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1 Introduction

In 1896, Arrhenius became the first person to quantify the climatic forcing of atmospheric
gases (Arrhenius, 1896). He suggested that the most important atmospheric components
in regulating our climate are water vapor and the gaseous form of carbonic acid now
commonly referred to as CO,. From Arrhenius’ time up until today, atmospheric CO,
concentrations have increased from 290 ppm to more than 410 ppm (Keeling et al., 2001).
This marked increase and the associated global warming since the mid-20" century can
now, with a high degree of certainty, be attributed to anthropogenic greenhouse gas
emissions (IPCC, 2013). The consequences of climate change have already been observed
e.g. in the form of extreme weather, changes in precipitation patterns and ocean
acidification (IPCC, 2014). Despite efforts to transition from fossil fuels to alternative
energy sources, the International Energy Agency predicts that a majority of the world’s
countries will still be reliant on fossil fuels well into the second half of this century (IEA,
2017). Consequently, there is a high demand for solutions that can reduce greenhouse-
gas emissions in a fossil-fuel dependent world. One of the proposed options is Carbon
Capture and Storage.

1.1 Carbon Capture and Storage

The term Carbon Capture and Storage (CCS) refers to the storage of CO; in subsurface
geological formations. It is considered a bridging technology that can be implemented to
reduce our net greenhouse gas emissions until long-term alternative solutions are able to
stabilize atmospheric greenhouse gas concentrations (IPCC, 2005; Cooper et al., 2009).
CCS-technologies have been developed to capture CO; directly at point sources like power
plants and industrial complexes, transport it by boat or pipeline to an on- or offshore
location and store it securely in a subsurface geological reservoir. By doing so, large
quantities of CO; can potentially be prevented from entering the atmosphere (IPCC, 2005).

Public approval is central to CCS implementation and concerns have repeatedly been
directed towards the long-term integrity of CO, storage (e.g. Monastersky, 2013;
Haszeldine et al., 2014). Although large-scale leakage is highly unlikely (Alcalde et al.,
2018), complete retention of CO, within the subsurface on geological time scales is
impossible to guarantee. For this reason, it is important to address two types of leakage
scenarios: 1) abrupt and substantial leakage e.g. in the case of engineering failures and
2) slow, continuous seepage through geological pathways in the cap rock or along
abandoned wells. While geophysical surveys are able to detect and monitor the gas leakage
in the first case (e.g. Langseth and Landrg, 2012), it has been questioned whether a
continuous low-flux leakage can be detected using the same methodology (Blackford et
al., 2015). Hypothetically, minor amounts of CO, could therefore leak from the reservoir
into the ambient environment undetected.

In the case of leakage into a marine environment, the introduction of high concentrations
of CO; has the potential to induce geochemical changes and be of harm to residing marine
biota (Ardelan et al., 2009). Primary effects of high concentrations of CO; like acidification
and increased levels of dissolved inorganic carbon (DIC) have been demonstrated to have
lethal effects on invertebrates (Basallote et al., 2015). However, possible secondary effects
like changes in the mobility, solubility and bioavailability of trace elements and nutrients



are still poorly understood and their consequences for the marine environment even less
so (Ardelan et al., 2009).

A number of studies have previously attempted to determine the geochemical changes
associated with small-scale CO, leakage (Ardelan et al., 2009; Ardelan and Steinnes, 2010;
Blackford et al., 2014; de Orte et al., 2014; Kirsch et al., 2014; Wunsch et al., 2014;
Lichtschlag et al., 2015). Blackford et al. (2014) performed a controlled subsurface release
of CO, into a shallow marine environment. They observed a pH decrease from 7.7 to 7.5
and a marked increase in the concentration of dissolved inorganic carbon (DIC) and [Ca®*]
within the sediment pore-water. Biological impacts were detectable but not significant nor
chronic. The CO, exposure caused increased mobilization of Ca, B, Sr and Li from the
marine sediments (Lichtschlag et al., 2015). The authors attributed this to dissolution of
carbonate minerals in line with the findings of Wunsch et al. (2014). Ardelan et al. (2009),
Ardelan and Steinnes (2010) and de Orte et al. (2014) performed batch-type laboratory-
scale experiments in which marine and estuarine sediments were exposed to elevated CO,
concentrations in a non-pressurized chamber. de Orte et al. (2014) found increased
mobility of Co, Fe, Zn, Cu and Pb, while As mobility was reduced, possibly because of
adsorption onto Fe-oxides (Sarmiento et al., 2009). Ardelan et al. (2009) observed
increased pore-water concentrations of Al, Cr, Ni, Cu, Zn, Cd and Pb, while Ardelan and
Steinnes (2010) demonstrated how CO, exposure can potentially disrupt the Fe- and Mn-
shuttle by the development of sub- or anoxic conditions within the sediment pore-space.

The environmental risk associated CO, leakage from onshore storage sites has also been
addressed in the literature (e.g. Harvey et al., 2013). However, onshore storage represents
a separate geological setting characterized by properties distinct from those discussed in
this study and will therefore not be treated further.

Common for all previous investigations on the environmental risk related to CO, storage is
that they have been conducted at circum-atmospheric pressure. However, the sediment-
water interface at the currently active offshore CO, storage sites in Norway are situated
100-300 meters below sea level and hence experience much higher pressures (Bickle et
al., 2007; Hansen et al., 2013). The transferability of the previously mentioned studies
could therefore be questionable. This study presents the findings from two mesocosm
experiments conducted at a pressure of 30 bar in a flow-through chamber, effectively
simulating the conditions present at the sediment-water interface at known CO, storage
sites like the Snghvit Project in the Barents Sea. During the experiments, surface sediment
from two distinct geological settings (continental shelf and estuarine) are exposed to
elevated CO, concentrations for a 50-day period followed by a two-week recovery phase.
The CO; dosing is adjusted to simulate a gradual, low-flux CO, seepage. Sediment samples
are collected throughout both of the experiments. These are subsequently extracted using
a standardized four-step sequential extraction procedure and analyzed by ICP-MS. Through
this, four operationally defined element fractions will be obtained: an acid soluble (easily
exchangeable), an easily reducible, an oxidizable and a residual fraction. In combination
with a mineral characterization based on x-ray diffraction (XRD) analyses, the geochemical
data will be used to demonstrate the relationship between sediment composition and
element mobility in a CO, leakage scenario at realistic pressure conditions.



The hypotheses of this study are:

The effect of CO, exposure will primarily influence the elements within the acid
soluble fraction by causing dissolution of primary CaCOs-phases and mobilization of
adsorbed species.

The CO, exposure leads to a change in redox-conditions, which results in a
disruption of the iron and manganese redox cycle and mobilization of elements from
the reducible fraction.

Key mineralogical differences, especially within the clay mineral fraction, will be
reflected in different element mobilization patterns for the two types of surface
sediment.

1.2 Geological setting

1.2.1 The Trondheimsfjord

The Trondheimsfjord is a deep, glacially carved fjord situated in central Norway. It was
formed during the Pleistocene glaciations and was inundated following the retreat of the
Scandinavian ice sheet (Ottesen et al., 1995). The Trondheimsfjord exhibits estuarine
circulation with some tidal influence, the average tidal range being 1.8 meter (Bakken et
al., 2000). Exchange of deep-water occurs biannually inhibiting the development of sub-
or anoxic conditions at depth (Faust et al., 2014). A bedrock threshold separates the outer
fjord from the coast, but because of its position at 330 mbsl it does not restrict the
introduction of coastal water (Bge et al., 2003). Multiple rivers feed into the fjord including
Orkla, Gaula, Nidelva, Stjgrdalselva, Verdalselva and Steinkjerelva. They carry with them
suspended sediment and dissolved chemical species and are the main sources of the
sediment that is deposited within the fjord (Faust et al., 2014). The composition of these
sediments reflect the regional geology with a general trend towards higher marine input in
the outer fjord (Faust et al., 2014). Bge et al. (2003) report sedimentation rates of 2.5
mmy/year for the central basin, however, higher rates can be expected close to river outlets.
Mining of sulphide-deposits has taken place in the drainage areas of the rivers feeding into
the Trondheimsfjord since the 16" century and several industrial complexes are still
situated along the fjord margin. Both types of human activities can potentially have
introduced organic and inorganic pollutants to the fjord system.

1.2.2 The South-Western Barents Sea

The Barents Sea is a shallow, marginal sea bound by Svalbard and the Polar Ocean to the
north, Novaja Zemlya to the east, Eurasia (Norway and Russia) to the south and the
Norwegian Sea to the west. The Norwegian Current feeds relatively warm, high salinity
Atlantic Water into the southern part of the Barents Sea, an area also influenced by the
less saline, relatively warm Norwegian coastal water (Steinsund and Hald, 1994). Seasonal
sea-ice formation forms a cold, saline brine that sinks and produces dense bottom-water.
Measurements of dissolved oxygen reveal well-oxygenated conditions within the sediments
(Steinsund and Hald, 1994).

Settling from suspension is the primary mode of deposition in the south-western Barents
Sea. The clay fraction is dominated by illite and chlorite, which are the common weathering
products in areas dominated by physical weathering of crystalline bedrock (Sellwood et al.,
1993; Vogt and Knies, 2009). This suggests that the clastic fraction of the surface
sediments is sourced from northern Scandinavia. Sedimentation rates in the area are
generally below 0.1mm/year (Steinsund and Hald, 1994).
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Fig. 1. Overview map with location of sampling sites. A. Northern Europe. B. Barents Sea.
Shows location of the Snghvit project and the regional station 9-2. C. The Trondheimsfjord.
Shows the major rivers that drain into the fjord and the location of sampling site Trdfj-1.

1.2.3 CCS in the Barents Sea: The Snghvit Project

Snghvit is a gas field located in the south-western corner of the Barents Sea, 150 km off
the Norwegian coast. The recovered gas has a 5-8% CO, content. The CO; is separated
from the hydrocarbon gas at an onshore processing facility and re-injected into a saline
aquifer in the subsurface (Hansen et al., 2013). CO, injection into the Tub3den Formation
was commenced in 2008 with an initial goal to inject a total of 23 Mt CO, during a 30-year
period. In 2011, the bottom-hole pressure approached the cap rock fracture pressure
jeopardizing reservoir contingency. A well intervention was therefore performed and the
injection shifted to the shallower Stg Formation (Hansen et al., 2013). Operations have
since been working without further complications and no surface leakage has been
detected.



2 Theory

To explain the chemical composition of a sediment and its properties with respect to
element mobility, a general understanding of how sediments are produced, transported
and deposited is necessary. The chemical properties of the aquatic phase also play a crucial
role in the distribution of elements. As the sediment grains pass through the water column
and following deposition during early diagenesis variations in pH, redox-conditions and
solution composition might induce changes in element speciation and the solubility of these
species. Finally, a large proportion of the potentially mobile elements are bound to
sediments because of reactions taking place at the solid-solution interface. In the following,
the abovementioned concepts will be introduced in order to facilitate a discussion of
element mobilization from marine sediments upon exposure to increased concentrations
of CO, and how these results may vary with sediment composition.

2.1 Sediment formation, transport and deposition

2.1.1 Sediment classification

According to Nichols (2009), sediments can be categorized as either clastic, chemical or
biogenic based on their origin and composition. Clastic sediments consist of rock fragments
or secondary minerals formed by the weathering of bed rock, while chemical sediments
originate from the either spontaneous or biologically mediated precipitation of solids from
a solution. The formation of biogenic sediments is carried out by living organisms and
includes both calcareous and siliceous shells and tests, and organic matter. What controls
the distribution of these major sediment types is first and foremost the geology and
weathering conditions in the source area, the hydrodynamic sorting during transport and
the physical and chemical characteristics of the depositional environment (Nichols, 2009).

The type of rocks exposed at the surface in an area is determined by its geological history.
For instance, a sandstone dominated bed rock geology will produce a silica or quartz-rich
sediment, while basaltic bed rock is prone to produce a more Fe- and Mg-rich sediment
because of its high content of mafic minerals. Another source of chemical components is
hydrothermal vent systems at oceanic spreading ridges. Hot fluids circulating within the
oceanic crust dissolves chemical components from freshly solidified basaltic rocks and
transport them into the marine environment (Emerson and Hedges, 2008, p. 47-49).

Clastic sediments can be transported by either aeolian, fluvial or glacial processes (Nichols,
2009). During transport, the sediment grains will be subject to hydrodynamic sorting
according to grain size, density and/or shape. Grain size is considered the dominant
parameter in depositional environments with a relatively homogeneous sediment
composition (Allen, 1985, p. 57). The grains will eventually settle along a gradient from a
high energy environment towards a low energy environment when the capacity and/or
competence of the transporting fluid falls below a certain threshold limit (Leeder, 2011).
These concepts can be applied to explain the accumulation of coarse grained clastic
sediments in e.g. river beds and their fine-grained counterparts on the distal part of the
continental shelf.



