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Abstract

Investigating organic matter preservation through complexation with iron oxides in Lake

Tantaré

Azadeh Joshani

The biogeochemical cycles of iron (Fe) and organic carbon (OC) are closely
interconnected. The concentration of reactive Fe is tightly controlled by soluble organic
ligands in oceanic waters. In soils, Fe stabilizes OC by forming aggregates that shield OC
from degradation. In sediments however; the role of Fe in the preservation of OC is only
starting to be explored. To quantify the amount of OC retained in the solid phase through
its interaction with Fe, an approach based on the reductive dissolution of reactive solid
phase Fe, was applied. In this work, we investigated Fe-OC interactions in lake sediments,
using sediments collected from Lake Tantaré, a system with two basins characterized by
contrasting redox conditions in the summer. These contrasting redox conditions provided
an opportunity to assess the importance of oxic/anoxic interfaces in the formation of stable
OC-Fe complexes. We found 30.1 + 6.4% of OC directly associated with Fe minerals. We
characterized the Fe-associated and the non-Fe-associated OC pools at the elemental (OC,
TN), isotopic (5'3C, §'°N) and functional group (FTIR) levels. We found large differences
in OC:Fe and TN:Fe ratios among the two basins which were not related to differences in
OM chemical composition but rather to differences in reactive iron concentrations
stemming from the higher abundance of mackinawite (FeS). Since the affinity of OM for
mackinawite is much lower than for iron hydroxides, using OC:Fe and TN:Fe ratios as a
diagnostic tool for the type of OM-Fe interactions should be done with care in anoxic

environment.
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1 General introduction

1.2 Carbon cycle

Since the beginning of the industrial revolution, human activities such as fossil fuel
burning has been shifting the Earth’s climate towards a new state.> The concentration of
atmospheric carbon dioxide has increased with an unprecedented rate from a pre-Industrial
value of 280 ppm to >400 ppm, as measured in April 2015 (NOAA). Based on ice core and
geochemical proxy data this concentration is the highest yet.>> Both the ocean and the
terrestrial biosphere function as natural sinks of anthropogenic fossil fuel emissions and
reduce the atmospheric carbon dioxide net accumulation to about half.® Through
photosynthesis, atmospheric carbon dioxide (COy) is converted to organic matter (OM)
that can be preserved in marine and lake sediments. Even though most OM is re-oxidized
to inorganic carbon and eventually returns to the atmosphere, less than 1% of the yearly
oceanic primary production of organic carbon (OC) becomes preserved in sediment for
geological timescales.” While the preservation of this small OM fraction affects the
atmospheric CO2 and Oz global cycles, the mechanisms of this OM preservation are still

not clear.

Even though oceans are the major sink of carbon dioxide and largest pool of the
Earth's carbon, inland freshwaters also are locations of intense carbon (C) cycling. Lakes
and reservoirs cover about 1% of the Earth’s surface, and because of this low surface
coverage, inland waters are commonly considered to be a minor component of the carbon
cycle. As a consequence, they are ignored in global estimates of carbon budget. However,
recent studies®® have demonstrated the substantial role of freshwater ecosystems in many
key processes such as CO; production and OC storage. Lakes process large amounts of
autochthonous (produced within the water body) and allochthonous (originating from
external sources and imported in the water body) OC. One of the factors that explains the
significant role of lakes in the global carbon budget is their high sedimentation rates that
lead to high OC burial efficiencies. In comparison with marine environments, OC burial
rates are generally 1-4 times higher in lakes and reservoirs.'? Furthermore, OC burial rates
have increased extensively in lakes due to land use changes by humans over the last few

centuries (Figure 1-1).!"!
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Figure 1-1: Simplified carbon cycle

1.3  Sediment composition

The major components of marine sediments are porewater, OM and eroded
sand/clay particles that are subsequently transported by wind, water and ice or by gravity.
These particles accumulate in layers in both coastal and deep ocean sediments. Porewater
fills the space between the particles and makes up to 85% of sediment volume.'? Organic
matter is a minor component of the dry sediment (about 1 wt %), but is the most structurally
complex constituent of the sediment matrix. OM can retain important molecular
information such as, the origin of early living organisms or changes in redox conditions
and temperature of the surface ocean.!® Sedimentary material can be divided into three
parts including: (i) an organic component: any carbon-made material derived from living
or once-living organisms and their degradation products. The alteration products refer to

any product that has been exposed to biophysicochemical processes such as chemical
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reactions, UV radiation or combustion; (ii) an inorganic component (e.g. mineral particles
and metals), and (iii) a biogenic inorganic fraction (e.g. remains of plankton carbonate or
opal shells). OM tends onto aggregate and sorb to mineral particles, resulting in the sinking
of OM within the water column and accumulation of OM within surface sediments.
Sedimentation occurs at different rates depending on several environmental parameters
such as surface productivity, terrestrial inputs, and currents. In the deep ocean, the
sedimentation rates vary between 0.1-1 cm yr'!, however near river mouths and in coastal

areas this rate varies over a broad range (1-20 cm yr!).!4

Sediments cover 440,000,000 km? of the Earth’s surface, with an average depth of
1.8 km."® By studying different layers of sediment deposited at different times, we are able
to extract valuable information about the Earth’s history and evolution as far back as 65

million years ago.'®

1.4  Organic matter degradation

During the sinking of particles to the sea floor, the associated OM gets
extensively (> 99%) yet selectively degraded, resulting in highly altered sedimentary
records.!” The first steps of OM alteration and degradation take place in the water column
even before being integrated in the sediments, through biological and (photo)chemical
processes such as respiration and photo oxidation. As shown in figure 1-2, only a small
fraction of OM that is produced in the surface layer of the water column can escape
degradation and eventually settle to the bottom of ocean.'*!® Data collected from
transmission electron microscopy (TEM) shows extreme changes in the structure of
sinking organic-rich particles from surface to the seafloor.!” OM from the surface is
mostly composed of labile, high molecular weight biopolymers that are cleaved into less
bioavailable polymers with low molecular weight (1-4 kDa), in the early stages of
degradation.'® Once in the sediment, these low molecular weight polymers and
degradation products can remain in pore water as dissolved organic matter (DOM) or
sorb to the surface of other particles.?’ Degradation processes are dynamic at the seafloor,
and especially at the sediment water interface (SWI). Reduced OM molecules that have
reached the SWI still have the potential to release energy, either through abiotic chemical

oxidation or bacterial activity.
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Figure 1-2: Schematic representation of OM flux to the ocean bottom. Recopied from ref.
[17].

1.5  Organic matter preservation

Organic matter composition, bottom water oxygen content and OM production are
three main factors that have been shown to control OC preservation.?!?* The study of the

effect of individual factors, without the effect of the others, is very difficult.?*?’

