinity of carboxyl and
hydroxyl-rich aromatic lignocellulose degradation products for metal oxide surfaces has been well-
summarized in the review by Kaiser & Guggenberger (2000). These functional groups, which sorb
strongly to iron oxides, dominated the FTIR spectral signature of the soil NOM endmember used in this

experiment but instead yielded the lowest sorption affinities for iron sulfides.

Research conducted specifically in marine environments reveals a slightly more complicated
picture with regards to preferentially sorption of NOM. Similarly to the soil environments, Barber et
al. (2017) demonstrated that 25-62% of reactive ferric iron minerals in coastal sediments were directly
complexed to NOM via C=C, C=0 and C-OH functional groups. In contrast, a review by Burdige
(2007) showed the identifiable NOM associated with five different sediment types consisted
predominantly of amino acids (0-19%) and carbohydrates (1-22%) while lignins were in the range of 0-
5%, although it should be noted that >60% of the NOM remained uncharacterized. Likewise, Sun et al.
(2020) found pelagic sediment cores off the Chinese coast to consist of 80-90% amide/carboxylic, O-
alkyl (polysaccharide) and aliphatic functionalities. They were unable, however, to identify any trends
in selective preservation of marine vs. terrestrially-sourced NOM through associations to reactive iron
minerals, highlighting the added complexity of site-specific redox cycling when predicting long-term
preservation. With respect to more sulfidic environments, the NOM content of Black Sea sediments
analyzed by Ergin et al. (1996) was found to consist of ligno-carbohydrate and proteinaceous matter.
Notably the anoxic sediments had the highest proportions of protein and carbohydrates, which the
authors ascribed to the premature halting of oxidative remineralization. Finally, Lalonde et al. (2012)

observed that sediment NOM associated to iron-bearing minerals was generally enriched in °C and
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nitrogen as compared to the bulk NOM, indicating stronger associations with carbohydrates and
proteins. Samples from this study included sediments from sulfidic (Black Sea) and anoxic (Mexican
and Indian margins) environments. These trends are consistent with the observations from our study,

particularly where sulfidic and anoxic environmental conditions are explicitly present.

Given the results from this study;, it is plausible that iron sulfides could help to promote the
removal of proteinaceous and carbohydrate-like material from the water column at the expense of
carboxylated polyphenols. This, coupled with decreased microbial degradation in the anoxic sediment
zone, may contribute to the preservation of intrinsically labile organic matter, which is consistent with
the findings from studies on marine environments. Although reduced iron species may be more
selective in the retention of labile carbohydrate and protein-like material than their corresponding iron
oxides, the fraction of total DOC removed from solution by iron sulfides may be lower. Aeration of
previously anoxic pore waters has been shown to remove over 90% of dissolved iron and 27+7% of
previously dissolved OC (Riedel et al., 2013), while trends of both increasing porewater DOC and
increasing aromaticity of DOC below the oxic-anoxic interface have been reported elsewhere (Fu et al.,
2006). These results are consistent with the preliminary comparative data between oxic and anoxic
systems in Tables 2.4 and 2.5. The consequences of climate change for carbon sequestration in
sediments are likely to be multiple and conflicting: since less DOC is retained by reduced iron species
it is foreseeable that a positive feedback loop will occur due to increasing carbon release. On the other
hand, the rates of microbial degradation of organic matter are diminished in anoxic environments.
Furthermore, the present research indicates that reduced iron minerals may preferentially sorb to the
more labile components of the DOC pool including polysaccharides and polypeptides, acting as a
premature halt to microbial degradation. This may favour a negative feedback loop where a decrease in

the oxic/anoxic transition depth may bring about a greater degree of NOM sequestration.
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2.5 Conclusion

The results of this study support the notion that labile proteinaceous and polysaccharide-rich
NOM are better retained by mackinawite than the carboxyl-rich aromatic material consistent with
lignin degradation products. With increasing hypoxia/anoxia in sedimentary environments through the
combined effects of climate change and human land-use, this change in sorptive preference from iron
oxides to iron sulfides may have yet-to-be determined consequences for carbon sequestration in marine
sediments. Preliminary results indicate that iron oxides sorb greater quantities of NOM while iron
sulfides appear to preferentially target the more labile fractions. The predictive model-building
approach by PLSR employed in this study yielded quantitative data which allowed us to compare
results across numerous studies. We hope that quantitative modelling will permit researchers to take
the step from a descriptive approach to a predictive approach in order to better understand the future of

organic carbon dynamics in marine systems.
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Chapter 3: Conclusions and Future Work