2.1.2 Weathering

Weathering can be generalized into two types: chemical and physical weathering (Nesbitt
et al., 1996). Even though they describe two separate mechanisms they take place
simultaneously in the process of breaking down rocks. Chemical weathering describes the
chemical breakdown of rocks by hydrolysis, dissolution or redox (reduction and oxidation)
reactions in the presence of a fluid. Hydrolysis is the process by which water reacts with
the ion of a weak acid or base (Krauskopf and Bird, 1995, p. 36). The reaction consumes
either H" or OH -ions and may therefore leave the solution either slightly basic or acidic,
respectively. Hydrolysis is important for the weathering of multiple mineral phases,
including silicate minerals like K-feldspar (Krauskopf and Bird, 1995, p. 338):

2KAlSi;04 + 11H,0 = 20H™ + Al,Si,05(0H), + 4H,Si0,
K-feldspar kaolinite

This reaction is an incongruent reaction, meaning that the mineral is not completely
dissolved. Instead, ions are leached to the solution and a secondary clay mineral is formed
as a residual product of the reaction. Dissolution and precipitation reactions describe
situations where a solid is dissolved or precipitated if the adjacent solution is
undersaturated or supersaturated with respect to that solid. This process is congruent
(complete dissolution of components) and is significant in the weathering of salts. Chemical
weathering by redox reactions describes the process by which one or more electrons are
transferred from one element (the oxidant) to another (the reductant), causing a change
in the oxidation state of both elements. Redox processes are important weathering
pathways for minerals composed of elements with two or more oxidation states and
stability fields within the conditions encountered in the natural environment. An example
of such an element is iron which has two oxidation states, Fe(II) and Fe(III). Fe(II)-
minerals like pyrite (FeS;) breaks down if their central cation, Fe(II), gets oxidized to
Fe(III) e.g. through exposure to oxygen for prolonged periods of time (Krauskopf and Bird,
1995, p. 334). Some general trends can be seen in the efficiency of chemical weathering
and which reactions that become dominant within a geographical area. Among other
things, the efficiency of chemical weathering is enhanced by increased annual rainfall,
annual mean temperature and vegetation density (Sellwood et al., 1993). Physical
weathering describes the physical break down of rocks mediated by plants, frost shattering,
changes in temperature or by exfoliation as a result of an uplift imposed pressure relief
(Nichols, 2009). It follows that physical weathering dominates in primarily cold regions
with large seasonal temperature variations like temperate and artic regions at mid to high
latitudes. The strong dependency of weathering on both local and regional conditions is
reflected in the extent of cation leaching and mineralogy of the sediment that is ultimately
deposited (Nesbitt and Young, 1982; Sellwood et al., 1993).

Chlorite 2:1 (Mg, Al,Fe)s((Al,Si)40410)(0OH)g
Muscovite Not applicable | KAI;(AlSiz010)(OH),

Illite 2:1 Ko.5-0.75A12(Alg.5-7.5513.25-3.5010) (OH)>
Kaolinite 1:1 Al>Si>O05(0H)4

Smectite 2:1 Nap.35(Al1.65Mdp.35)Si4010(0OH), *4H,0

Table 1. Mineral groups. Reproduced from Krauskopf and Bird (1995)



2.1.3 Clay minerals

Clay minerals are a type of phyllosilicates relevant in a geochemical perspective because
of their high specific surface area and chemical reactivity. They consist of interlayered
octahedral aluminol sheets and tetrahedral siloxane sheets (Krauskopf and Bird, 1995, p.
338). Their categorization is based on the pattern of the interlayering, which is also what
determines their physical and geochemical properties (Table 1). Kaolinite is a common
example of a 1:1-type clay which consists of repeating layers of an octahedral and a
tetrahedral sheet. The layers are held together by forming relatively strong hydrogen
bonds. 2:1-type clays, on the other hand, consist of an octahedral sheet sandwiched by
two tetrahedral sheets. Their repeating layers are held together by electrostatic
interactions, the strength of which is governed partly by their surface properties and partly
by the ionic strength of the solution (Hiemenz and Rajagopalan, 1997). 2:1-type clay
minerals acquire a surface charge by isomorphic substitution of AI** and Si** for cations of
lower charge, a phenomenon which is less common for 1:1-type clays. The excess charge
may be balanced by binding cations onto the edges and faces of the particle or in their
interlayering space. Some of these will form strong covalent bonds while others will be
easily exchangeable. Examples of 2:1 type clays are illite and smectite. Illite is
characterized by having K*-ions as its primary interlayering cation and a crystallographic
structure that closely resembles that of muscovite. The layers of minerals within the
smectite group are weakly held together and may accommodate large ions and water in
their interlayer space. This gives the mineral its characteristic swelling property, which may
reduce the permeability of the bulk sediment even at low smectite contents (Krauskopf
and Bird, 1995, p. 342). The variable layer spacing observed between different clay
minerals is what enables their identification by a range of analytical methods including x-
ray diffraction spectroscopy (XRD).

2.2 Ocean chemistry

2.2.1 Acid-base equilibria

An important factor of ocean chemistry is the concept of pH. It is linked to the self-
ionization property of water and defined as the negative logarithm of the hydrogen ion
activity in an aqueous solution (Krauskopf and Bird, 1995, p. 29-30). pH is the master
variable of acid-base equilibria. In the Lewis definition, these are equilibrium reactions that
involve exchange of electron pairs between weak acids and bases (Emerson and Hedges,
2008, p. 103). A generic example is the equilibrium between an acid (HA) and its conjugate
base (A"):

HA = Ht + A~

Thermodynamics predict that the ratio of the products to the reactants will always be the
same for a given set of temperature and pressure conditions. The numeric value of this
constant is also known as the equilibrium constant, K:

[H*] + [A7]

K= "Taa

pK is defined as minus the logarithm of the K and corresponds to the pH at which the
concentration of the acid and the conjugate base is equal. Below pK the acid dominates
and above the base is dominant. A unique solution for this simple acid-base equilibrium
can be found if two additional mass balance equations are defined. If the total
concentration of A is known, Aror = [HA] + [A] can be used alongside a charge balance



equation, [H*] = [A]. In solutions of high electrolyte concentrations like seawater, K
deviates from its value in dilute solutions because of the non-ideal behavior of solutes
(Stumm and Morgan, 1996, p. 101). The dissolved ions interfere with each other and cause
a change in their chemical reactivity. To account for this deviation, the ion concentration
must be corrected by a scaling factor called the activity coefficient. This varies for different
ions but depends primarily on the ionic strength of the solution and the charge of the ion.
When these factors are accounted for in the calculation of K, it is called the apparent
equilibrium constant (K’).

2.2.2 The carbonate system

The governing set of acid-base pairs controlling pH in the marine environment are those
of the carbonate system. When natural waters are in contact with the atmosphere there
exists an equilibrium between the inorganic carbon species. The involved species are
gaseous and dissolved CO,, H,CO5, HCO5 and COs%. CO, is ubiquitous in natural waters
due to its production during degradation of organic matter and gas exchange with the
atmosphere. Dissolution of atmospheric CO, occurs according to Henry’s law, which states
that at constant temperature the solubility of a gas in a solution is proportional to the
partial pressure of the gas in contact with the solution (Stumm and Morgan, 1996, p. 212):

C0,(g) = CO,(aq)

The constant of proportionality that determines the distribution between the gaseous and
aqueous species is called Henry’s constant. The dissolved CO, can then react with water to
form carbonic acid, H,COs:

C0,(aq) + H,0 = H,CO4

The equilibrium constant of the above reaction is 2.5%107 at standard state (25°C, 1 bar),
which means that the majority is present as €0,(aq). The relative concentration of the two
species is difficult to determine analytically, which is why it is common to report the sum
of their concentrations instead, denoted as H,CO5":

H,CO03;" = C0,(aq) + H,CO;
H,CO3 is a weak acid which forms bicarbonate (HCO3") when it deprotonates:
H,CO3" = HY + HCO5~
Which again can deprotonate and form carbonate, CO5>":
HCO;~ = H* + C0;,*

Two additional parameters are commonly used to describe the carbonate system: total
alkalinity (TA) and total dissolved inorganic carbon (DIC). TA is a charge balance equation
that provides a measure for the excess of bases over acids in a solution (Stumm and
Morgan, 1996). It is sometimes described as the acid neutralization capacity of an aqueous
solution. DIC is the sum of the concentration of the dissolved inorganic carbon species.
The speciation of the carbon species is governed by the pH as demonstrated by the Bjerrum
diagram (Fig. 2). It shows that close to 98% of the DICis present as HCO5™ at the average
pH of the oceans (pH = 8.2), while at neutral pH, about 20% is present as H,CO5".
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Fig. 2. Bjerrum diagram. DIC = 10nM. The diagram shows how the
concentration of the different inorganic carbon species vary as a
function of pH.

When an aqueous solution is in contact with sediments, it establishes an equilibrium with
the solid phase. This is encountered in all natural waters and is critical to consider in the
study of pore-waters. The salt of the dissolved CO, species can form when COs% reacts
with a divalent metal cation (M?*) to form MCOs5 of which CaCOs is the most important
example in ocean geochemistry. Its two most common mineral polymorphs are aragonite
and calcite. The solubility of either calcite or aragonite can be described by the following
equilibrium reaction (Emerson and Hedges, 2008, p. 420):

CaCO; 2 Cat + €03

The pK’ of this reaction is:

!

_ (Ca*)(c05)

Cacoy  ~ C@(cos™)

The last simplification follows from the convention that solids have unit activity. Here, pK’
is also known as the apparent solubility product of CaCO; (K’sp). The ratio of the activities
of the two components in the solution to K's, is defined as the saturation index, Q:

_ (€a?)(€05™)

Q G
K

sp

From a thermodynamic viewpoint, if Q > 1, the solution is said to be supersaturated with
respect to the solid phase and precipitation will occur. If Q < 1, the solution is said to be
undersaturated and leads to dissolution of the solid. If Q = 1, the solid and the solution is
said to be at equilibrium. K’sp is pressure and therefore depth dependent. In the ocean, it
attains twice the numerical value at four kilometers depth compared to at the surface
(Emerson and Hedges, 2008, p. 421). In combination with a lower pH in the deep ocean
due to oxidation of organic matter, this explains the low preservation potential of CaCOs in
deep ocean sediments. The numerical value of K’s, for aragonite is slightly higher than that
of calcite, meaning that it is more susceptible to dissolution (Mucci, 1983).



2.3 Metal speciation and solid-solution reactions

2.3.1 Metal speciation in aqueous solutions

The importance of speciation in aqueous solutions cannot be underestimated as it
determines the solubility, reactivity, bioavailability and toxicity of many key elements in
the oceans. Metal ions do not exist as “free” ions in aqueous solutions but balance their
charge by coordinating water molecules or forming metal complexes with inorganic or
organic entities of opposite charge also known as ligands (Stumm and Morgan, 1996, p.
253). The number of coordinated water molecules or the type of complex depends on the
electron configuration, size and charge of the metal ion and the pH of the solution. Metal
ions with coordinated water molecules are Lewis acids and may therefore protolyze (expel
protons) to form hydroxo- or oxo-complexes with OH™ or O as the ligand, respectively. As
a general trend, the tendency of the central metal ion to deprotonate coordinated water
molecules increases with pH and oxidation state of the central metal ion (Fig. 3). Stumm
and Morgan (1996, p. 668), free metal-ion species are more bioavailable than hydroxo-
and oxo-complexes. A decrease in pH (e.g. as a result of CO2 leakage) may therefore
increase the concentration of the free metal-ion species and hence bioavailability and
toxicity of the metal.
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Fig. 3. Metal complexation and hydrolysis. The diagram
shows a generalized scheme for the predominant pH-
range for aquo metal ions, hydroxo complexes and oxo
complexes. Reproduced from Stumm and Morgan
(1996).

Complexes can be categorized as either inner-sphere complexes, where the ions interact
directly and forms ionic or covalent bonds, or outer-sphere complexes, where the central
ions are separated by one or more water molecules and bind primarily through electrostatic
interactions (Stumm and Morgan, 1996, p. 541).
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2.3.2 Adsorption

The formation of inner-sphere and outer-sphere complexes on solid surfaces is also known
as adsorption. The large surface area to volume ratio of fine-grained particles like clay
minerals, organic matter, metal carbonates and metal-(hydr)oxides settling through the
water column provide an ample number of sites for adsorption reactions to occur. This
makes adsorption a primary sink for trace metals in the oceans. The general model for
metal complexation in aqueous solutions can also be applied to describe metal
complexation on solid surfaces (Dzombak and Morel, 1990). Metal ions situated at the
surfaces of solids have a reduced coordination number, i.e. their charge is incompletely
balanced by the adjacent atoms in the crystal lattice. In the presence of water, this leads
to the formation of surface functional groups, hydroxyls being the most common in the
case of metal oxide and hydroxide particles at marine conditions (Stumm and Morgan,
1996, p. 533). Dissolved metal species can form inner-sphere complexes through metal
binding, ligand exchange (if the metal is present in the solution as an anionic species) or
ternary surface complex formation (Fig. 4). Complexation is competitive, which means that
ligand or metal exchange will occur if it is thermodynamically favorable. An important
consequence of this is that at low pH, H*-ions compete effectively with metals for the
ligands, while at high pH, OH -ions compete effectively with ligands for the metals (Stumm
and Morgan, 1996, p. 277). Good estimates of the concentration of complex species in
natural waters are difficult to obtain because of competitive complexation and the rapid
exchange of ligands between solution and complex (Manahan, 2017).

Acid-Base Equilibria

S—OH + H' = S—OH;

S—OH (+ OH") = $S—-0" + (H0)

Metal Binding

S—OH + M** = S—-OM“ """ + H*
2S—OH + M*' = (S—0),M“~ 2" + 2 H*
S—OH + M*' + H,0 = S—OMOH“ ?* + 2 H'
Ligand Exchange (L™ = ligand)

S—OH + L - S—L + OH

2S—OH + L s S,—L' + 20H

Temary Surface Complex Formation

S—OH + L~ + M S—L—-M*" + OH
S—OH + L~ + M*’ $—OM—L% ?* + H'

[ 11

Fig. 4. Inner-sphere complexation models.
Different potential surface complexation
equilibria between a hydroxylated surface
functional group (S-OH) and ions in the solution.
Both monodentate (involving one surface site) or
bidentate (involving two surface sites) ligands are
considered. Reproduced from Stumm and Morgan
(1996) who adapted it from Schindler and Stumm
(1987).