Several proposed mechanisms responsible for OM preservation in sediment are (i)
selective preservation (i1) geopolymerization (iii) physical protection. Different types of
OM have different reactivities. Hedges and Keil (1995) were the first to use the expression
“selective preservation” to explain the persistence of organic components accumulating in
either oxic or anoxic sediments as the more biologically or chemically labile components

are being degraded.?*
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Three main biochemical classes of organic compounds make up as much as 90%
of marine algae biomass (e.g. carbohydrates, amino acid and lipids). However, because of
chemical and biological alterations, as well as the selective preservation of recalcitrant
macromolecular components, these labile compounds account only for a small fraction of
total OM (less than ~10-20%) in sediments. The remaining fraction, labeled “Molecularly
UnCharacterized Organic Matter (MUC-OM)”, cannot be identified using conventional
analytical techniques such as gas or liquid chromatography.>* Lignin and algaenan, two
types of biopolymers that exist in the cell wall of plants or algae, are two examples of the
refractory molecules that are produced directly by autotrophs through photosynthesis

process.?

In-situ condensation reactions or geopolymerization of smaller and more labile
molecules can produce high molecular weight refractory molecules.?’ Melanoidins are one
example of the recalcitrant high molecular weight heterogeneous polymers that are formed
through the Maillard reaction of amino acids and sugars.? Other condensation reactions
that probably occur in marine sediments include the sulfurization of lipids or
carbohydrates®!, or the formation of heterocyclic N-containing molecules.*> However due
to the absence of direct evidence, the importance of this mechanism is still a subject of

controversy.?*

The most important mechanism of preservation is however physical protection,
which occurs through interaction of OM with the biogenic components and inorganic
sediment mineral matrix. This mechanism explains the presence of labile organic
molecules in aged and highly re-worked marine sediments.?* Strong organic-inorganic
bonds inhibit enzymatic attack of the more labile organic molecules.’®> The reversible
adsorption on the surface of minerals is the primary physical protection mechanism that is
responsible for preservation of more than 90% of the OM in the sediments.!® This
association happens before its deposition on the SWI or during the early stages of burial in

the sediment.

Finally, encapsulation of OM within the structure of biological inorganic material
such as diatoms**, or in mesopores (pores with diameters between 2 and 50 nm) of clay

minerals® as well in the silicate sheet inter-layers of expandable clays (i.e. smectites) have

14



been shown to protect OM, from even harsh chemical oxidants such as H>O,.%¢ The relative

importance of this mechanism compared to the other one still has to be assessed.

Lalonde et al. (2012) recently demonstrated the importance of physical protection
through interaction with reducible metal oxides (i.e. iron and manganese) as an OM
preservation mechanism. On average, they calculated that about 20% of organic
compounds are associated to iron oxides in the world ocean. Earlier studies by Kaiser and
Guggenberger (2000) reported that the association of redox-sensitive metal with OM
occurs only in oxic soils. However, Lalonde et al. (2012) has shown that Fe-OM aggregates
are metastable for thousands of years in marine sediment even under anoxic conditions.
They proposed that the formation of co-precipitates of Fe-OM, due to the high affinity of

Fe (IIT) for OM, increases stability and resistance to microbial degradation.

1.6  Interaction of iron with organic matter

The biogeochemical cycling of iron has significant effects on other redox-sensitive
elements (i.e. carbon, nitrogen, sulfur, etc.) near the SWI, where electron transfer processes
such as iron reduction or oxidation take place.?’ The affinity of iron for organic ligands (or
vice versa) is also very strong (Fe-OM complexation constant is as high as 10> M)
leading to the formation of strong bonds that protect OM from degradation, and ferric
oxides from reduction.’® The biogeochemical cycles of iron (Fe) and organic carbon (OC)
are thus closely interconnected.*® In soils, solid phase Fe stabilizes OC by forming mixed
aggregates that shield OC and decrease its degradation rate.** On the other hand, it has been
shown that OM controls the concentration of dissolved iron by increasing iron stability and
bioavailability in different depositional environment such as sediment porewater,*! oceanic
water*? and lakes.** Chemical/physical sorption of OM to iron oxides occurs through
strong, predominantly covalent interactions between sedimentary OM and iron oxides
through a ligand-exchange mechanism. In this association electronegative functional

groups in OM (i.e. carboxyl or alcohol) replace hydroxyl groups of iron oxide particles.**

It has been proposed by Lalonde et al. (2012) that formation of Fe-OM aggregates
takes place in oxic sediments where degradation of OM is more likely to happen.* In oxic
surface sediment, nano-crystals of hydrated iron oxides (i.e. goethite) are

thermodynamically stable.** Whereas in anoxic conditions, where Fe(Ill) reductively

15



changes to soluble Fe(Il), dissolved iron either diffuses upwards to the oxic region to form
nano-particles and precipitate as Fe-OM, or diffuses downwards to precipitate as Fe-S
(Figure 1-3). As long as the water column contains dissolved oxygen, iron will stay in the
sediment due to fast oxidation of Fe(Il) to Fe(IIl) and the low solubility of the Fe(III) nano-

particle.*’

High MW OM

Water column

Re-oxidize to CO,

Dissolved OM m

. . »

Figure 1-3: Iron and OM cycle in oxic/anoxic sediments and burial of Fe-OM in anoxic
sediments (Modified from K. Lalonde Ph.D. thesis, Concordia University, 2014)

Iron thus acts as a shuttle, transferring OM from the oxic to the anoxic horizons in
sediments where preservation is most likely happening.*® In spite of having enough
empirical data that support the role of iron in OM preservation, the exact mechanism of Fe

and OM interaction is still not fully known.
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1.7  Elemental and isotopic approach

Carbon, an important element in the atmosphere, the ocean and in living organisms,
is constantly exchanged between the living and non-living reservoirs. The measurement of
isotopic fractionation, enrichment of one isotope relative to another due to chemical or
physical process, is a major diagnostic tool for determining diagenesis processes and the

origin of the compound.

Stable isotope signatures of the sample (8'*Csamplc) are calculated using the isotope
ratio of a sample compared to that of an international standard. This ratio is expressed using
the delta (8) notation and is expressed in permil (%o) (Equation 1). The Pee Dee Belemnite
(PDB) and atmospheric N> standards are the international reference standards for §'3C and

5'°N analyses, respectively.

- N
1BC [13(: J
12 12
e C sample C reference

18

8"C (%)= | —— - ————— X 1000 Eq. 1
g ~
13 1BC
\1zc _reference *C reference

Higher delta values (less negative) indicate increases in a sample's heavy isotope,
relative to the standard, and lower values (or more negative) indicate that the sample is

depleted in the heavier isotope compared to the standard (Figure 1-4).
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Figure 1-4: Terminology for describing stable isotope signatures.