The present work demonstrates the successful modelling of NOM sorption onto the surface of
mackinawite in conditions that mimic natural marine environments with respect to pH, sediment
particle density and ionic strength. ATR-FTIR spectroscopy allowed us to determine which organic
functional groups were the greatest predictors of sorption onto mackinawite. Furthermore, the
measurement of the constant partition coefficient K4 for each batch sorption experiment allowed for a
quantitative comparison with previous studies of NOM sorption onto iron oxides and other sediment
minerals. We conclude that mackinawite tends to demonstrate a lower sorption affinity for NOM than
iron oxides, but that the chemical characteristics of NOM favoured by mackinawite are consistent with
more labile compounds such as proteins and polysaccharides. If the proportion of reduced iron species
in marine sediments is set to increase with climate change, it remains to be seen which of these

conflicting influences on carbon sequestration will predominate.

As mentioned in Section 2.3.2, the FTIR spectra of the LMW NOM fraction was dominated by
inorganic salts. Unfortunately, despite our best efforts to background correct for these salts, we were
unable to obtain reliable spectra of the LMW NOM. Going forward, the development of a method for
isolating the LMW fraction without salt interference would be beneficial for modelling and prediction
purposes. However, due to the relatively low K4 values of the LMW compounds, we feel that it is
sufficient for this work to concentrate on the HMW fraction which has the largest impact on carbon
burial.

Sorption affinities from several studies were compiled in Tables 2.4 and 2.5, providing to our
knowledge the first cross-study quantitative comparison of sorption affinities for sedimentary minerals.
Furthermore, it is an initial attempt to make use of the myriad isotherm fits for NOM sorption onto
minerals that exist in the literature. Due to the high variability in sorption experiments and sensitivity
to physico-chemical parameters, in the future a larger dataset would be useful for a better identification
of carbon sequestration trends across differing environments. This would involve obtaining additional
K values for various pHs and mineral types. It must be remembered that batch sorption experiments,
both in this research and in the literature, are conducted in a laboratory setting and therefore accurate
extrapolation to real marine environments must be done with caution. The non-exhaustive list of

variables which affect equilibrium parameters, such as temperature and ionic strength as outlined in
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Section 1.7, would have to be directly probed in order to make accurate predictions of equilibria in
marine pore waters. The present research is an initial step towards a quantitative comparison of

equilibria across laboratory studies, with implications for natural environments.

Finally, we have determined which functional groups serve as predictors of increased K, for the
sorption of NOM onto mackinawite. The causal link between functional group and sorption, however,
must be explored more directly. This will likely involve a more controlled pool of sorbates, model
compounds possessing limited functional groups of either hydroxyls, carboxyls or amides only. In this
way, the binding mechanism as proposed in Section 2.4.6 can be interrogated as well. This work
presents a novel step towards understanding the role of reduced iron sulfides in carbon sequestration.
The consequences of climate change for sediment redox chemistry already being observed indicate that
reduced iron species are likely to play a greater role in the future. Further studies on iron sulfides, both
in controlled laboratory environments and from natural sediments, are required to better predict the

consequences of climate change on carbon cycling through marine environments.
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Appendix

Table Al. Elemental analysis results for NOM endmembers and sediment extracted NOM.

Size Fraction NOM Source C/N %O0C
Soil 14.1 (0.4) 32.0 (1.3)
HMW Plankton 7.3 (0.03) 29.1 (0.8)
Corn 21.8 (5.9) 29.8 (1.2)
Soil 0.2 (0.08) 1.4 (0.3)
LMW Plankton 8.7 (0.3) 20.8 (1.6)
Corn 14.6 (2.9) 4.3 (0.2)
Unfractionated Sediment SAG-05 17.3(0.9) 0.5 (0.004)
Unfractionated Sediment STN 19 11.3(1.2) 0.3 (0.009)

C/N: Average carbon to nitrogen ratio; %OC: average percent organic carbon of dried NOM by mass,

as determined by mass spectrometry. Standard deviations in parentheses.

Hotelling’s T measures the distance of each data point’s scores to the centre of the hyperplane
defined by the PLSR model’s LVs. At 2 LVs, the hyperplane forms an ellipse circumscribed by the
95% confidence limit as determined by the t-distribution. With normalized scores, as in the case of
PLSR, the ellipse becomes circular. When plotting the scores of LV 2 vs. LV 1 in Figure A.1, we see
that two samples consisting of HMW corn endmembers may act as leverage points, particularly in the

first LV. However their T? values fall well below the 95% confidence level cutoff of 7.85.

Figure A.1. The dotted perimeter

represents the 95% confidence limit for

°
4 ° each of LV/component 1 and 2. Shading
o
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