2.3.3 Surface charge distribution

Due to the involvement of OH™ and H*, surface complexation reactions are pH dependent
and may result in the development of surface charge. The total net charge of a solid (o,014)
is the sum of the permanent structural charge acquired by isomorphic substitution (o)
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and the charge that results from surface reactions (o, (), €.9. inner-sphere and outer-
sphere complexation (Krauskopf and Bird, 1995):

Osolid = Opsc T Osurf

opsc 1S typically small relative to oy, for Fe-(hydr)oxides, while o,,, makes a bigger
contribution to o,,,4 in the case of clay minerals like smectite (Krauskopf and Bird, 1995).
The pH at which o,,;4 = 0 is called the point of zero charge (pHp.). This has important
consequences for the adsorption of ions onto solid surfaces and varies between minerals
(Fig. 5). Below pH,,., the surface will have a net positive charge and therefore a higher
affinity to bind anions, while above pH,,. the surface will have a net negative charge and
preferably bind cations. The net surface charge is compensated by an increased
concentration of counter-ions (ions with opposite charge of the surface) in the vicinity of
the surface. This can be described as the diffuse layer (oyfruse) and fulfills the condition
that:

Osotiat Odiffuse = 0

The arrangement of ions at the surface that cause the development of oy, and ogifyse IS
known as the electrical double-layer. The two layers can be thought of as an inner-layer
where the ions are bound to the surface, while the ions responsible for oyirrse Move
“freely” in the solution. The distribution of charge in the diffuse layer with respect to
distance from the surface is described in the Gouy-Chapman theory. It states that the
charge decay rate is proportional to the square rote of the ionic strength of the solution.
The suppression of the diffuse layer that results from an increase in ionic strength is what
causes flocculation of colloidal particles to occur at the interface between fresh river-water
and saline seawater in estuaries (Leeder, 2011).
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Fig. 5. The effect of pH on surface charge of a selection of solid
phases. Reproduced from Stumm and Morgan (1996)

2.4 Ion exchange capacity

Stumm and Morgan (1996) describe ion exchange reactions as the exchange of one
adsorbed, readily exchangeable ion for another. The process plays a significant role in the
distribution of metals in natural waters. When more than one type of ion is present in a
solution in contact with the surface they will be competing for the available surface sites.
The ion exchange capacity of solid materials is operationally defined as the amount of ions
that can desorbed from the surface per gram of solid (Stumm and Morgan, 1996, p. 586).
The anion exchange capacity of a surface increase with decreasing pH, while the opposite
is true for cation exchange. A general rule of thumb is that at constant temperature,
pressure, pH and ionic strength, ions with higher valence and smaller hydrated radius will
preferentially replace those with lower valence and larger hydrated radius on solid surfaces
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(Krauskopf and Bird, 1995, p. 152). Selectivity sequences are commonly used to describe
the relative affinity of different ions for a given surface.

2.5 Oxidation and reduction

Oxidation and reduction reactions, also known as redox-reactions, involve the transfer of
one or more electrons from one element (the oxidant) to another (the reductant). Redox-
reactions can be described as two half-reactions (a reduction and an oxidation reaction)
that occur simultaneously. An example is the oxidation half-reaction of Fe?*:

4Fe?t + 4e~ = 4Fe3*
and the reduction half-reaction of O,:
0, +4H* = 2H,0 + 4e”

When the two half-reactions are combined, the hypothetically “free” electrons cancel out.
The full redox-reaction can then be noted as:

0, + 4Fe?t + 4H* = 4Fe3t + 2H,0

The loss or gain of an electron affects the oxidation state of the element, which again
changes its chemical reactivity and speciation (Calvert and Pedersen, 1993). Using the
same example as before, Fe?* will form iron-sulfides in the presence of dissolved HS", but
is soluble in the absence of sulfide. On the contrary, Fe3* readily reacts with water to form
insoluble Fe-hydroxides under oxic conditions (Canfield et al., 1993). It is relevant to point
out that the kinetics of redox-reactions are slow and thermodynamic equilibrium is seldom
reached (Stumm and Morgan, 1996, p. 425). Microbiota take advantage of these slow
kinetics and harvest energy for their metabolic needs by using redox-reaction to catalyze
oxidation of organic matter. This is a primary component in the concept of diagenesis.

2.6 Diagenesis

The physical and chemical processes that take place within sediment post-deposition can
collectively be described by the term diagenesis. It encompasses sediment compaction,
bioturbation, oxidation of organic matter and the dissolution and precipitation of solid
phases.

Primary production of organic matter takes place in surface waters and is mediated by
phytoplankton. As organic matter settles through the water column about 90% gets
oxidized before it reaches the basin floor and is able to get incorporated into the sediment
(Hensen et al., 2006). The oxidation of organic matter within marine sediments is one of
the main drivers of early diagenesis and can take place either purely chemically or
catalyzed by microorganisms (Rullkétter, 2006). The process consumes oxidants in an
ordered sequence where the oxidant which result in the highest Gibbs free energy yield is
preferentially used. The first conceptual model for degradation of organic matter of Redfield
ratio composition was proposed by Froelich et al. (1979). They suggested that the
sequence of oxidants is oxygen (0O,), Mn(IV), nitrate (NO3), Fe(III), sulfate (SO4*) and
ultimately CO,. The chemical reactions and their corresponding Gibb’s free energy yield
are shown in Fig. 6.

The permeability of fine-grained sediments is generally low, which restricts pore-water
circulation and causes pronounced chemical gradients and microenvironments to develop.
The influx of new oxidants is therefore limited and results in a depth zonation of the
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dominant redox-reaction taking place in surface sediments (Canfield et al., 1993). The
zonation may be disrupted by sediment-burrowing animals through bioturbation and
bioirrigation. It is important to note that redox-reactions may induce profound changes in
pore-water composition. An example is the reduction of Mn(IV)- and Fe(III)-(hydr)oxides
which dissolve upon reduction and simultaneously release the chemical species adsorbed
to their mineral surfaces (Tribovillard et al., 2006). Similarly, diagenesis generally
increases the pore-water concentration of dissolved CO, and lowers pH, not unlike the
experimental conditions tested in this current study. From a quantitative perspective,
Mn(IV)- and Fe(III)-reduction play only minor roles in organic matter oxidation (Jgrgensen,
2006), but might be the main anaerobic pathways for the oxidation of organic matter in
areas where their solid species are abundant in the sediments (Canfield et al., 1993). In
the modern marine environment, concentrations of oxygen and sulfate is generally high
why these two oxidants are responsible for the vast majority of oxidation of organic matter
on a global scale (Jgrgensen, 2006).

Oxidation by dissolved Oxygen

(CH,0),06(NH;)(5(H,PO,) + 138 O, —> =-3190 kJ/mol
106 CO, + 16 HNO, + 122 H,0 + H,PO,

Oxidation by Manganese-Oxides

(CH,0)y0e(NH,)o (H,PO,) + 236 MnO, + 472 H* —>

236 Mn?* + 106 CO, + 8 N, + 366 H,0 + H,PO, -3090 kJ/mol
Oxidation by Nitrate
(CH,0),s(NH,),(H,PO,) + 84.8 HNO, —> P —

106 CO, + 42.4 N, + 16 NH, + 148.4 H,0 + H,PO,

Oxidation by Iron-Oxides

(CH,0),06(NH;),,(H,PO,) + 212 Fe,O, + 848 H* —>
424 Fe> + 106 CO, + 16 NH, + 530 H,0 + H,PO,

-1410 kJ/mol

Oxidation by Sulfate

(CH,0),46(NH;),(H,PO,) + 53 SO —> -380 kJ/mol
106 CO, + 16 NH, + 53 S* + 106 H,0 + H,PO,

Methane Fermentation

(CH,0),46(NH,),4(H,PO,) —> 53 CO, + 53 CH4 + 16 NH, + H,PO, -350 kJ/mol

Fig. 6. Oxidation reactions of organic matter in marine sediments. Sequence proposed
based on the magnitude of the Gibbs free energy yield of the reactions by Froelich et al.
(1979). Reproduced from Schulz (2006b).
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3 Materials and Methods
3.1 Sediment collection and preparation

3.1.1 The Trondheimsfjord

The Trondheimsfjord sediment was collected in August, 2017 at sampling station Trdfj-1
(Fig. 1). The GPS coordinates of the sampling site are: 63°27'31"N and 10°39'11"E. A box
corer mounted onboard the research vessel Harry Bothern was used to retrieve the
sediment from a depth of 160-180 meters below sea level (mbsl). Sediment which had
been in direct contact with the box corer was separated and discarded using a square
plastic tube. The remaining uncontaminated sediment was subdivided into two fractions:
a surface (top 2 cm) and a subsurface fraction. The two fractions were homogenized
separately and stored in closely lid plastic containers immediately after retrieval. Bivalve
specimens for the Trondheimsfjord experiment was collected from the same area at similar
depths by trawling a transect of the seafloor.

Upon return to Trondheim, the sediment was distributed into 41 plastic trays, surface
sediment on top of subsurface sediment. The trays were then placed in plastic boxes and
Four specimens of Astarte sp. (bivalves) placed in 15 preselected trays. The trays were
then submerged in seawater and left to acclimatize for ten days at 6-8°C. On the first day
of both experiments, the sediment trays were loaded into a titanium tank (TiTank), after
which the TiTank was filled with water and the pressure increased to 30 bar using an
external pump.

3.1.2 The South-Western Barents Sea

Sediment from the Barents Sea was collected in June, 2016 by DNV GL at sampling station
R9-2 located approximately 40 kilometers north-east of the Snghvit project (Fig. 1). A
modified Van Veen grab was used to retrieve the sediment from 358 mbsl. Surface and
subsurface sediment was separated, homogenized and stored in rilsan bags at -18°C until
the experiment was commenced.

3.2 Experimental setup

The results presented in this thesis were obtained from two experiments conducted using
the Karl Erik TiTank located at the SINTEF SEALAB, Trondheim. The TiTank is a 1.4 m?
titanium-oxide pressure tank that has been custom built by SINTEF in collaboration with
Equinor and NTNU for environmental research related to CO, storage (Fig. 7). The use of
titanium oxide as the bulk material for the tank inhibits corrosion by seawater and CO,,
and reduces the risk of trace metal contamination. The TiTank is equipped with a
decompression chamber, a fixed video camera, a tray carousel and a robotic arm which is
used in the process of retrieving sediment samples while the experiment is ongoing (Fig.
7).
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Fig. 7. The Karl Erik TiTank. A. Main chamber in the
foreground, decompression chamber in the background. B.
Main chamber of the TiTank showing the tray carousel. C.
sketch of the TiTank interior including the water inlet at the
top (Photos by Ida B. Overjordet).

3.2.1 Trondheimsfjord water inlet

The water used in the experiments was pumped from the Trondheim Bay at a depth of 75
meters. An external pump is used to regulate the inflow of sea-water and attain the desired
pressure inside the TiTank, while a water outlet is positioned at the opposite end. During
the CO, exposure period, the seawater is mixed with gaseous CO, before it enters the main
chamber of the TiTank.

3.2.2 Sediment sampling and measurement of solution master variables
The first experiment used the Trondheimsfjord sediment, collected at sampling station
trdfj-1 (Fig. 1). The experiment commenced the 11" of September 2017 and consisted of
a l4-day control phase, a 50-day CO, exposure phase and a 14-day recovery phase
(Appendix 1). The second experiment used the Barents Sea sediment, collected at
sampling station R9-2 (Fig. 1). It was commenced the 26" of February 2018 and consisted
of a 21-day control phase, a 50-day CO, exposure phase and a 14-day recovery phase
(Appendix 2).
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Sediment sampling took place on predetermined dates selected in order to attain the
desired data resolution. To retrieve a sample, the externally operated robotic arm was used
to push the selected tray into the decompression chamber. Pressure-communication
between the two chambers was then halted and decompression initiated by draining the
water from inside the decompression chamber. The decompression process lasted 30
minutes equivalent to a pressure decrease of 1 bar per minute.

Immediately upon opening the decompression chamber, the tray was transferred to a
shielded, metal-free environment to avoid contamination by airborne particles. Triplicates
of surface and subsurface sediment were then sampled from each tray and transferred to
15 mL metal-free vials using a plastic spatula. The vials were stored in a freezer at -18°C.

Temperature, salinity, pH, redox potential and oxygen saturation were measured at 1.5
hour intervals during the experiments. For the inlet water, a Thermo Scientific Orion 5 Star
pH, Cond, and DO meter with an Orion 013025MD Conductivity Cell and a Mettler Toledo
HA405-DXK-S8/120 combination pH probe was used for measuring temperature, pH, and
salinity. A Thermo Scientific Orion 3 Star pH meter with a Mettler Toledo Pt4805-DXK-
S8/120 combination redox probe was used for measuring the redox potential. For the outlet
water, a Thermo Scientific Orion Star A211 pH Meter with a Mettler Toledo HA405-DXK-
S8/120 combination pH probe and an Orion 927005MD Epoxy ATC Probe was used for
measuring temperature and pH. A Thermo Electron Corp. Orion 4 Star pH and Conductivity
meter with a Mettler Toledo Pt4805-DXK-S8/120 combination redox probe was used for
measuring the redox potential. Additionally, a Hach HQ20 O2 pH meter with a Hach LDO
probe was used for measuring dissolved oxygen, temperature, and ambient barometric
pressure.

Total alkalinity (TA) was determined by titration of water samples with HCI until an abrupt
change in pH indicates that the buffer capacity of the solution had been surpassed. Sample
triplets from both input and output water were collected twice during the control phase,
eight times during the exposure phase and three times during the recovery phase. TAis
reported in meq/L.

Bivalves were sampled on the same days as the sediment, while outlet water samples were
collected on separate days during the experiments. The results from the bivalve study and
the outlet water analysis are currently being analyzed but are not the subject of this thesis.

3.3 X-Ray powder diffraction (XRD)

X-ray powder diffraction (XRD) is a powerful tool for mineral identification and
quantification. The method exploits that all minerals have a unique atomic spacing within
their crystal lattice. When an incipient x-ray hits a crystalline surface at an angle, it gets
diffracted and creates an interference pattern which can be measured by a detector.
Constructive interference occurs when Bragg’s Law (nd = 2dsing) is satisfied. By knowing
the wavelength of the x-ray (1) and the integer (n), the atomic spacing (d) can be related
to the incipient angle (9). It is then possible to deduce the atomic spacing in the minerals
present within a sample by systematically changing the incipient angle in small increments
and recording the diffraction signal.

The raw data from an XRD analysis is a diffractogram (intensity vs. 26), from which
mineralogical information can be extracted. Minerals are identified by comparing the
measured peak positions with a database of known mineral phases. Mineral quantification
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is done by fitting a modeled phase distribution to the observed spectrum solving a least
square problem using the Rietveld-method (Young, 1993).