The '*C stable isotope measurement allows tracking the source of carbon in aquatic
environments. For example, terrestrial plants fix atmospheric carbon dioxide during
photosynthesis, which has a 8'C signature of -7 to -8%o, while the source of carbon for
marine plants (algae) is dissolved inorganic carbon (DIC) with a §'3C signature of about
0%o. As both families of primary producers fix inorganic carbon through Rubisco, an
enzyme that isotopically fractionate carbon by 20%e., this difference in source of carbon
persists in the final isotopic signature of the bulk photosynthesized OM (8"3C terrestrial plants
= -27%o and 8">C marine = -20%o). The application of an Elemental Analyzer coupled to an
isotope ratio mass spectrometer (EA-IRMS) for the purpose of measuring bulk elemental
and isotopic signatures of OM is however relatively straightforward but interpretation of

acquired data is sometimes very challenging.

1.8  Other proxies

Other proxies are regularly used in biogeochemistry to pinpoint the sources OM, or
the history and reaction pathways that have affected a sample. The organic carbon to
nitrogen molar ratio (C:N) is one of the primary tools used to indicate historical OM
changes in sources of lake sediment. Terrestrial OM has a C:N greater than 20 while this
ratio is between 4 and 10 for algae.*’ Increases in C:N ratios within sediment profiles
normally reflect increases in the amount of terrestrial OM.>*>! However, this proxy is not

fully quantitative as the C:N of terrestrial OM decreases during early diagenesis (the
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physical and chemical changes occurring during the early stages of the conversion of
sediment to sedimentary rock), whereas that of algae increases.”” Regardless of its
limitations, the atomic C:N ratio can provide useful insights into historical variations in the
source of OM in sediment cores. In addition to '3C, other stable isotopes (1°N, 130, 2H) are
commonly used in geochemistry. The combination of these proxies with bulk measurement
approaches (FTIR, NMR and Scanning Transmission X-ray Microscopy (STXM)) allow

acquisition of a better understanding of OM preservation.

1.9  Objectives of thesis

The main objectives of this work are to understand the role of the Fe-OC
interactions in the preservation of OC in lake sediments, and to assess the importance of
redox conditions in the formation of stable Fe-OC aggregates. We used sediments collected
from Lake Tantaré, a freshwater aquatic system with two basins characterized by
seasonally contrasting bottom water redox conditions. These differing redox conditions
provide an opportunity to test our hypothesis regarding the importance of redox transitions

in the formation of these stable OC-Fe complexes.

1.10 Arrangement of thesis

This thesis includes a general introduction (Chapter I), a soon-to-be submitted
manuscript in Environmental Science and Technology (Chapter II), and a general
conclusion (Chapter III). All chapters are formatted in the same manner with figures

numbered consecutively.

Chapter I provides a general contextualization of the work carried out as part of the
M.Sc. project. Chapter II ("Investigating organic matter preservation through complexation
with iron oxides in Lake Tantaré") describes the comparison of the elemental (C, N, Fe),
isotopic (8'°C, §'°N) and chemical (FTIR) composition of OM in two basins of Lake
Tantaré to probe the importance of redox condition on the formation of iron-OM
aggregates, as well as to assess whether high percentages of Fe-associated OC are found in
this lake. A reductive extraction method was used to quantify the fraction of OM associated
to iron in the sediments, and the composition of total OM, Fe-associated OM and residual

OM is described. Finally, Chapter III provides concluding remarks in this project.
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2.1  Abstract

The biogeochemical cycles of iron (Fe) and organic carbon (OC) are closely
interconnected. The concentration of reactive Fe is tightly controlled by soluble organic
ligands in oceanic waters. In soil, Fe stabilizes OC by forming mixed aggregates that shield
OC from degradation. In sediments however; the role of Fe in the preservation of OC is
only starting to be explored. To quantify the amount of OC retained in the solid phase
through its interaction with Fe, an approach based on the reductive dissolution of reactive
solid phase Fe, was applied. In this work, we investigated Fe-OC interactions in lake
sediments, using sediments collected from Lake Tantar¢, an aquatic system with two basins
characterized by contrasting bottom water redox conditions in the summer. These
contrasting redox conditions provided an opportunity to assess the importance of
oxic/anoxic interfaces in the formation of stable OC-Fe complexes. We found 30.1 + 6.4%
of OC directly associated with Fe minerals. We characterized the Fe-associated and the
non-Fe-associated OC pools at the elemental (OC, total nitrogen), isotopic (5'*C, §'°N) and
functional group (FTIR) levels. The differences between the two basins will be presented
and discussed in relation to the working hypothesis. We found large differences in OC:Fe
and TN:Fe ratios among the two basins which were not related to differences in OM
chemical composition but rather to differences in reactive iron concentrations stemming
from the higher abundance of mackinawite (FeS). Since the affinity of OM for mackinawite
is much lower than for iron hydroxides, using OC:Fe and TN:Fe ratios as a diagnostic tool
for the type of interactions between OM and Fe should be done with care in anoxic

environment.
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2.2 Introduction

Human activities have significantly affected the global carbon cycle over the past
200 years. The concentration of carbon dioxide (COz) in the atmosphere is now 30% higher
than its level at the beginning of the Industrial Revolution, an increase that is responsible
for the current global climate change.’*-* The major pathway for atmospheric CO> removal
is through photosynthesis of organic matter (OM) on land and in the surface ocean. In the
ocean, most newly synthesized OM is rapidly oxidized back to inorganic carbon and
eventually returns to the atmosphere as CO;. As a result, only about 0.3% of the yearly
oceanic primary production of organic carbon (OC) is ultimately buried and preserved in
sediment.” Sedimentary burial and preservation of OC upholds the delicate balance of O
and COz in the atmosphere on geological time scales® by maintaining the balance between
primary production and respiration in the ocean as well as on land.?* It also represents a
long-term sink for redox-sensitive elements (such as C, N, S, Mn, and Fe) in global
biogeochemical cycles.!*4836:57
Several factors have been shown to play a role in long-term OC burial efficiency,

3960 and low

such as OC degradation rate,”® primary productivity,'® sedimentation rate
bottom water oxygen concentration?>¢!63 but the exact controls on OM preservation still
are not well-understood."® The close interactions between organic and inorganic
sedimentary materials have long been recognized as one of the most important preservation
mechanisms by which OC is physically protected through shielding, encapsulation or
simple steric hindrance.’*** Physical protection is supported by the observation that more
than 90% of preserved OC is very closely associated with minerals in most marine
sediments® and can explain the long-term preservation of labile molecules such as peptides
and carbohydrates in sediments.*¢