The most common issues recognized for XRD analyses emerge from the sample
preparation process. The method assumes that the powder is homogeneous and that all
mineral grains are randomly oriented. The first condition can be compromised if the powder
is not homogenized after the milling and drying process. The second condition is
particularly important to consider when non-spherical grains, e.g. mica, are expected to
be present in the sample. If pressure is applied during the preparation, the mica grains will
align perpendicular to the pressure and inhibit the x-rays from hitting the grains from all
directions with equal frequency and thereby produce a false distribution. Furthermore,
insufficient milling can result in a poor fit between the observed and modeled data, while
excessive milling may destroy the crystal structure of weak minerals and compromise their
identification.

The XRD method has some important key limitations. First off, with a detection limit close
to 1 Wt%, only the major mineral phases can be identified. In the perspective of this study,
geochemically important phases might pass by undetected because of their low volumetric
contribution. Secondly, the output does not provide a unique solution but depends on the
chosen input parameters and the quality of the database.

Two fractions were analyzed by XRD: a bulk and a fine fraction. The fine fraction (defined
as grains smaller than 6um) was separated by suspending a few grams of the sediment in
a graduated cylinder and allowing the sediment resettle. The time required for all grains
larger than 6um to have settled was calculated to be 1 hour and 46 minutes using Stoke’s
law (Allen, 1985). When the time had passes, the fine fraction was vacuum-filtered from
the suspension and transferred to a glass plate. Duplicate samples of both the
Trondheimsfjord and the Barents Sea sediment were obtained. One from each sediment
type was placed in an airtight container containing glycol and placed in an oven overnight
at 60°C. Glycol enters between the layers of expanding clay minerals and makes them
swell. The effect on the diffractogram retrieved by the XRD analysis is a shift of the
mineral’s primary peak. The following day, both the glycol treated and the untreated
duplicate were analyzed by XRD. An identification of the expanding clay minerals can be
made by comparing the diffractogram of the treated and untreated sample.

For the bulk analysis, sample powders were prepared by wet milling approximately one
gram of each sediment sample with 10mL of ethanol for 180 seconds using a McCrone
micronizing mill. The powders were then oven-dried at 110°C for 2 hours, homogenized
and subsequently transferred to specimen holders where the surfaces were smoothed using
a glass plate.

The sample preparation and XRD analysis was done at the chemical/mineralogical
laboratory at the department of Geoscience and Petroleum, NTNU. The XRD analysis was
carried out by Laurentius Tijhuis, NTNU, using a Bruker D8 ADVANCE X-ray Powder
Diffractometer. Mineral identification was done in DIFFRAC.EVA using the PDF-4+ database
and quantification in TOPAS.

3.4 Sequential extraction procedure

The total concentration of an element provides limited information about how the element
is bound to the sediment and the likelihood of it being mobilized to the water column.
Kersten (2002) argue that the reason for this is that a majority may be situated within
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detrital mineral grains where it is inaccessible under the conditions encountered in the
natural environmental. To obtain a better understanding of how various elements are
bound to the sediments and their potential mobility, a four step sequential extraction was
conducted in this study.

A sequential extraction is an analytical procedure which enables the determination of
element concentrations in a sample based on their partitioning into a set of operationally
defined species. Several protocols for the sequential extraction of sediments have been
proposed (Tessier et al., 1979; Kersten and Forstner, 1986; Ure et al., 1993). However,
many of these protocols have received criticism due to poor methods comparability and
unsatisfactory interlaboratory reproducibility (Usero et al., 1998). The Standards, Methods
and Testing Program of the European Commission undertook the task of resolving these
issues and their work led to the development of the harmonized and improved BCR
sequential extraction procedure (Rauret et al., 1999). The same study led to the
certification of a reference material (BCR-701) in which the determination of Cd, Cr, Cu,
Ni, Pb and Zn could be proven to have good interlaboratory reproducibility (Pueyo et al.,
2001). The BCR sequential extraction procedure provides four operationally defined
element fractions: an acid soluble (easily exchangeable), an easily reducible, an oxidizable
and a residual fraction. It has been applied successfully to sediments from a large range
of settings including marine deposits (Morillo et al., 2004; Cuong and Obbard, 2006;
Sutherland, 2010). The BCR sequential extraction procedure was therefore chosen for this
study.

Three subsamples from eleven sampling days were selected from each of the two
experiments. The samples were split into three batches consisting of 22 samples and six
blanks. The extraction was carried out at the Department of Chemistry, NTNU, during the
fall of 2018. In February 2019, the sequential extraction was carried out on five replicas of
the certified reference material BCR-701. Ideally, this should have been carried out
alongside the sample extractions, but was not possible due to logistics.

3.4.1 Apparatus

Polypropylene or Teflon containers were used for handling samples and solutions. All
materials were cleaned prior to the extraction by submerging them in 1M ultrapure nitric
acid for a minimum of 24 hours and subsequently rinsing them with Milli-Q water a
minimum of three times. An IEC Centra GP8 centrifuge and a GRANT OSL Aqua Pro water
bath was used. A Kika LABORTECHNIK KS501 orbital shaker was used in this study instead
of an end-over-end shaker as suggested in the protocol (Rauret et al., 1999). The shaker
speed was adjusted such that the sediment remained in suspension throughout the shaking
period as specified to account for this discrepancy.

3.4.2 Reagents

Four solutions are necessary to perform the sequential extraction procedure (Table 2). The
hydrogen peroxide solution (solution B) was ready to use from the distributor, while the
glacial acetic acid (solution A), the hydroxylamine hydrochloride (solution B) and the
ammonium acetate solutions (solution D) were prepared in the clean lab of the Department
of Chemistry at NTNU. Trace select or ultratrace select glacial acetic acid, hydroxylamine
hydrochloride and hydrogen peroxide were used alongside analytical grade ammonium
acetate. To eliminate the risk of trace metal contamination from the ammonium acetate
solution, a Chelex-100 slurry was used to clean it as part of the solution preparation.

19



Solution | Primary reagent Chemical formula | Concentration [M] | Used in
A Acetic acid CH3COOH 0.5 Step 1
B Hydroxylamine hydrochloride HONH,-HCI 0.5 Step 2
C Hydrogen peroxide H,0, 8.8 Step 3
D Ammonium acetate C,H;NO, 1 Step 4

Table 2. Reagents. Overview of the composition and final concentration of the four
solutions used in the sequential extraction procedure.

3.4.2.1 Water
Filtered and doubly deionized i.e. Milli-Q water was used in all steps of the sequential
extraction procedure.

3.4.2.2 0.5M Acetic Acid (Solution A)
To prepare solution A, 500mL of Milli-Q water was added to a 1000mL graduated cylinder
followed by 29.06 + 0.2mL glacial acetic acid (Fluka TraceSelect Ultra, > 99.0%). The
graduated cylinder was then filled to 1000mL with Milli-Q water, after which the solution
was transferred to a polypropylene flask.

3.4.2.3 0.5M Hydroxylamine Hydrochloride (Solution B)

A fresh batch of solution B was prepared on the day of the extraction by adding 540mL
Milli-Q water to a 1000mL graduated cylinder and dissolving 20.85g of hydroxylamine
hydrochloride (Sigma-Aldrich trace metal basis) in it. 3.45mL ultrapure nitric acid was then
added to acidify the solution. Milli-Q water was subsequently poured into the graduated
cylinder until the solution volume was 600mL. Thereafter, the solution was transferred to
a polypropylene flask.

3.4.2.4 8.8M Hydrogen Peroxide (Solution C)
Fluka TraceSelect hydrogen peroxide 300mg/g was used. The solution is stabilized at pH
= 2 by the manufacturer.

3.4.2.5 1M Ammonium Acetate (Solution D)

Solution D was prepared by adding 800mL Milli-Q water to a 1000mL graduated cylinder
and dissolving 77.08g ammonium acetate in it. The pH of the solution was then adjusted
to 5.9 using ultrapure nitric acid. 2-3 mL of Chelex-100 slurry was added to the solution,
which was then transferred to a polypropylene flask and placed on a shaker. After two
days, the solution could be filtered through a chromatographic column into a polypropylene
flask. Finally, the solution was acidified to pH = 2.0 + 0.1 using ultrapure nitric acid and
made up to 1000mL with Milli-Q water.

3.4.3 Sequential Extraction Procedure

3.4.3.1 Sample preparation

The dry mass content was determined by drying approximately one gram of sample at
70°C to a constant weight. The sample mass before and after drying was used to calculate
the solid mass content in the wet sample. Based on the above calculations, the
approximate mass equivalent to 0.5 grams of dry material was transferred from each
sample to a 50 mL centrifuge vial using a plastic spatula and the weight recorded.
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3.4.3.2 Extraction step 1

The first step extracts the acid soluble fraction, sometimes also referred to as the easily
exchangeable fraction. First, 15.6 mL of Milli-Q water was added to each sample followed
by 4.4 mL of solution A to attain a 0.11 M concentration of acetic acid in the solution.
Shortly after, the samples were placed on a shaker and shaken for 16 hours at 250 rpm.
After turning off the shaker, the sediment was left to settle for 10-15 min and then
centrifuged at 3000g for 20 minutes. The following procedure was used to collect the
supernatant succeeding the first three extraction steps. 14-15 mL of supernatant was
transferred to a 15 mL trace metal free vial and preserved by adding 5 drops of ultrapure
nitric acid. The excess supernatant was discarded. To rinse the residue, 10 mL of Milli-Q
water was added after which the samples were shaken at 250 rpm for 15 minutes and then
centrifuged at 3000g for 20 minutes, as before. A minimum volume of water is used to
rinse the sample to minimize solubilizing the solid fraction (Tessier et al., 1979). The liquid
residue was then carefully decanted and discarded.

3.4.3.3 Extraction step 2

In the second step, the residue from step 1 was treated to extract the easily reducible
fraction. First, 20mL of solution B was added to the vials, which were afterwards shaken
for 16 hours at 250 rpm. Thereafter, the vials were centrifuged and the supernatant
collected. This was done following the same procedure as described for extraction step 1.

3.4.3.4 Extraction step 3

In the third step, the residue from step 2 was treated to extract the oxidizable fraction.
Firstly, 5mL of solution C was added to each vial and the lids loosely placed on top to allow
the produced gas phase to escape. Secondly, the solution was left to react with the
sediment for one hour, with occasional shaking during the first half hour. When the hour
had passed, the vials were transferred to a water bath heated to 70°C. The temperature
was then gradually increased to 85°C and the content of the vials was left to react for
another hour. Afterwards, the lids were removed and the temperature increased again,
this time to 90°C. When the volume had been reduced to 1-2mL, another 5mL of solution
C was added and the lids loosely placed on top of the vials. After an additional hour in the
water bath at 85°C, the lids were removed and the temperature increased to 90°C. When
the liquid volume had been reduced to approximately 1mL, the vials were removed from
the water bath and left to cool to room temperature with the lids on. 25mL of solution D
was then added to the vials, which were subsequently shaken for 16 hours as during the
previous steps. The ammonium acetate is added to avoid adsorption of extracted elements
onto the particulate surfaces (Tessier et al., 1979). Finally, the supernatant was collected
using the procedure described for step 1.

3.4.3.5 Extraction step 4

The final step extracts the residual fraction. The rinsed residue from step 3 was stored at
-20°C until step 1-3 had been carried out for all three batches in order to allow step 4 to
be carried out for all samples simultaneously. An UltraClave was used to extract the
residual fraction instead of agua regia (which is recommended in the standard protocol)
for HSE reasons (Rauret et al., 1999). The first step in the UltraClave digestion process
was to quantitatively transfer the samples from the centrifuge vials to acid-washed Teflon
tubes. This was done by adding a total of 10mL 50% ultrapure nitric acid in three split
doses, shaking the container to suspend the sediment and pouring the suspension into the
Teflon tubes. The samples were digested in an UltraClave for two hours at a temperature
and pressure of up to 240°C and 120 bar, respectively. The exact temperature and
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pressure profile can be seen in Appendix 3. Thereafter, each of the extracts were diluted
by the addition of 110mL of Milli-Q water. 14-15mL of the diluted extracts were collected
in 15mL trace metal free vials.

3.5 High Resolution Inductive Coupled Plasma Mass
Spectrometry (HR-ICP-MS)

ICP-MS is a preferred choice for element analysis because of its reliability, low
quantification limits and ability to measure the targeted elements time-efficiently (Skoog
et al., 2013). In an ICP-MS analysis, a plasma ion source produces a high-temperature
argon plasma capable of ionizing the elements of the sample. The ionized elements are
then transferred to the mass spectrometer where they are separated based on their mass-
to-charge ratio (m/z). The concentrations are determined from the strength of the specific
m/z signal. Argon is chosen because of its high ionization potential which enables it to
ionize all elements of the periodic table except He, F and Ne.

An issue related to the use of ICP-MS for element analysis is the interference between ions
of similar mass from either the sample matrix or the plasma. This affect the determination
of certain important elements including As, Cr, Fe and Ca. The issue can be solved for the
first three elements (but not Ca) by increasing the resolving power to distinguish the signal
peaks. A consequence of doing so is reduced sensitivity, which may complicate the
quantification, but only if the analyte concentration is low. No issues of this type were
identified during the sample analysis.

Element concentrations were determined by Syverin Lierhagen at the Department of
Chemistry at NTNU, using a Thermo Finnigan Element 2 High-Resolution Inductive Coupled
Plasma Mass Spectrometer (HR-ICP-MS). Three repeated measurements were completed
for each element of each extract. The reported analytical results correspond to the mean
of these three measurements, together with two times the analytical standard deviation.

3.6 Data analysis

3.6.1 Preprocessing

ICP-MS results were first subtracted the average blank value and then back-calculated
from ug/L to solid sample (ug/g or parts per million - ppm) using the dry mass of each
sample and the volume of supernatant retrieved from each extraction step.

3.6.2 Method detection limit

The method detection limit (MDL) for ICP-MS is here defined as the lowest concentration
that can be determined above the level of a blank sample with a 99% probability.
Practically, the MDL is found by comparing the instrument detection limit (IDL) with the
blank detection limit (BDL) and setting the highest as the MDL. The BDL is defined as 3.3
times the standard deviation of the mean of the blank samples. The IDL provided by the
instrument manufacturer represents the IDL that can be attained under ideal conditions
with a clean instrument. This is commonly not representative for routine analyses. A
laboratory-specific IDL was therefore used in this study. The laboratory-specific IDL was
defined as the concentration above which the relative standard deviation of repeated
measurements was less than 25%. This value was subsequently corrected for matrix
effects. Elements with more than half of the samples below the MDL was excluded from
further analysis.
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3.6.3 Quality assurance

To ensure reproducibility, the certified reference material (CRM) for the four-step
sequential extraction procedure (BCR-701) was extracted and analyzed using the same
procedure as for the samples. Certified values of the CRM are provided for Cd, Ni, Cu, Cr,
Pb and Zn (Pueyo et al., 2001). The results were compared to the certified values by means
of calculating the percentage recovery and Z-scores for each of the six elements within the
four fractions. Z-scores is a common method for assessing interlaboratory reproducibility
(Sutherland, 2010). They are computed by:

Xdet - Xcert
h(a)

where X, is the determined concentration, X, is the certified value and h(a) is the target
value which must be calculated for each fraction and element using:

Z-score =

X 0.8495
h(a) = 0.02 * (W;) 106

The generally accepted interpretation of Z-scores is that Z < 2 represents a satisfactory

reproducibility, 2 < Z < 3 is questionable and Z = 3 is unsatisfactory (Sutherland, 2010).

3.7 Statistical analysis

A statistical analysis can be used to determine trends in datasets and verify their statistical
significance. The two main methods used in this study are linear regression models and
two-sample hypothesis test for difference in mean responses. Box plots are used to present
summary statistics. These three methods will be introduced in the following sections. All
data processing and statistical analyses were carried out in Matlab R2018b (version 9.5).

3.7.1 Linear regression models

A linear regression model can be used to describe the relationship between variables where
one is expected to respond to changes in the other at a constant rate. Mathematically, it
can be noted as Y = aX + B, where the two constants, a and B, describe the relationship
between X and Y, known as the independent variable and the dependent variable,
respectively. The ordinary least squares method (OLS) is thereafter used to calculate the
values of ¢ and B which ensure the smallest difference between the linear regression model
and the observations (Gardiner, 1997). The residuals of the OLS can be used to calculate
the R2-value of a correlation. The R2-value describes the proportion of the variance
observed in Y that is explained by X in the model.

3.7.2 Two-sample hypothesis test for difference in mean responses

A CO, exposure experiment can be treated as a two-sample experiment: one sample
subset is collected prior to the CO, exposure (the control phase) and one after the exposure
(the recovery phase). This enables the performance of a two-sample hypothesis test, or t-
test, for difference in mean responses (Gardiner, 1997). According to Gardiner (1997), a
t-test determines whether a hypothesis can be accepted or rejected at a predetermined
significance level. The output of the test is a p-value and represents the likelihood that a
random process alone could have produced the observed response. A commonly applied
hypothesis is the null-hypothesis. The null-hypothesis states, in the two-sample case, that
there is no difference between the mean responses of the two samples. If the t-test returns
a p-value below the chosen significance level, the hypothesis can be rejected and one can
conclude that the two samples have a statistically significant difference in mean responses.
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If the p-value is above the significance level, the null-hypothesis cannot be rejected.
Importantly, failure to reject the hypothesis does not prove the hypothesis to be true. A
significance level of 0.05 was used in this study.

A hypothesis test assumes that the samples are independent and normally distributed
around their mean and can be performed both with and without assuming equal variance.
Which version to be used was determined by calculating the ratio of largest sample
variance to smallest sample variance, a so-called the F-test (Gardiner, 1997). If the ratio,
F, was below 3, the samples were said to have equal variance and a pooled t-test was
performed. If F was above 3, the samples were said to have unequal variance and a Welch’s
test was performed.

3.7.3 Box plots

A box plot is a convenient tool for presenting summary statistics. A red line in the box
represents the median, while the edges of the box mark the extend of q; and g3, the 25
and 75 percentiles, respectively. Potential outliers are defined as values greater than qs
+ 1.5(gs - q1) or less than q; - 1.5(g3 - q:). These are marked by a “+”. The range
corresponds to 99.3% of the area under a normal distribution with the same mean and
standard deviation as the data. The fences (or whiskers) are marked by broken lines and
extend to the most extreme data points not determined as outliers. In this study, one box
plot is made for the control phase samples and one for the recovery phase samples. This
is done to facilitate a comparison between the two subsets.

3.8 Data presentation

3.8.1 Chemical equilibrium diagrams

The chemical systems have been defined using the thermodynamic database Hydra.
Medusa have been used to create the chemical equilibrium diagrams. Both programs have
been developed by Ignasi Puigdomenech at the Department of Chemistry at Kungliga
Tekniska Hégskolan, Sweden. The software is based on the SOLGASWATER (Eriksson,
1979) and HALTAFALL (Ingri et al., 1967) algorithms.
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4 Results

4.1 Mineral phases and bulk composition

Mineral phases were identified based on their primary d-value peaks and verified through
an identification of their secondary peaks. As examples, chlorite was identified by its
primary 14.2A and secondary 7.2A peaks, and kaolinite by its primary 7A and secondary
3.58R peaks. Illite is a common product from the physical weathering of muscovite. They
therefore have similar crystal structures and share a primary d-value peak at 10A. Due to
the similar d-values, it was not possible to distinguish illite and muscovite in the samples
by XRD. Their contribution to the total sediment volume is therefore presented collectively.
Additional mineral phases were identified during the quantification process by doing
multiple iterations of the model run and testing whether the addition of another phase
would significantly improve the model fit to the measured XRD-spectrum. 2-5% halite was
identified in all samples. This is considered an artifact from the sample preparation process
prior to the XRD-analysis. It is inferred that drying the samples caused precipitation of
halite from the saline pore-water. To eliminate this artifact from the dataset, the mineral
quantification is presented on a halite-free basis.

XRD spectrums of representative samples from the Trondheimsfjord dataset and the
Barents Sea dataset are presented in Fig. 8 and Fig. 9, respectively. The amplitude of the
fluctuations in the residual error plots (grey lines) are small compared to the peak height
in the same interval indicating that the modeled XRD-spectrums (red lines) have a
satisfactory fit to the measurements (blue lines). Furthermore, all peaks are matched by
the model, which suggests that no quantitatively important mineral phases were omitted
from the model.

The mineral phases which contribute to >1% of the total sediment mass were identified
and quantified by XRD. The composition of four control phase samples and four recovery
phase samples from the Trondheimsfjord sediment is depicted in Fig. 10a and Fig. 10b,
respectively. No compositional differences can be identified between the control phase and
the recovery phase samples. The average composition of the Trondheimsfjord sediment
samples is 27% quartz, 25% feldspars, 21% muscovite/illite, 8% Mg-rich biotite, 12%
chlorite and 6% other minerals (pyroxenes/amphiboles) (Fig. 11a). Calcite and dolomite
were identified, but both contribute less than 1% to the total sediment mass.

The composition of four control phase samples and four recovery phase samples from the
Barents Sea sediment is depicted in Fig. 10c and Fig. 10d. It is noteworthy that contrary
to previous studies on CO, exposure (e.g. Blackford et al., 2014), the XRD results do not
indicate that the calcite and dolomite content of the sediment is reduced during the
exposure phase. The average composition of the control phase samples of the Barents Sea
sediment is 34% quartz, 24% feldspars, 16% muscovite/illite, 6% Mg-rich biotite, 8%
chlorite, 5% kaolinite, 3% calcite, 2% dolomite and 3% other minerals
(pyroxenes/amphiboles) (Fig. 11b).
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Fig. 8. XRD-spectrum of the Trondheimsfjord sediment. The modeled spectrum (red curve)
shows a good fit to the measurements (blue curve), which is also indicated by the low
amplitude of the residual error plot (grey curve).
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Fig. 9. XRD-spectrum of the Barents Sea sediment. The modeled spectrum (red curve)
aligns well with the measured spectrum (blue curve), which is also indicated by the low
amplitude of the residual error plot (grey curve).
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Fig. 10. Distribution of major mineral phases. A. Control phase of the Trondheimsfjord
sediment. B. Recovery phase of the Trondheimsfjord sediment. C. Control phase of the
Barents Sea sediment. D. Recovery phase of the Barents Sea sediment. Some variations in
the relative abundance of the phyllosilicates muscovite, biotite and chlorite can be
observed, but the samples display an overall homogeneous composition within the same
phase. The control phase and recovery phase samples appear to have very similar
composition in both experiments.

The Trondheimsfjord and Barents Sea sediments primarily consist of the felsic minerals
quartz and feldspars alongside the phyllosilicates muscovite, biotite and chlorite. The major
differences between the two sediments are found among the minor mineral phases. The
Barents Sea sediment contains kaolinite, which is absent in the Trondheimsfjord sediment.
The sediment from the Barents Sea also contains a larger proportion of calcite and
dolomite. Furthermore, the Trondheimsfjord sediment contains twice the amount of
pyroxene and amphibole present in the Barents Sea sediment. These observations are in
agreement with previous studies of surface sediments from the same areas (Vogt and
Knies, 2009; Faust et al., 2014).
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Fig. 11. Average mineral composition of the control phase samples. A. Trondheimsfjord
sediment. B. Barents Sea sediment. Kaolinite, calcite and dolomite is more abundant in the
Barents Sea sediment, while pyroxene and amphibole contribute more to the bulk
composition of the Trondheimsfjord sediment.

The fine fraction (here defined as grains smaller than 6um) of one sample from the control
phase of both sediment types was split into two subsamples, resulting in four subsamples.
A swell test was conducted on one subsample from each of the sediments. All of the four
subsamples were then analyzed by XRD. For both the Trondheimsfjord and the Barents
Sea sediment, the results revealed that all primary d-value peaks found in the bulk sample
can be identified within the fine fraction with no appearance of additional primary peaks
(Appendix 4 and 5). Upon treating the Barents Sea sample with glycol, the narrow 14A
peak shifted to a broad 16.54 peak, indicative of expanding clay minerals. This signature
is common for clay minerals within the smectite group. In this case, beidelite is considered
the most likely mineral based on a good match of its secondary peaks. No shifting of the
14A peak was observed in the glycol treated sample from the Trondheimsfjord. It was not
possible to attain a quantification of the mineralogical composition of the fine fraction. The
separation method did not allow a collection of the necessary 0.5-1 gram to guarantee a
representative result from the XRD-analysis.

4.2 Solution master variables

The solution master variables are summarized in Table 3 and Table 4. A full disclosure of
the data can be found in Appendix 6 and 7. Dissolved inorganic carbon (DIC), pCO, and
CO5% have been calculated in CO2SYS (van Heuven et al., 2011). Qaragonite aNd Qcalcite WETe
calculated by adopting a salinity-corrected marine [Ca®*] applying the rule of constant
proportions (Millero, 2005) and pressure-corrected solubility products for aragonite and
calcite from Sarmiento and Gruber (2006).
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PHinlet 8.0 7.9
Dissolved O; (%) | 100 100
PEoutiet (MV) 355 333
Tintet (°C) 8.2 8.0
Toutiet (°C) 8.6 8.9
Salinity (%o) 30 30
Ca (mmol/kg) 8.80 9.10

Table 3. Average values of solution master variables.

All values represent measurements except [Ca

2+]

which was calculated from the salinity assuming
constant proportions between the major ions in
seawater (Millero, 2005).

phase control |exposure |recovery |control exposure recovery
PHoutiet 8.01 6.89 7.9 7.96 6.97 7.8

TAin (meqg/L) 2279 2291 2303 2323 2357 2328
TAout (Meg/L) 2291 2243 2273 2346 2353 2335
DIC (umol/kg) 2156 2537 2177 2229 2606 2270
pCO; (patm) 454 6545 595 539 5792 800
[COs*] (umol/kg) |104.7 8.7 82.7 96.3 10.9 68.5
Qaragonite 1.27 0.11 1.01 1.21 0.14 0.86
Qcalcite 2.02 0.17 1.59 1.92 0.22 1.36

Table 4. Average values of the solution master variables. pHoutiet; TAin, TAout are averages
of measurements, while DIC, pCO, and COs> have been calculated using CO2SYS (van
Heuven et al., 2011). Q,,ag0nite aNd Qcaicite have been calculated from the ion activity product
of [Ca?*] and [CO5%'], and the equilibrium constants for the solubility products corrected
to P = 30 bar following (Millero, 1983, cited in Sarmiento and Gruber, 2006).

4.2.1 pH

In the Trondheimsfjord experiment, the inlet water pH remains stable within the range of
7.96 to 8.1 throughout the course of the experiment. Two days after the onset of CO,
injection (day 16), the pH of the outlet water drops from 7.9 to 7, and later stays between
6.8 and 7.1 until the CO; injection is terminated on day 50. Within the first three days of
the recovery phase, the pH had recovered to above 7.8.
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In the Barents Sea experiment, the pH of the inlet water stays within the range of 7.83
and 8.02 during the course of the experiment. In the outlet water, the pH is maintained
above 7.9 during the control phase. By the onset of CO; injection, the pH starts to drop
and does so at a gradually decreasing rate until it stabilizes at pH = 6.7 after six days. An
intermission occurred four days later. The CO, gas container had been emptied and as a
result, the pH started to increase. The incident was discovered after two days and the
container was immediately replaced such that CO, injection could be resumed. After
another four days, the pH had stabilized at pH = 7.1. During the first four days of the
recovery phase, the pH increased to above 7.8.

4.2.2 Redox potential

In the Trondheimsfjord experiment, the redox potential (Eh) of the inlet water begins at
100mV and increases like a bounded exponential function until it reaches 340mV one week
into the exposure phase. The redox potential of the outlet water starts at 150mV, but
increases to 340mV within the first three days.

In the Barents Sea experiment, the redox potential of the inlet water remains stable within
the range of pE = 260-360mV throughout the experiment. The redox potential of the outlet
water starts at pE = 210mV and increases like a bounded exponential function to 340mV
across the duration of the control phase. During the first week of the exposure phase the
redox potential experiences a drop to a nadir of 240mV from which it gradually builds up
to 350mV and maintains for the remainder of the experiment duration.