The interactions between organic and inorganic matter have traditionally been
considered uniquely as chemical or physical adsorption processes on the surface of
minerals such as clays. Such interactions are however reversible and cannot explain the
long-term preservation of molecule that are labile when dissolved in sediment pore
waters.®> Lalonde et al. (2012) recently proposed a mechanism of physical protection
through inner-sphere complexation reactions between organic compounds and nanophase

iron oxide particles. These authors have estimated that an average of 21.5 + 8.6% of the
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total OC in marine sediments, representing highly contrasting depositional settings, is
directly attached to reactive solid iron phases.*® Extrapolating to the global ocean, this
estimate corresponds to a total mass of sedimentary OC directly associated to reactive iron
of 1945 x10° g.*

The concentrations of iron and OC co-vary in sediments*® but elucidating the exact
nature of the chemical bonds between OC and iron under contrasting redox conditions is
extremely challenging because of the complicated chemistry of iron and OC near the
sediment-water interface (SWI). In addition to chemi- and physisorption, sedimentary OM
can interact with iron oxides through a ligand-exchange mechanism where electronegative
functional groups such as carboxyl, phenol or alcohol exchange with the hydroxyl groups
of iron oxide particles.*** At the SWI, where oxygen from the water column diffuses
through the uppermost layers of the sediment, the dominant Fe(IlI) phases include solid
phase iron (hydr)oxides and other non-reducible iron containing clay minerals.®” Below the
oxic/anoxic interface where sediments are depleted in oxygen, iron(IIl) can be reductively
dissolved to soluble iron(Il) and diffuse either upwards towards the oxic zone where it is
re-oxidized, or downward and precipitate as iron sulfide.%” The re-oxidation of Fe(II) in the
redox transition zone leads to the formation of iron hydroxide nanoparticles that interact
strongly with OC owing to their chemical composition and high surface areas. While pH
and competing anions (sulfate and phosphate in particular) dictate the adsorption of OM
onto different types of iron oxides such as ferrihydrite, goethite and haematite,*
complexation reactions between OM and iron nanoparticles would lead to the co-
precipitation of surface-active Fe-OC aggregates. Aggregation of this type is analogous to
the onion model of Mackey and Zirino (1994). It would result in a dramatic decrease in the
reduction rate of Fe(Ill) under anoxic conditions, which would explain the persistence of
reducible iron in anoxic sediments for thousands of years and to a decrease in OM
degradation rates leading to higher OM burial efficiencies. 3%

Organic carbon burial and preservation in lentic ecosystems such as lakes,
reservoirs, ponds and impoundments is poorly constrained because of the absence of
comprehensive datasets, particularly for small water bodies. Recent studies have shown
that the OC burial rates in these systems should be taken into account in global carbon

cycle analyses even if they cover a small fraction of the Earth’s land surface area.®!%-68-7
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The main objectives of this work are to understand the role of the Fe-OC interactions in
the preservation of OC in lake sediments, and to assess the importance of redox conditions
in the formation of stable Fe-OC aggregates. We used sediments collected from Lake
Tantaré, a freshwater aquatic system with two basins characterized by seasonally
contrasting bottom water redox conditions. These differing redox conditions provide an
opportunity to test our hypothesis regarding the importance of redox transitions in the
formation of these stable OC-Fe complexes. The Fe-associated and the non-Fe-associated
OC pools were characterized using elemental (organic carbon and total nitrogen) and
isotopic (8'°C, 8'°N) analysis, and their chemical composition was assessed by Fourier-

transform infrared (FTIR) spectroscopy.

2.3 Materials and methods
2.3.1 Study site

Lake Tantaré (47°04'15"N, 71°33'42"” W) is a small (1.1 km?) acidic (pH 5.4-7.0)
and oligotrophic (Chl a 0.2—0.9 nM) lake located in an ecological reserve 40 km northwest
of Québec City, in the province of Québec. This dimictic soft water lake, sitting on a granite
and gneiss bedrock of the Canadian Precambrian Shield, is characterized by low
concentrations of dissolved organic carbon (DOC; 2.2-2.8 mg L™!).37 Since the lake basin
is uninhabited, metal ions are only introduced to this lake through natural weathering and
long-range atmospheric deposition as the impact of wood harvesting or wildfire is
negligible.”! Lake Tantaré comprises four basins that are separated by shallow sills. In this
study, we used sediments from Basin A, which is has maximum depth of 15 m and
perennially oxic conditions (> 3.8 mg O> L), as well as from Basin B, which has a
maximum depth of 21 m and is characterized by seasonal variations in redox conditions as

bottom waters become anoxic (< 0.01 mg O, L") during late summer-early fall (Figure 2-
1)'72-73

24



52°

@ CANADA

'f
)
/f
;” i
=N L. Tantaré
\

N
__—/--'

0 500 m
e

Montréal

o 64°
76° 72" 68
Figure 2-1: Map showing the location of Lakes Tantaré.!

2.3.2 Sampling

Sediment cores were collected in both basins in August 2013 using butyrate tubes

with an inner diameter of 9.5 cm. Sediment were sliced at 0.5 or 1 cm intervals down to 15

(Basin A) or 25 cm (Basin B). The sediment samples were freeze-dried and then stored in
polyethylene containers.

2.3.3 Extraction Method

The reductive extraction method used in this study was originally developed for

quantifying reactive (reducible) iron in soils.”* It was slightly modified to allow
measurement of concomitant removal of OC (by elemental analysis coupled to an isotope
ratio mass spectrometer, or EA-IRMS) and iron (by inductively coupled plasma mass
spectrometry, or ICP-MS) from the marine and lake sediments.*® In this method, dithionite
is used to reductively solubilize Fe(III) oxides to Fe(Il), along with citrate, a water-soluble
complexing agent that keeps iron in solution, preventing re-adsorption to the solid phase.
The reduction reaction was carried out under buffered conditions (bicarbonate) to maintain
the pH at 7.3 (Appendix A). OC that was solubilized upon the reduction reaction was
considered specifically associated with iron oxides as other reducible mineral phases such

as manganese oxides were much less abundant in sediments. In order to take into account
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desorbed OC from sediment at the temperature and ionic strength used for the reduction
reaction, a preliminary control experiment was performed on the sediment prior to the
reduction step by replacing the citrate and dithionate with the mass of sodium chloride

needed to obtain the same ionic strength as in reduction experiment (Appendix A).