4.2.3 Total alkalinity

Total alkalinity (TA) of both the inlet and outlet water remains within 2170-2428 meq/L for
the Trondheimsfjord experiment and 2250-2431 meq/L for the Barents Sea experiment.
The mean TA-values for each experiment phase are listed in Table 4. The mean TA was
slightly higher during the Barents Sea experiment compared to the Trondheimsfjord
experiment.

4.2.4 Dissolved oxygen saturation
The dissolved oxygen saturation level (DO) remained above 90% throughout the course of
both the Trondheimsfjord and the Barents Sea experiment.

4.2.5 Temperature & salinity

In the Trondheimsfjord experiment, the average salinity was 30 and the range of the inlet
and outlet water temperatures were Tipet = 7.3-9.3°C and Touget = 8.4-9.3°C. In the Barents
Sea experiment, the average salinity was 31 and Tipet = 7.5-8.6°C and Touget = 8.7-8.9°C.

4.2.6 Saturation index

The water is slightly supersaturated (Q > 1) with respect to aragonite and calcite during
the control phase and undersaturated during the exposure phase (Q = 0.1-0.2) of both
experiments. During the recovery phase Qaragonite ® 1 in the Trondheimsfjord experiment
and Qaragonite < 1 in the Barents Sea experiment, while Qcacite > 1 in both cases.
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4.3 Element concentrations

4.3.1 Preprocessing

Preprocessing of the ICP-MS data from the sequential extraction was carried out to ensure
that the results are reported in relevant units and to screen the data for outliers. The
outliers may be a product of contamination during the experiments, the sequential
extraction process or the ICP-MS analysis. Using the extract volume and the initial dry
sediment mass, the results from the ICP-MS analysis were converted from microgram per
liter of extract (%) to microgram per gram of sediment (%g), or parts per million (ppm).

The results are presented in ppm for concentrations above 1ppm and parts per billion (ppb)
for concentrations below 1ppm. For certain elements, half of the samples or more fell below
the method detection limit (MDL) and were therefore omitted from further analysis (Table

5).
| Elements with more than half of samples below MDL |
Fraction Trondheimsfjord Barents Sea
Acid soluble Se, Nb, Mo, Sn, W Se, Nb, Mo, Sn, Hf, W, Hg, Sc
Easily reducible | Se, Sn Se, Sn
Oxidizable Sn, Sb Sn, Sb
Residual Se, Sb Se, W, Hg, Sb

Table 5. Elements with more than half of samples below the method detection limit (MDL).
MDL was determined as the highest value of the instrument detection limit (IDL) and three
times the standard deviation of the blank.

The concentration of certain elements cannot be determined reliably by ICP-MS and are
therefore not included in the results. These include the noble gasses, light elements (H, O,
N and C), and some common anions (Cl, I and F).

Repeating tests revealed that the first five samples from the acid soluble fraction of the
Trondheimsfjord sediment had been contaminated with mercury (Hg), caused by leaching
from the mass spectrometer. This is a commonly observed issue when analyzing samples
containing acetic acid by ICP-MS analysis, but only affects the first few samples (Syverin
Lierhagen, personal communication, 2019). To resolve the issue, the results for Hg from
the first ten measurements were omitted from further analysis.

In the Trondheimsfjord experiment, bivalve specimens (Astarte sp.) were placed atop the
sediment in a selected number of trays. A screening of the dataset revealed that the
samples taken from trays containing bivalves have systematically higher concentrations of
Fe, V, Co, Cu, Zn and As, and lower Mn in the acid soluble fraction than the trays without
bivalves. Within the easily reducible fraction, Mn is higher, while the concentration of Fe,
V, Co, Cu, Zn, As is lower. This is interpreted as a disruption of the vertical redox-zonation
within the sediment by bioturbation (Thomson et al., 1993). The affected sample days are
day 11 and 14 of the control phase, day 24 and 39 of the exposure phase and day 78 of
the recovery phase. Because of this, the data for Fe, Mn, V, Co, Cu, Zn and As from the
aforementioned sample days have been omitted from further analysis.

4.3.2 Quality assurance

The sequential extraction procedure was carried out on replicate samples of the certified
reference material BCR-701 in order to assess the quality of the extraction. Certified values
for Cd, Pb, Cr, Ni, Cu and Zn are provided by Pueyo et al. (2001). The certified values are
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listed in Table 6, alongside median values of five replicate extractions. The percentage
recovered and Z-scores are calculated following the methodology of Sutherland (2010). Z
< 2 represents a satisfactory reproducibility, 2 < Z < 3 is questionable and Z > 3 is
unsatisfactory.

AS Determined | 6.7 3.0 1.9 11.3 42.6 186.4
3.18 +(2.26 +|15.4 +149.3 +
Certified 7.3+0.4|0.21 0.16 0.9 1.7 205 £ 6
% recovery |92 96 83 73 86 91
Z-score -0.64 -0.33 -1.18 -2.52 -1.53 -1.27
RED Determined | 2.6 96.3 22.4 14.3 97.4 72.1
3.77 + 45.7 +|26.6 +
Certified 0.28 126 £ 3 |2.0 1.3 124 £ 3 (114 £5
% recovery | 68 76 49 54 79 63
Z-score -2.42 -3.05 -5.67 -4.72 -2.77 -4.68
OoX Determined | 0.4 15.5 150.5 17.1 57.6 54.1
0.27 + 15.3 +
Certified 0.06 9.3+2.0(143£7 |0.9 55+ 4 46 + 4
% recovery | 165 167 105 112 105 118
Z-score 3.33 5.87 0.69 1.09 0.54 1.96
RES Determined| 0.2 20.1 97.3 37.3 40.3 112.6
0.13 +
Indicative |0.08 11+£6 63 + 8 41 £ 4 39+£12 |95+ 13
% recovery | 151 183 154 91 103 119
Z-score 2.35 7.45 6.35 -0.99 0.36 2.30

Table 6. Quality assurance results from the extraction of the certified reference material
BCR-701. The determined value is the median value obtained from extracting five replicas
of the CRM. Certified and indicative values are provided by Pueyo et al. (2001). Z-scores
have been calculated to evaluate the reproducibility of the certified values. Z < 2 is
satisfactory, 2 < Z < 3 is questionable, Z > 3 is unsatisfactory. Unsatisfactory Z-scores are
presented in bold.

The certified values are slightly underestimated for all six elements in the acid soluble
fraction. Ni had the lowest recovery (73%) and is the only element that has a questionable
Z-score. The results show an unacceptably low recovery in the easily reducible fraction
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ranging from 49% for Cr to 79% for Cu. The poor recovery is also evident from
questionable Z-scores for Cd and Cu and unsatisfactory Z-scores for Pb, Cr, Ni and Zn. The
concentrations of Cr, Ni, Cu and Zn are slightly overestimated in the oxidizable fraction
(105-118%), while a 165% and 167% recovery were obtained for Cd and Pb, respectively.
The pattern is less systematic in the residual fraction. The concentration of some elements
are overestimated (Cd, Pb, Cr and Zn), while the determined values for Ni and Cu are in
good agreement with the indicative values.

In general, the element concentrations underestimated in the acid soluble fraction and the
easily reducible fraction, and overestimated in the oxidizable and residual fraction. Cu is
an exception as it has a 91% recovery in the residual fraction. A total of 11 elements have
satisfactory Z-scores, 5 are questionable and 8 are unsatisfactory.

4.4 Distribution of major elements by fraction

The relative contribution of the major elements within each fraction has been determined.
The results presented are average concentrations of these elements in the control phase
samples. The contribution of minor and trace elements (here defined as <1% of the total
mass within the fraction) is presented collectively.

In the acid soluble fraction of the Trondheimsfjord sediment samples, Na accounts for more
than half of the mass, followed by Ca, Mg, S, K and Fe (Fig. 12). A part of this stems from
dissolved Na, Ca, Mg, S and K in the pore water. In the easily reducible fraction, Fe is the
most abundant element, succeeded by Al and Si, thereafter Ca and Mg, and finally P and
K. In the oxidizable fraction, Mg, Al, Si and Fe occupy almost equal parts, followed by K,
Na and Ca. In the residual fraction, Al and Fe together contribute to two-thirds of the total
mass. The last third consist of Mg, K, Ca and Si. These are listed in order of decreasing
concentration.

33



Trondheimsfjord Sediment

acid soluble reducible
others Mg others

oxidizable residual

others
Na others Mg Ca

Fe

Al

Si Si K

Fig. 12. Major elements in the four fraction of the Trondheimsfjord sediment. Calculated
from the average concentration of the control phase samples.

Ca is the most abundant element in the acid soluble fraction of the Barents Sea sediment
followed by Na and Mg, while K, S and Fe make minor contributions (Fig. 13). Some part
of the Na, Mg, K and S stems from dissolved species in the pore water. In the easily
reducible fraction, Fe and Ca together account for slightly more than half the mass. They
are followed by Si, Al, Mg, K and P. The oxidizable fraction contains approximately equal
parts of Fe, Al, Si and Mg but also significant amounts of Na, K and Ca. In the residual
fraction, Al and Fe together represents to two-thirds of the total mass. The last third consist
of Mg, K, Ca and Si, listed in order of contribution.
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Fig. 13. Major elements in the four fraction of the Barents Sea sediment. Calculated from
the average concentration of the control phase samples.

By assuming a relatively pure CaCOs-phase (e.g. aragonite or low-Mg calcite), the Ca-
concentration in the acid soluble fraction of the Trondheimsfjord sediment corresponds to
a CaCOs-content of 0.96%. Doing the same calculation for the Barents Sea sediment
results in a CaCOs-content of 2.4%. These estimates correlate well with the results from
the XRD-analysis.
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4.5 Distribution of selected minor and trace elements by

fraction

The distribution of the minor and trace elements Cd, Hg, Pb, U, V, Cr, Mn, Co, Ni, Cu, Zn
and As between the four analyzed fractions is presented in this section. The purpose of this
approach is to determine where a given element is most abundant and, hence, under which
conditions mobilization may occur. Emphasis is placed on the acid soluble, easily reducible
and oxidizable fraction, as these fractions are the most vulnerable to mobilization (Rauret
et al., 1999). They will from now on be referred to as the “environmentally accessible
fractions”. The selection of elements is made based on well-established knowledge about
their roles within the marine biogeochemical cycles. They can be seen as participants in
the Fe and Mn redox-shuttle across the sediment-water interface (Fe, Mn, Cd, Pb, As, Co,
Ni, Cu, Zn and V), (micro-)nutrients for primary producers or cofactors in enzymes (P, Zn,
Ni, Co, Cu, Fe and Cd) and toxicants (Cd, Hg, Pb, U, As and Cr) (Lane and Morel, 2000;
Morel and Price, 2003; Tribovillard et al., 2006; Bendell, 2010). As is evident from this
subcategorization, many of these elements occupy multiple roles in the marine
environment. They will from now on be referred to as the “reactive elements”.

Cd Hg Pb u V Cr Mn Co Ni Cu Zn As

TF 0.04 |0.05 |23 1.5 |92 109 |1000 |17 53 28 130 |6.9
BS 0.09 |0.02 |13 1.1 |78 67 450 |12 34 15 70 3.1
BAC 0.31 |0.07 |38 = = 81 = = 36 27 122 |25

Table 7. Comparison of total element concentrations with the Background Assessment
Criteria (BAC) as defined by OSPAR (2005). Concentrations are noted in ppm. TF =
Trondheimsfjord, BS = Barents Sea. Cr, Ni, Cu and Zn exceed the BAC in the TF sediment
and are therefore presented in bold.

The distribution of the reactive elements between the four fractions of the Trondheimsfjord
sediment is depicted in Fig. 14a. Cd (30%) and Mn (50%) have a large component within
the acid soluble fraction, while Pb (75%), As (60%), Cu (40%), Zn (30%), V (20%) and
Co (15%) are abundant within the easily reducible fraction. In the oxidizable fraction only
Hg (60%), Cu (20%) and U (15%) are particularly abundant. Elements that have more
than 50% of their total mass hosted by detrital grains (the residual fraction) are Cr, Ni, V,
U, Co and Zn.
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Fig. 14. Distribution of selected minor and trace elements between the four extracted
fractions. A. Trondheimsfjord sediment. B. Barents Sea sediment. It can be seen that Cd
and Mn are primarily abundant in the acid soluble fraction, Pb, Cu, Zn and As in the easily
reducible fraction, Hg, U and Cu in the oxidizable fraction while several elements, including
V, Cr and Ni, are dominated by a large detrital input.

The distribution of the reactive elements between the four fractions within the control
phase samples of the Barents Sea sediment is depicted in Fig. 14b. Similar to the
Trondheimsfjord sediment, Cd (55%) and Mn (35%) are primarily found within the acid
soluble fraction, but in the Barents Sea sediment, 30% of the total Cd is hosted by the
easily reducible fraction compared to 10% within the Trondheimsfjord sediment. While the
portion of Pb (65%), As (20%), Cu (20%), Zn (15%), V (10%) and Co (10%) in the easily
reducible fraction is lower, the share of Hg (90%), Cu (25%) and U (30%) hosted by the
oxidizable fraction is slightly higher than in the Trondheimsfjord sediment. More than 50%
of the total Cr, V, Zn, As, Ni, Co, U and Cu stems from detrital grains (the residual fraction).

The total concentrations of the reactive elements are generally higher in the
Trondheimsfjord sediment than the Barents Sea sediment, except for Cd which is twice as
abundant in the Barents Sea sediment (Table 7). The total concentrations of Cr, Ni, Cu and
Zn are above the Background Assessment Criteria (BAC) as determined by OSPAR (2005).
Of these, only Ni exceeds the “Predicted No Effect Concentration” as defined in the EU’s
risk assessment program (EC, 2003). However, the results from the sequential extraction
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demonstrate that less than 30% of the total Ni is situated within the environmentally
accessible fractions (Fig. 14).

4.6 Changes in element concentrations over time

Scatterplots are used to demonstrate the changes in element concentrations that occur
during the experiments. Three subsamples were collected on each sample day. The
individual data points presented in the following correspond to the mean of three ICP-MS
measurements of each subsample. When relevant, a linear regression model is fitted to
the scatterplots. Box plots are used to summarize the descriptive statistics of the control
phase and the recovery phase samples.

4.6.1 The acid soluble fraction

4.6.1.1 Calcium

The concentration of calcium in the acid soluble fraction of the Trondheimsfjord and the
Barents Sea sediments is presented in Fig. 15 and Fig. 16, respectively. In the
Trondheimsfjord samples, the mean concentration of the control phase samples is
3797ppm, while that of the recovery phase is 3399ppm. The difference between the two
is 398ppm, which corresponds to a 10.5% decrease. The difference is statistically
significant (p = 0.028). The linear regression model with the best fit to the observations
can be expressed as [Ca] = —8.9059%* t + 4041.1ppm and has an R*-value of 0.7217. The

box plots of the control and recovery phase samples reveal that four potential outliers are
present in the dataset, three from the control phase and one from the recovery phase. The
two box plots have no overlap, further strengthening the argument that the two subsets
are significantly different.

In the Barents Sea samples, no changes in the Ca-concentration can be observed during
the experiment, and the box plots of the control and recovery phase overlap completely
(Fig. 16).
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Fig. 15. Concentration of Ca in the acid soluble fraction of the Trondheimsfjord sediment.
The data shows a statistically significant decrease in the concentration of Ca of 10.5% (p
= 0.028) from the control phase to the recovery phase. The boxplots (right panel) show
limited overlap between the control phase and recovery phase samples, except for two
potential outliers in the control phase subset.

38



‘ Sedjment: quentg Sea - Fraction: AS - Element: Ca

11000 - } ] 11000 -
¢ @ } T
% ‘ \
10000 - ] 10000 - \
—_ ®
€
s * ? 8 Q
Q
— 9000 } E 9000 -
|
|
8000 ® Control }
é § : exposure 8000 |- e
recovery
0O 10 20 30 40 50 60 70 80 90 con‘trol recovery

t [days]

Fig. 16. Concentration of Ca in the acid soluble fraction of the Barents Sea sediment. The
concentration of Ca does not change in response to the CO, exposure. This is evident from
the complete overlap between the boxplots of the control phase and the recovery phase
samples (right panel).

4.6.1.2 Uranium

In the Barents Sea sediment, the uranium (U) concentration of the control phase samples
ranges from 14.6 to 22.8 ppb, with a mean value of 18.6 ppb (Fig. 17). The control phase
samples therefore span almost the entire range of the U-data for the acid soluble fraction
(14.6-23.6 ppb). Yet, the median values of each sample day show less variation and they
all lie between 17.4 and 18.9 ppb. During the exposure phase, the median concentration
of each sample day steadily climbs from 17.8 ppb on day 25 to 22.8 ppb on day 60,
equivalent to a 28% increase. The box plots of the control phase and the recovery phase
samples have a considerable overlap; hence the two subsets are not significantly different.
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Fig. 17. Concentration of U in the acid soluble fraction of the Barents Sea sediment. The
data show a large spread within the control phase and a linear increase during the
exposure phase. The difference in concentration between the control phase and recovery
phase samples is not statistically significant (p > 0.05).
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4.6.1.3 Fe, P, V, Ni, Co and Zn

The concentrations of Fe, P, V, Ni, Co and Zn diminish during the control phase in the
Barents Sea sediment (Fig. 18). Two different modes of decrease can be observed. Fe, P
and V experience an abrupt drop between day 7 and 10, while the decrease in Ni, Co and
Zn occurs gradually throughout the control phase. None of these elements experience a

change in concentration as a result of the CO, exposure during the exposure phase.
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Fig. 18. Concentration of Fe, P, V, Ni, Co and Zn in the acid soluble fraction of the Barents
Sea sediment. These elements show a marked decrease in concentration during the control
phase indicating that some process have mobilized them from the acid soluble fraction
prior to the CO, exposure.
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4.6.1.4 Cadmium

Cadmium (Cd) in the Trondheimsfjord sediment experiences a 1.6 ppb decrease during the
CO, exposure phase from a mean of 12.5 ppb in the control phase to 10.9 ppb in the
recovery phase (Fig. 19). A t-test cannot confirm the statistical significance of this decrease
(p = 0.088). However, if the first sample day of the exposure phase is included in the
control phase subset and the last sample day of the exposure phase in the recovery phase
subset, the t-test returns p = 0.0076. The box plots of the control and recovery phase
samples does not overlap, but their whiskers do.
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Fig. 19. Concentration of Cd in the acid soluble fraction of the Trondheimsfjord experiment.
The mean concentration is 12.8% lower in the recovery phase compared to the control
phase.

4.6.1.5 Arsenic

The mean arsenic (As) concentration of the Trondheimsfjord sediment decreases from
217ppb in the control phase to 155ppb in the recovery phase (Fig. 20). This 29% difference
is statistically significant (p = 0.0085), which can also be deduced from the separation of
the two box plots. The upper fence of the recovery phase box plot overlap with the control
phase box because of one sample from the recovery phase with an As-concentration of
230ppb.

41



‘Sedi‘ment‘: Trondhgimsfjord - Fraction: AS - Element: As

® Control
® exposure
250 - } ® recovery |7 250 1
— T
[
=200 1 200 | - |
2 [
Q
= % |
\
150 ¢ 150 |
100 ¢ 1001
0O 10 20 30 40 50 60 70 80 90 control recovery

t [days]

Fig. 20. Concentration of As in the acid soluble fraction of the Trondheimsfjord sediment.
The 29% decrease in concentration from the control phase to the recovery phase is

statistically significant (p = 0.0085). One sample from the recovery phase subset overlaps
with the control phase samples.

4.6.2 The easily reducible fraction

4.6.2.1 Iron

In the Barents Sea sediment, the mean Fe-concentration of the easily reducible fraction
increases by 153ppm, or 6%, from a mean of 2496ppm within the control phase to a mean
of 2649ppm in the recovery phase (Fig. 21). A two-sample t-test for difference in mean

response returns a p-value of 0.015 verifying that the increase in concentration has
statistical significance.
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Fig. 21. Concentration of Fe in the easily reducible fraction of the Barents Sea sediment.
The concentration increase by the onset of the exposure phase. The increase has statistical

significance (p = 0.015), even though box plots of the control phase and recovery phase
samples overlap.
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4.6.2.2 Cadmium

From the control phase to the recovery phase, the mean Cd-concentration decreases from
24.4 to 16.7ppb, i.e. 7.7ppb or 31% (Fig. 22). A two-sample t-test for difference in mean
response results in a p-value < 0.001, indicating that the decrease is statistically

significant. The best fit linear regression model is [Cd] = —0.11 %* t + 25.8ppb and has an
R%-value of 0.85.
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Fig. 22. Concentration of Cd in the easily reducible fraction of the Barents Sea sediment.
The concentration decreases by 31% from the onset of the exposure phase to the recovery
phase.

4.6.2.3 Uranium

Uranium in the easily reducible fraction of the Barents Sea sediment experiences a
decrease during the control phase, from a median value of 173ppb on day 4 to 0.150ppb
on day 14 (Fig. 23). Following the onset of the exposure phase, the median U-concentration
of each sample day increases linearly from 148ppb on day 25 to 177ppb on day 60. The
U-concentration decreases again to below 165ppb during the recovery phase.
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Fig. 23. Concentration of U in the easily reducible fraction of the Barents Sea sediment. It
is evident that the U concentration decreases during the control phase but increases
during the exposure phase.
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Fig. 24. Concentration of As in the easily reducible fraction of the Trondheimsfjord
experiment. The concentration is unchanged throughout the experiment.

4.6.2.4 Arsenic

The arsenic concentration in the easily reducible fraction of the Trondheimsfjord
experiment remains constant between 4-5.25 ppm throughout the experiment (Fig. 24).
No difference can be observed between the control phase and the recovery phase samples.

4.6.3 The oxidizable fraction

4.6.3.1 Mercury

Similar to Fe, P, V, Ni, Co and Zn in the acid soluble phase, mercury (Hg) shows a gradual
decrease during the control phase, from a median value of 16.71ppb on day 4 to 10.4ppb
on day 21 in the Barents Sea sediment (Fig. 25).
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Fig. 25. Concentration of Hg in the oxidizable fraction. The concentration decreases within
the control phase but stabilizes by the onset of the exposure phase.
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5 Discussion

5.1 XRD - bulk sediment composition

Four bulk samples were analyzed by XRD from the control phase and the recovery phase
of both the Trondheimsfjord and the Barents Sea sediment. The variability observed in the
mineral distribution within each of the four-sample subsets is small and confined within the
uncertainty of the XRD method. This implies that the homogenization done prior to the
experiments was satisfactory with respect to the major mineral phases. Importantly, the
XRD analysis does not reveal any changes in the mineral distribution between the control
phase and the recovery phase. Therefore, the CO, exposure did induce dissolution or
precipitation of quantitatively important mineral phases. The similarities between the
results of the XRD analysis of the bulk fraction and the fine fraction indicate that the two
fractions represent the weathering products of the same primary mineralogy.

The bulk mineralogical composition of both the Trondheimsfjord and the Barents Sea
sediments is dominated by the igneous and metamorphic minerals quartz, feldspars,
chlorite and biotite. Northern Norway is the most proximal sediment source for the South-
western Barents Sea and is composed of a mixture of crystalline bedrock and
metamorphosed Precambrian sediments (Nordgulen and Andresen, 2013). The sediment
deposited within the Trondheimsfjord has been shown to be sourced locally from the
adjacent ophiolite complex and metamorphic terrains (Faust et al., 2014). Higher
concentrations of amphibole and pyroxene in the Trondheimsfjord samples compared to
the Barents Sea samples is likely to reflect this difference in bedrock composition. A similar
mechanism can be invoked to explain the higher concentration of quartz in the Barents
Sea sediment, yet progressive sorting could also have led to an enrichment of quartz in
sediments deposited distally on a continental shelf (the Barents Sea) relative to a proximal
location in an estuary (the Trondheimsfjord).

The presence of muscovite and chlorite in fine-grained sediments and the formation of illite
from weathering of muscovite is diagnostic of physical weathering in cold climates
(Sellwood et al., 1993). The high concentrations of muscovite/illite and chlorite in both the
Trondheimsfjord (33% combined) and Barents Sea sediments (24% combined) therefore
suggest that the provenance of these areas are characterized by low degrees of chemical
weathering compared to physical weathering. The high abundance of biotite relative to its
common weathering products smectite and kaolinite, especially in the Trondheimsfjord
sediment, support the idea that the sediment formed through physical weathering
(Fordham, 1990).

5% kaolinite is identified in the bulk analysis of the Barents Sea sediment and smectite is
positively identified within the glycol treated <6um fraction. This implies that both mineral
groups are present in the Barents Sea sediment. Unfortunately, a quantification of the
relative abundance of kaolinite and smectite could not be obtained. Vogt and Knies (2009)
also identified smectite and kaolinite in the clay mineral fraction of the surface sediment
of the South-Western Barents Sea and found smectite to be slightly more abundant than
kaolinite. The fact that both clay mineral groups are present within the same sample is to
be expected, as kaolinite can form from the break-down of smectite (Krauskopf and Bird,
1995).
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The formation of smectite in terrestrial soils is considered to reflect a warm and humid
climate (Sellwood et al., 1993), but smectite can also form by hydrolysis and submarine
weathering of volcanogenic rocks (Vogt and Knies, 2009). The current climatic conditions
of Scandinavia are cold and hence unfavorable for smectite formation, which is why a
recent smectite source is unlikely. Erosion of the smectite and kaolinite-rich early Mesozoic
paleosoils of northern Norway, on the other hand, constitute a potential source (Lidmar-
Bergstrom, 1995) as well as hydrolysis and submarine weathering of young basaltic rocks
at the north Atlantic mid-ocean ridge (Vogt and Knies, 2009). Both proposed sources imply
lateral transport of kaolinite/smectite across large distances by the Norwegian Atlantic
current. On the contrary, transport of kaolinite and smectite from the north Atlantic into
the Trondheimsfjord can be considered negligible. It would simply be diluted by the riverine
input to the fjord (Bge et al., 2003). Based on the preceding arguments, the absence of
quantifiable amounts of smectite and/or kaolinite in the Trondheimsfjord sediment
indicates that these clay minerals are not present in the provenance area of the
Trondheimsfjord.

A noticeable difference between the Trondheimsfjord and Barents Sea sediments is the
larger amount of calcite and dolomite in the Barents Sea samples. Previous studies have
found marine carbonate productivity to be the main source of CaCOs; in both areas
(Steinsund and Hald, 1994; Faust et al., 2014). On the contrary, direct precipitation of
dolomite from the water column is extremely uncommon and highly unlikely to have
occurred in either of the study areas (Warren, 2000). The dolomite content of the samples
is therefore more likely to be detrital dolomite grains eroded from sedimentary and
metamorphic rocks. An example of a potential source is the Porsanger dolomite of
Finnmark, Northern Norway (Tucker, 1977).

5.2 Element concentrations

5.2.1 Quality assurance

The sequential extraction of the certified reference material revealed low recoveries from
the acid soluble and the easily reducible fractions. An explanation for this might be the
minor deviations that was made from the standard protocol during the extraction process
(Rauret et al., 1999). One of the deviations was the usage of an orbital shaker instead of
the recommended end-over-end shaker. This can have limited the reaction between
sediment and solution if the shaker failed to maintain the sediment in complete suspension.

The low recoveries from the acid soluble and easily reducible fractions might partly explain
the high recoveries in the oxidizable and residual fractions. This is because a low recovery
from the first two extraction steps leaves a higher concentration of the element in the
sediment to be extracted at a later stage. This effect can be seen clearly in the determined
concentrations of Cd and Pb, which are underestimated in the first two fractions. Yet, it is
also in these two fractions they are most abundant. The consequence is >150% recovery
of both elements in the oxidizable and residual fractions. The determination of Cd and Pb
in the oxidizable fraction is also reported as the least accurate in the literature (Sutherland,
2010). The same logic can be applied to account for at least parts of the discrepancy in
the determination of Cr, Cu and Zn. The different method used for the extraction of the
residual fraction (UltraClave vs. agua regia) may also explain some of the inaccuracy.