2.3.4 EA-IRMS Measurements

OC and total nitrogen (TN) content as well as the stable *C/'?C and >N/'*N isotope
ratios of the solid phase were measuredusing an elemental analyzer (EA, EuroVector 3028-
HT) coupled to an Isoprime isotope ratio mass spectrometer (IRMS, GV Instruments,
Manchester, England). The EA-IRMS calibration was done using an in-house pre-
calibrated B-alanine standard (%OC = 40.45%; %TN = 15.7%; §'3C = -25.98 £ 0.23%o and
81N = -2.21 £ 0.24%o) for both stable isotope measurements and concentration of carbon
and nitrogen in bulk sediment.*»’> The relative and absolute error for replicate
measurements was better than 1% for OC and TN, and 0.3%o for §'*C and 0.5%o for §'°N
signatures, respectively.”” The %OC and §'°C signatures were obtained before and after
the removal of OM associated with iron oxide, and the signature of Fe-associated OC was
calculated using a simple isotopic mass balance model. In order to remove inorganic carbon
(i.e. carbonates) prior to EA-IRMS measurement, the freeze-dried sediment samples were
weighed into silver capsules, exposed to 12 N HCI vapor for 12 hours, followed by a 1-hr
heating step at 50°C and 6 hours in a desiccator to remove residual water/acid. The Ag
capsules containing the decarbonated samples were then sealed and wrapped in a tin

capsule before EA-IRMS analysis.

2.3.5 FTIR Measurements

FTIR analyses were carried out on the sediments before (initial) and after (residual)
the removal of OM associated with iron oxide. Exactly 3 £ 0.1 mg of the freeze-dried
sediment were homogenized with 100 &+ 0.3 mg of potassium bromide using a mortar and
pestle. All of homogenate was used to make a compressed pellet. Prior to acquiring the
spectrum, the pellet chamber was purged nitrogen a minimum of 5 min to remove the
carbon dioxide signal at 2350 cm™. The measurements were done on a Nicolet 6700 FTIR
spectrophotometer (scan number: 128, resolution: 2 cm™). Furthermore, ICP-MS was used

to measure iron concentration.
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2.4  Results and discussion
2.4.1 Elemental and isotopic composition

The vertical distribution of OC, TN, reducible Fe concentrations, the C:N, OC:Fe
molar ratios, the stable isotope signatures of carbon (8'°C) and nitrogen (5'°N) were
determined in sediment cores of the perennially oxygenated basin (A) and a seasonally
anoxic basin (B) of Lake Tantar¢ (Figure 2-2 and Figure 2-3). The total OC concentrations
were similar in both basins and ranged between 22.4 + 0.7 % and 27.1 + 0.3 % for Basin
A, and 21 £ 0.5 % to 26.8 £ 0.3 % for Basin B (Figure 2-2a), with small, generally
synchronous variations in the past ~100 years which was consistent with the finding of
Heiri et al. (2001) for the same lake. ’® These values are in agreement with the data reported
by Feyte et al. (2010). The concentrations of OC associated with iron (Fe-associated OC)
averaged 7.5 = 1.6 % of the total sediment mass in the two basins (Figure 2-2a),
corresponding on average to 30.1 + 6.4 % of total organic carbon in Basins A and B. These
values are similar to the results obtained for the only other lake sediments analyzed to date
using this method, and are on the high end of the range of percentages measured for a series
of marine sediments.*® Noteworthy, despite of differences between the highest total OC
concentration in Lalonde’s sediment sample set (6.9 wt%) compared to Lake Tantaré
sediment (20-28 wt%) the concentration of Fe-associated OC was similar in both sample
set, which suggests that the conclusions reached for marine sediment also apply to organic-

rich lake sediments.

Total nitrogen concentrations varied between 1.4 + 0.45 % and 1.6 = 0.39 % in
Basin A, and 1.1 £ 0.48 % and 1.6 £ 0.39 % in Basin B (Figure 2-2b). TN concentrations
were slightly lower at depth in Basin B compared to Basin A, but there was no difference
when comparing the concentration of nitrogen associated to iron in two basins (Figure 2-
2b). The concentrations of Fe-associated nitrogen varied between 0.15 and 0.50% in both
basins, corresponding to between 20 and 30% of TN. This range is also consistent with the
finding of Lalonde et al. for sediments of a boreal lake (21-34 %), but it is much higher
than in marine sediments, for which the highest measured percentage of Fe-associated
nitrogen was 15.28 + 5.22 %, suggesting that the effect of iron on nitrogen dynamics is

stronger in continental aquatic systems where OM is depleted in nitrogen.
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Figure 2-2: Age profiles of the percentage of the total sediment organic carbon (OC)
bound to reactive iron phases (a) and %TN (b) before (Initial) and after extraction
(Residual), OC:Fe molar ratio (c), and percent of reducible Fe in Basins A and B (d). Each

point represents the average value of triplicate measurements.

High OC:Fe molar ratios were found in both basins, suggesting a tight linkage
between biogeochemical cycles of OC and Fe in these samples. The ratios have remained
similar in both basins for the past ~30 years, but they diverge considerably deeper in the
sediment with averages 0f 26.4 = 0.6 and 11.8 £ 0.7 for Basin A and B, respectively (Figure
2-2c¢). The differences in the OC:Fe and TN:Fe (data not shown) profiles between the two
adjacent basins, each exposed to similar OC inputs but dissimilar oxygen exposure
regimes, suggests two possible scenarios. First, the contrasting ratios could reflect
differences in OC chemical composition driven by the different redox regimes in two
basins, and second, they could be due to the presence of a pool of reactive iron with a much
lower affinity for OM in Basin B, thus leading to lower OC:Fe ratios.

The average C:N molar ratios of total OM in Basins A and B are 19.3 + 1.4 and
21.6 £+ 1.1, respectively. These ratios are typical of soil OM and are higher than the ratios
measured for setting particles of productive lake”’ (6-9), reflecting the predominance of

allochthonous OM inputs in the sediments of Lake Tantaré.”®"

The higher C:N ratios for Fe-associated OM throughout the core in Basin A, and

for sediment deposited in the past 85 years in Basin B, are driven by the depleted sediment
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nitrogen content, particularly in Basin B (Figure 2-3a and d). The higher ratios are due to
the lower concentration of nitrogen in these samples, particularly in Basin B (Figure 2-2b).
While several factors could explain the preferential removal of nitrogen-rich compounds
over this interval, this observation agrees with the results from a long-term incubation
experiment in which it was proposed that iron oxides lead to the preferential preservation
of OC and, in parallel, to an enhancement in the removal of nitrogen-rich OM.”

The §'°C and §'°N stable isotope signatures for the total sediment OM as well as
for the Fe-associated and residual OM fractions were similar and varied little with time in
Basin A, aside from a 1 to 1.5 %o lower 8!°N signature for sediment deposited in the past
~100 years. This is not the case for Basin B where the §'°C signature of Fe-associated OM
was enriched by about 2 %o near the SWI, and depleted by as much as 3 %o in sediments
deposited between 100-150 years ago (Figure 2-3e).

Two sharp peaks centered around 35 and 85 years characterized the §'°N profile for
total OM and the Fe-associated and residual fractions, with an enrichment as large as 3 %o
at these depths where the TN concentration was also the lowest. This result agrees with the

inverse relationship between TN and §'°N in sediments from temperate lakes (Figure 2-

3f)_80
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Figure 2-3: Age profiles of the atomic C:N ratio (a and d), carbon isotopic signatures (8'>C)
(b and e) and nitrogen isotopic signatures 3'°N (c and f) of Initial and Residual sediments
of Lake Tantar¢ Basins A and B, respectively.
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2.4.2 OM chemical composition

The FTIR spectra of the total, residual and Fe-associated OM are presented, with
an offset for better clarity, for the two basins in Figure 2-4. For each sample, the spectra
for total OM and the control-treated samples were virtually indistinguishable from one
another therefore the former were used for the discussion below. The OM lost during the
control treatment was thus very similar in chemical composition to the non-extractable OM

remaining after the treatment.
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Figure 2-4: FTIR spectra of the Initial (a and d), Residual (b and e) and Fe-associated (¢
and f) OM for surface sediment (1-2 cm) of Basin A on top and Basin B at bottom.

The largest peak in the spectra at 1095 cm ™!, caused by the antisymmetric motion
of silicon atoms (Vas-Si-O-Si)®! in Si-containing minerals (quartz and clays), was used as

an internal standard to normalize the spectra since its abundance did not vary with depth in
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the sediments, and because Si-containing minerals are resistant to the dithionate
treatment.®? Combined with the precise and constant sediment-to-KBr mass ratio used
when preparing the pellets, normalizing the spectra in this way allowed estimating the
composition of the Fe-associated OM fraction by difference (spectrum before the reduction
treatment minus spectrum after the treatment = spectrum of Fe-associated OM). The
resulting three spectra were compared in order to assess differences such as wavelength
shifts, variation in intensity or appearance of new peaks. No effort was made at
deconvoluting and integrating (quantifying) the relative intensities of the different peaks
owing to the uncertainty associated to the normalization, the spectra subtraction and the
fact that several bands are not well resolved from their neighbour (shoulder). The
comparison below therefore must be considered semi-quantitative.

A series of absorbance bands were present in all samples: (1) a broad band between
3800 and 2600 cm!, centered around 3450 cm!, corresponding to the stretching band of
hydrogen in the O-H groups of alcohols, phenols, or carboxylic acids, as well as amide
hydrogen stretching; (2) absorption bands representing C-H stretching of methyl and
aldehyde functional groups near 2960, 2930 and 2860 cm; (3) a shoulder at 1780 cm™! for
C=0 stretch of COOH, asymmetric COO" stretch at 1600 to 1650 cm™, symmetric COO"

stretch at 1400 to 1410 cm™'®%; (4) bands corresponding to aromatic structures 1500 to
1620 cm™! range; (5) the wavenumber region between 1470 and 1380 cm™! is attributed to
CH. and CH3 bending; (6) a large band between 1000 and 1125 cm™! corresponding to the
stretching of C-O group for the tertiary, secondary, and primary alcohols at about 1150,
1120, and 1070 cm™ .34 Because of the presence of the intense silica band at 1095 cm’!, the
alcohol bands appear as shoulders on either side of the 1095 cm™ band. No effort was made
to exploit the bands below 1000 cm™! because of the potential presence of bands attributable
to minerals.

The infrared spectra of total OM were similar at each depth in the two basins
(Figure 2-4, spectra a and d), with intensities relative to the silica band generally slightly
lower at depth compared to the surface in both basins, as well as in Basin A compared to
Basin B for equivalent depths (Figure B-1). The same was true for the Fe-associated
(Figure B-2) and the residual (Figure B-3) OM. This result suggests that the contrasting

bottom water redox conditions in the two basins did not lead to FTIR-visible differences
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in the speciation of sedimentary OM as the same functional groups with similar relative
intensities were found in the different fractions of samples taken at equivalent depths. Also
worth noting is the fact that the composition of the Fe-associated OM fraction, as well as
that of the residual, non Fe-associated OM fractions remained similar over more than half
a century as their composition remained constant with depth in each core (Figures B-2 and
B-3). As the sediments are depleted in oxygen in both basins (except at the surface of Basin
A), this result agrees with the reported long-term metastability of Fe-OM aggregates in
anoxic settings, at least on century to millennium time scales (Lalonde et al. 2012).

There were however important differences when comparing the chemical
composition of the three OM fractions for individual samples. While the differences in
spectral peak shapes and intensities for total OM and residual OM were small, however the
differences between these two fractions and Fe-associated OM, were clear. First, there was
a clear change in peak shape and a shift of the O-H/N-H band between 3850 and 2600 cm”
! towards higher wavenumbers, with a maximum peak intensity shifted from 3450 to 3525
cm™! for Basin A 19-20 cm

One of the most intriguing characteristic of Fe-associated OM is the almost
complete absence on the C-H stretch (2960/2930/2860 cm™) and CH./CH;3 bending
(1470/1380 cm") bands (the latter two bands at 1470 and 1380 cm™ appear as shoulders of
the more intense 1410 cm™!' peak on the spectra of total and residual OM). These bands are
present in most FTIR spectra of natural OM and point to highly aromatic or heteroatom
organic structures associated with iron oxides.

The carbonyl and aromatic bands also differ in the Fe-associated OM spectra. First,
a small shoulder at 1780 cm! is more clearly defined, although this could simply be due to
the generally lower spectral relative abundances for Fe-associated OM. More importantly,
there was a clear shift of the maximum intensity for the carboxyl asymmetric stretch peak
from 1640 cm™ in the spectrum for total OM to 1600 cm™ in the spectrum for Fe-associated
OM. Although aromatic C=C functional groups also have a stretching absorption in the
same region (1600 cm™), the existence of a strong absorption band at 1400 cm™, which is
more pronounced in the spectrum for Fe-associated OM, is consistent with the formation

of metal-carboxylate complexes, as shown in several other studies.**33-8>-88
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Interestingly, a small peak centered around 1150 cm™ is apparent in the spectra of
Fe-associated OM. This peak corresponds to tertiary alcohols as would be found in lignin
phenols, which are known for their high affinity for iron oxides.****° These spectral
differences between Fe-associated OM and total or residual OM correspond to the
functional groups lost when reductively removing the iron oxides. They provide clues to
the type of compounds that readily associate with iron oxides in sediments and that remain
part of the solid phase only because of their association with this mineral phase. These
compounds are hydrophilic, aromatic- and carboxylic-rich, with tertiary O-H groups,
analogous to lignin and tannin degradation products.

The FTIR analyses also provides information on the type of chemical bonds
between the organic moieties and iron oxides’' and demonstrates the importance of ligand
exchange reactions as an important mechanism of complexation of sedimentary OM with
Fe oxides, in agreement with the conclusions of Gu et al (1994). These results also suggest
that complexation is taking place independently of sediment redox conditions, as long as a
redox boundary exists where iron oxides can form in the presence of dissolved or particular
OM (i.e. in the water column, as in basin B, or in the sediment/at the SWI as in Basin A).
Complexation and adsorption of OM on the surface of iron oxides are thus complementary
mechanisms of association between Fe oxides and OM, whose relative importance depends
on local conditions (mostly oxide-reduction potential, but also the abundance of iron, OM
and competing ligands such as sulfides). More work is needed to fully understand the fine
controls on these competing reactions in sedimentary environments. Noteworthy, the
similar chemical composition of Fe-associated OM in both basins and at different depths
suggests that the large differences in OC:Fe and TN:Fe ratios measured between the two
basins were not linked to differences in OM abundance, composition or reactivity, but

rather to differences linked to Fe cycling in the two basins.

2.4.3 Iron

Reducible Fe concentrations were high below the SWI1in Basin A (276.8 = 6.1 uM,
or 6.3% of the total mass) and decreased sharply to 86.8 + 1.9 uM at 2-3 cm of depth

(corresponding to an age of 45 yrs.) to reach nearly constant concentrations deeper in the
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sediment (Figure 2-2d). The enrichment of Fe(Ill) oxyhydroxides (poorly crystalline
ferrihydrite, lepidocrocite and goethite) below the SWI agrees with previous studies

conducted in the same basin!7392%4

and is due to the recycling of Fe at depth (partial
dissolution of Fe(Ill) oxides, release of dissolved Fe(Il) to pore waters, followed by its
migration towards the near surface oxic layer where it is re-oxidized to Fe(III) oxides, and
at depth where it can react with dissolved sulphides to form mackinawite or pyrite).’”*> As
also observed by Feyte et al. (2010), dissolved Fe(II) in the pore waters of Basin B likely
is lost through diffusion to the water column owing to the absence of an oxic sediment
layer near the SWI, hence explaining the absence of an enrichment in Fe(III)
oxyhydroxides in this core. The downward diffusing Fe(Il) reacting with sulphide may
however explain the higher reactive iron concentrations in this core given the more
reducing conditions in sediments of Basin B compared to Basin A, and the absence of a
Fe(III) oxyhydroxides sink near the SWI. Indeed, while Couture et al. (2010) reported that
the concentration of acid volatile sulfides (AVS) were low and thus contributed little to
reduced Fe solid phases in Basin A, AVS concentrations were about an order of magnitude
higher in Basin B (Gobeil, unpublished data). Mackinawite, a form of AVS resulting from
the reaction of dissolved Fe(II) and sulphides in the pore water, is highly unstable under
oxic conditions. Their oxidation to iron oxides during sample preparation and storage likely
contributed to the reactive iron pool in Basin B, artificially decreasing the measured OC:Fe
since the formation of mackinawite from Fe(Il) and HS™ under anoxic conditions, and in
the presence of terrestrial dissolved OC, leads to the formation of precipitates with a

maximum OC:Fe ratio of about 1 (unpublished data).

There are several implications to our results. First, the mechanism reported by
Lalonde et al. (2012) for marine sediments also plays an important role in lacustrine
sediments, as shown in Lake Tantaré where about 30% of the total OC is closely associated
with iron oxides. Second, redox conditions are not the main factor explaining the formation
of Fe-OM aggregates, but a redox boundary where Fe(Il) is oxidized to Fe(IIl) and
precipitated as amorphous iron oxide phases in the presence of dissolved OC most likely
is key. These aggregates appear stable on very long time-scales under anoxic conditions,
likely because the Fe oxides are poisoned by co-precipitated OC, making them less readily

available to iron-reducing bacteria and reductive dissolution. They are, however, probably
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degraded when exposed to oxidizing conditions on long time scales through non-specific
OM oxidation reactions involving activated oxygen species. This Fe-OM complexation
mechanism thus acts as a shuttle that actively transfers reactive OC from oxic to anoxic
settings while partially protecting it from enzymatic chemolytic attack.”” Third, the
formation of Fe-OM aggregates is not driven by OM composition as there were no
compositional differences in Fe-associated OM between cores of sediment depths. Fourth,
iron sulfides may contribute to the measured reactive Fe pool and may therefore artificially
lower the OC:Fe ratios measured using this method. Thus care must be taken when using
OC:Fe ratios as a diagnostic tool in reducing sediments to apportion complexation (inner-
sphere) and adsorption (outer-sphere) reactions, as done by Lalonde et al. (2012). OC:Fe
ratios should be used only in sediments accumulated under oxic conditions.

More work is needed to untangle the complex web of reactions involving OM and
Fe in sediments, including the kinetics of the competing reactions and the interaction
between organic matter and iron-sulphite minerals, especially mackinawite (FeS).
Importantly, studies such as this one focusing on the chemistry of Fe-OM interactions
should be paralleled by others assessing the role of bacteria in the direct and indirect

formation and degradation of Fe-OM complexes.
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3 General conclusion

Our study is the first to look at differences in the interactions between OM and iron
oxides in sediment cores from two adjacent basins in Lake Tantaré, each exposed to similar
OM inputs, but characterized by contrasting oxidation-reduction regimes. In marine
environments, these interactions accounted for the preservation of approximately 4000
times more C than the atmospheric pool.* Historically, global carbon budgets neglected to
include inland water systems as a significant sink for OC on the planet, yet the complex
redox transitions found within marine sedimentary environments allowing for the
sequestration of OM through interactions with redox sensitive metal oxides, also occur
within lake sediments. Recent approximations show that despite the low surface coverage
of lentic systems, the high OC burial rates make them a significant contributor to the global
carbon cycle.®® As such, the main thrust of our research was to understand the effect of
redox conditions on the elemental, isotopic and chemical composition of Fe-associated OM

in Lake Tantaré.

We found that 30.1 + 6.4 % of OC is associated with iron oxides in lake sediments,
comparatively higher than what has been reported for marine sediments (21.5 = 8.6 %).*
Even though some global scale studies have reviewed specific processes such as the
exchange of carbon dioxide with the atmosphere and carbon burial, most studies of lake
carbon cycling are from single systems. Focusing only on a specific environment and not
accounting for all of the main terms in OC inputs and outputs results in an incomplete and
uncertain OC budget for most lakes.”® Our research suggests that lakes have a critical effect
on OC preservation, however the fundamental budgetary data needed to estimate the global

budget of preserved OC in lakes is incomplete.

Our work also showed that bottom water redox conditions play a small role in
determining the chemical composition of OM associated with iron oxides both in terms of
chemical or isotopical composition. The similarity between chemical compositions of OM
associated with Fe in two contrasting redox basins, as well as at different depths in sediment
cores suggests that the nature of the interactions between Fe and OM is non-specific at

least in Lake Tantaré. Moreover, the FTIR data indicates that, in terms of the nature of the
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bonds, inner-sphere interaction between Fe and OM or co-precipitation also play a role in

lakes.

Up until now, interaction mechanisms between the iron oxides and OM have been
inferred from the OC:Fe molar ratio of the DCB (Dithionite-Citrate-Bicarbonate) post
extraction supernatant. Our results clearly indicate that using OC:Fe molar ratios is not
appropriate in reducing settings as the reactive iron concentration will be affected by
factors not linked to Fe-OM interactions, such as the buildup of FeSx under anoxic
conditions. A better understanding of the preservative effects of iron sulfide species on OM

would be required in order to re-evaluate the calculated OC:Fe ratios.

Future directions

In light of the results, more work is needed to verify whether the high value of Fe-
associated OC observed in Lake Tantaré and Lake Brock are truly representative of most
inland fresh water bodies. Up until now, the preservative interactions between OC and Fe
have only been studied in these two lakes, therefore additional sampling in other
contrasting lakes, that have similar OM input but different oxygen exposure regime should

be initiated.

Future research strategies should be specifically directed at delineating the
mechanisms for interaction between OM and Fe-S minerals. In particular, special effort is
needed to determine the quality and quantity of sorbed OM to the surface of Fe-S minerals
such as mackinawite. One of the questions that should be answered is that whether iron
sulfide phases have the same protecting effect as iron oxide species and how much OC is
associated to these species. We are currently investigating this possibility through the
precipitation of iron sulfur species in the presence of OM while varying molar ratios of Fe-
S to OM and pH.

Bulk organic extraction and spectroscopic analysis were used in this work to
determine the chemical composition of sediment OM. However the majority of sediment
OM is categorized as molecularly uncharacterizable (MUC-OM)*, which cannot be
quantified or identified with these techniques. The extraction procedure outlined in this

text coupled with the FT-IR analysis allowed us to characterize the bulk chemical
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composition of the OM associated to reactive iron species. Techniques looking at intact
sediment material without any previous harsh sample preparation could be used in order to
better characterize OM in relation to its preservation within the mineral matrix.

Application of novel techniques such as Scanning Transmission X-ray Microscopy
(STXM) can reduce the artefacts associated with other methods during sample preparation.
Although, there are many limitations of this technique for low OC, high mineral content
samples, STXM is the ideal tool for examining the physico-chemical interplay between
OM and the sediment mineral matrix on unadulterated sediment particles making the
analysis of complex OM samples possible at the nm scale.

Finally, the physical/chemical characteristics of these Fe-OM complexes must be
assessed under reducing conditions from both a thermodynamic stability and kinetics of
formation/dissolution perspective. This would lead to a better understanding of the
mechanism of formation, nature of the interactions and favourable formation/dissolution
conditions for these complexes. Although decades of research have gone into the interplay
between the biogeochemical cycles of iron and carbon in marine sediments, the importance
of iron as a key regulator of the lacustrine sediment OM pool has only begun to be

investigated.
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Appendix A: Sample preparation

This Appendix describes the details of both the reduction and control experiments
described in the main text. Freeze dried, homogenized sediments were first subjected to a
control experiment in order to remove any loosely bound OM targeted by the high ionic
strength and temperature used in the DCB reduction method. The control experiment
replaced all complexing reagents and electrochemically active species with NaCl in order
to maintain the solutions ionic strength. The reduction itself was performed on the post
control sediment samples. 0.11 M sodium bicarbonate and 0.27 M sodium citrate (total
volume of 15 mL) were added in order to maintain circumneutral pH and as an iron
complexing agent, respectively. The electrochemical reduction proceeds with the addition
of 0.25 g sodium dithionite. The sodium citrate complexing agent was added in order to
prevent re-adsorption of any solubilized Fe(II) to the remaining mineral matrix. The
reduction itself was performed at 80 °C for a total of 15 minutes. After centrifugation at
3000 g for 10 minutes the supernatant was removed and the solid phase was subjected to

three times sea water rinses to remove any citrate remaining from the reduction method.

The solid phase was freeze-dried and homogenized in order to be analyzed by EA-IRMS
and FT-IR, while the supernatant was acidified and filtered through a 0.7 um GF/F filter
for iron quantitation by ICP-MS. Figure A-1 shows the different steps was carried out for

the control and reduction experiments.
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Add buffer (sodium
bicarbonate, pH
7.3) to sediment

Add buffer (sodium
bicarbonate, pH
7.3) to sediment

‘ Reduction ‘

Complexing
agent:

citrate

Reducing agent:
dithionite

NacCl

Heat (80 °C) Heat (80 °C)
15 min 15 min

Centrifugation Centrifugation
10 min, 3000 G 10 min, 3000 G

Rinse (x3) with Rinse (x3) with
Sea water Sea water

Figure A-1: The steps was carried out for the control and reduction experiment
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Appendix B: FTIR spectra
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Figure B-1: FTIR spectra of the Initial OM at 1-2 cm (a and d), 8-9 cm (b and e) and 19-
20 cm (c and f) of Basin A on top and Basin B at bottom.
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Figure B-2: FTIR spectra of the Fe-associated OM at 1-2 cm (a and d), 8-9 cm (b and e)
and 19-20 cm (c and f) of Basin A on top and Basin B at bottom.
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Figure B-3: FTIR spectra of the Residual at 1-2 cm (a and d), 8-9 cm (b and e) and 19-20
cm (c and f) of Basin A on top and Basin B at bottom.
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Figure B-4: FTIR spectra of the Initial (a and d), Residual (b and e) and Fe-associated (c
and f) OM for sediment depth of 8-9 cm of Basin A on top and Basin B at bottom.
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Figure B-5: FTIR spectra of the Initial (a and d), Residual (b and e) and Fe-associated (c
and f) OM for sediment depth of 19-20 cm of Basin A on top and Basin B at bottom.
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