The low recovery from the acid soluble and easily reducible fraction should be taken into
account when considering the absolute concentrations determined from the sequential
extraction. There is a risk that the concentrations are underestimated.
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Spread in the concentration of an element can be observed between samples collected on
the same day. Part of this can be attributed to the natural variability and heterogeneity of
sediments, but some of the spread may relate to the setup used in the experiments.
Because of the point inlet and outlet of water, the CO, was not uniformly distributed in the
TiTank. The different sediment trays would therefore have experienced variable CO,
exposure. The geochemical response recorded in the sediments is expected to vary
accordingly. The effect would, however, be similar to the natural non-uniformity of CO,
exposure anticipated in a leakage scenario (Blackford et al., 2014).

5.3 Distribution of major elements by fraction

5.3.1 The acid soluble fraction

5.3.1.1 Sodium

Sodium (Na) is the most abundant cation in the marine environment and a major
contributor to the acid soluble fraction of the Trondheimsfjord and Barents Sea sediments
(Millero, 2005). It adsorbs to negatively charged surfaces at pH 7.5-8 in solutions of high
ionic strength, e.g. seawater (Stumm and Morgan, 1996). Contrary to seawater, the 0.11M
acetic acid solution added during the first extraction step has a pH = 2.8 and a slightly
lower ionic strength. At these conditions, H*-ions has a higher affinity for the surface than
Na, which leads to a cation exchange reaction where H*-ions adsorb to the mineral surfaces
and Na*-ions get released into the solution. Cation-exchange of the interlayer cations of
2:1 clays like illite and smectite may likewise account for the Mg and K present in the acid
soluble fraction (Liu et al., 2018).

5.3.1.2 Calcium

Even though some surface adsorption of calcium (Ca) can be expected, the Ca in the acid
soluble fraction is more likely to represent the presence of calcium carbonate minerals
(CaCO0s3). This is supported by a significant correlation between the Ca-concentration and
calcite content of both sediments. When CO, is added to natural waters, the concentration
of dissolved inorganic carbon increases, while the pH is decreased and the carbonate
equilibrium shifts towards lower concentrations of the carbonate ion (Emerson and Hedges,
2008). The net effect is a decrease in the ion activity product and hence saturation index
of any calcium carbonate phases, e.g. aragonite and calcite. If the saturation index with
respect to these mineral phases sinks below unity, the thermodynamic prediction is that
they will start to dissolve. This would occur for aragonite first, due to its higher solubility
product (Millero, 2005). The 10.5% decrease of Ca in the acid soluble fraction of the
Trondheimsfjord sediment is therefore likely to reflect dissolution of CaCOs3 induced by the
CO, exposure. Interestingly, no decrease in Ca-concentration is observed in the Barents
Sea sediment. One possible explanation is that the higher calcite concentration of the
Barents Sea sediment can have buffered the pH decrease in the pore-water during the
exposure phase of the experiment. This effect would have been augmented by the presence
of smectite, as it decreases the permeability of sediment when it swells and thereby
reduces the pore-water exchange rate (Stumm and Morgan, 1996). Increased pore-water
concentrations of Ca, B, Sr and Li as a result of CO, exposure was observed by Blackford
et al. (2014) and Lichtschlag et al. (2015) who ascribed it to CaCOs; dissolution. Their
measured pH-decrease was from pH = 7.7 to pH = 7.5. It is puzzling why our pH-decrease
from pH = 8.2 to pH = 6.9 did not cause a similar dissolution of CaCOs in the Barents Sea
sediment. In addition, no discernible decrease in B, Sr and Li is observed during the
experiments in this study. Steinsund and Hald (1994) found the bottom-waters of the

47



Barents Sea to be undersaturated with respect to calcite and aragonite. It is therefore
possible that the most labile CaCOs-particles were dissolved before the sediment was
collected for the experiments. The dissolution of the residual biogenic CaCO5 can have been
inhibited by the presence of microbial biofilms on the crystal surfaces as described by
Lattge and Conrad (2004).
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2(am)

-0.5 |

Fig. 26. Stability diagram of Eh versus pH for the Mn-CO,-
H,O system. The solid phases considered are MnO,,
Mn,03, Mn30, rhodochrosite MnCO; and Mn(OH),.
Mn(II)yor = 10pM and Cyor =1mM. Modified from Stumm
and Morgan (1996).

5.3.1.3 Iron and manganese

The minor contribution of Fe to the acid soluble fraction of both sediments suggests that
only the adsorbed or surface-bound Fe-species and not any major Fe-bearing mineral
phases were dissolved during the first extraction step. Contrary to Fe, a larger portion of
the total Mn is partitioned into the acid soluble fraction than the easily reducible fraction,
a pattern which can be recognized in both the Trondheimsfjord and Barents Sea sediments.
Soluble Mn?* can form from the dissolution of Mn(III)- and Mn(IV)-(hydr)oxides, as a
response to a reduction in pH and/or pE (Stumm and Morgan, 1996) (Fig. 26). Mn(II)-
phases (e.g. MnCOs3) are exceptions to this, since these only dissolve as a result of a
decrease in pH (Fig. 26). Co is closely linked to the geochemical cycle of Mn, as it is
incorporated into freshly precipitated Mn-(oxyhydr)oxides (Ardelan and Steinnes, 2010).
Mn and Co are poorly correlated in the acid soluble fraction (Trondheimsfjord: R? = 0.19,
Fig. 27a. Barents Sea: R*> = 0.04, Fig. 27b), but well-correlated in the easily reducible
fraction (Trondheimsfjord: R®> = 0.65, Fig. 27c. Barents Sea: R*> = 0.64, Fig. 27d). This
suggests that despite the fact that Mn is more abundant in the acid soluble fraction, Mn-
(oxyhydr)oxides are hosted in the easily reducible fraction. This interpretation is supported
by the higher concentration of Co in the easily reducible fraction, especially in the
Tronheimsfjord sediment. It indicates that it is primarily Mn(II)-species and adsorbed Mn
that are solubilized during the first extraction step.
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Fig. 27. Comparison of Co versus Mn in the acid soluble and easily reducible fraction. A.
Trondheimsfjord sediment, acid soluble fraction. B. Barents Sea sediment, acid soluble
fraction. C. Trondheimsfjord, easily reducible fraction. D. Barents Sea sediment, easily
reducible fraction. Co and Mn are poorly correlated in the acid soluble fraction of both
sediment where Mn is most abundant, but well-correllated in the easily reducible fraction.

5.3.2 The easily reducible fraction

The second extraction step aim to target poorly crystallized metal oxides such as Al-, Fe-
and Mn-oxides (Ure et al., 1993). This is evident from the large contributions of Fe and Al
to the easily reducible fraction. The higher concentration of especially Fe in the
Trondheimsfjord sediment explains why the easily reducible fraction contributes to a larger
portion of its total sediment mass compared to in the Barents Sea sediment (1.6% and
0.9%, respectively).

5.3.2.1 Phosphorus

Phosphorus (P), present in the marine environment as orthophosphate (P04*), is known
to be adsorbed onto sinking Fe-(oxyhydr)oxides particles (Slomp et al., 1996). P and Fe
show a strong positive correlation within the easily reducible fraction of both the
Trondheimsfjord (R? = 0.70) and the Barents Sea (R®> = 0.68) sediments (Fig. 28). This
implies that a noticeable amount of the P within the sediment is bound to Fe-
(oxyhydr)oxides (Hensen et al., 2006).
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Fig. 28. Comparison of Fe versus P in the easily reducible fraction. A. Trondheimsfjord
sediment B. Barents Sea sediment. The two elements are well-correlated in both
sediments.

5.3.3 The oxidizable fraction

The oxidizable fraction targets reduced species, e.g. sulfide-compounds and organic
material (Ure et al., 1993). It is the smallest of the four extracted fraction of both
sediments (0.6% in both cases), but can potentially account for a substantially larger
portion of the total sediment mass, as the major elements of organic material (C, O, N and
H) have not been quantified by ICP-MS. S accounts for a small proportion of the oxidizable
fraction, suggesting that reduced S-species like metal-sulfides are not abundant in either
sediment. The elements present in the oxidizable fraction are therefore expected to be
bound to or complexed with organic matter.

5.3.4 The residual fraction

The common cations of silicate minerals (Al, Fe, Mg, K and Ca) are abundant within the
residual fraction except for Si, which is remarkably low. A possible explanation is that
UltraClave digestion with 50 vol% HNOs; disintegrates silicate minerals less effectively than
an agua regia solution. It follows that the Fe that was dissolved by the UltraClave must
reside within non-silicate mineral phases like the Fe-oxides hematite and magnetite. If
true, it is unclear why neither of the Fe-oxides was detected by the XRD analysis, since the
Fe of the residual fraction accounts for approximately 4% of the total sediment mass of
the Trondheimsfjord sediment and 3% of the Barents Sea sediment. An alternative
approach to explain the paradoxically low Si is to investigate the solubility of amorphous
silica. Gorrepati et al. (2010) found that amorphous silica precipitates from strongly acidic
solutions, hence the released Si from the dissolved silicate minerals can simply have
reprecipitated as nanoparticles during the UltraClave digestion and thereby not have been
detected in the ICP-MS analysis. Using this interpretation, the elements within the residual
fraction can still represent detrital grains of silicate minerals like quartz, feldspars,
pyroxenes, amphiboles and possibly also refractory organic material and clay minerals.

50



5.4 Changes in element concentrations

5.4.1 Unintended experimental effects during the control phase

The main target of this study is to investigate the element mobilization which occurs as a
consequence of CO, exposure. However, for the elements Fe, P, V, Ni, Cr, Co, Cu and Zn
in the acid soluble fraction and Hg in the oxidizable fraction, large changes take place
already in the control phase of the Barents Sea experiment. This unintended experimental
effect reflects a response to differences between the conditions of the acclimatization phase
and those of experimental phase. Potential mechanisms capable of producing such a signal
will now be discussed. The low number of Trondheimsfjord samples not affected by bivalves
inhibits an assessment of whether the same development took place during the
Trondheimsfjord experiment.

The elements Fe, V, Ni, Cr, Co, Cu and Zn are all transition metals and exist at trace
concentrations in the marine environment due to scavenging by adsorption onto the
surfaces of metal-hydroxides (Tribovillard et al., 2006). It is therefore likely that these
elements are associated with the solid phase by surface complexation. If the elements are
listed in order of percentage decrease from the first to the last day of the control phase,
the following sequence is found: Fe > V > P > Zn > Co = Ni = Cd. Jeon et al. (2003)
studied metal adsorption on hematite and found a selectivity sequence of Fe =2 Zn > Co =
Ni > Cd. The two trends are identical, except for V and P, which were not studied by (Jeon
et al., 2003). This strongly implies that the mobilization happened through desorption from
an Fe-oxide or hydroxide surface.

Different mechanisms are able to induce desorption. It can be either a chemical
perturbation of surface equilibria, a change in pressure, flow processes or a combination.
In the following sections, these will be discussed in turn.

Surface complexation equilibria are controlled by three main factors: 1) pH, 2) solution
variables and 3) surface characteristics (Stumm and Morgan, 1996). It is safe to assume
that the surface characteristics do not change, since the overall sediment composition is
the same. The same inlet water was also used during the acclimatization and experimental
phase. Therefore, a change in the solution variables would have to stem from interactions
between the sediment and the solution itself, which is considered unlikely to cause major
changes to surface complexation equilibria. A pH effect can be produced by biological
processes taking place within the sediment. An example is the remineralization of organic
matter, which releases CO, and H*-ions causing the pore-water to become more acidic
(Jgrgensen, 2006). This pH-decrease would occur locally within the sediment and is
therefore not detectable in pH-measurements of the outlet water. Surface complexation is
competitive, which means that H*-ions may compete with metal ions for the available
surface sites. Since a reduction in pH inherently increases the concentration of H*-ions in
the solution, this could cause a release of metal ions to the solution. A gradual
remineralization of organic matter would progressively reduce pore-water pH and promote
metal desorption in a pattern similar to what is observed in the control phase. Still, this
explanation fails to resolve why the desorption process comes to a halt by the onset of the
exposure phase as the addition of CO, would be expected to accelerate this process. An
indication to why mobilization stops by the onset of the exposure phase can be found in
the oxidizable fraction and by studying the sediment hosted bacteria. The vast majority of
Hg found within marine waters is complexed with organic matter (Han and Gill, 2005). The
mobilization of Hg during the control phase therefore implies that remineralization of labile
organic matter could also be the cause. Bacterial cultures were analyzed as part of the
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experiments. An analysis of rates of extracellular release of adenosine triphosphate (ATP)
by the sediment hosted bacteria reveals a decrease in microbial activity by the onset of
the exposure phase (Ana R. Borrero-Santiago, personal communication, 2018). If a viable
mechanism can be invoked to explain the reduction in organic matter remineralization rate,
it provides a way to interpret the cessation of trace metal release as CO, exposure
commences.

Pressure can have a pronounced influence on thermodynamic equilibria including those of
surface complexation reactions (Byrne and Laurie, 1999). The direct influence of a change
in pressure (P) on the equilibrium constant (K) can be described by the following equation:

dlnK
JP

RT(——)r = —AV

Where R and T are constants, and AV represents the difference between the partial molar
volume of reactants and products. Based on Le Chatelier’s principle, a change in pressure
would cause the thermodynamic equilibrium to shift in direction of minimizing the molar
volume (Stumm and Morgan, 1996). Estimates of AV for complexation reactions, and
especially surface complexation reactions, are sparse and considered questionable by
many, but most evidence points towards positive values (Byrne and Laurie, 1999). This
means that an increase in pressure would tend to decrease the degree of complexation,
and thereby cause a release of surface complexed species to the solution. Due to its
relatively small magnitude, the pressure change from 1 to 30 bar is therefore unlikely to
have caused the large changes in element concentrations observed. An attempt to calculate
the AV’s for the mobilized elements could not confirm that the mobilization would affect
the elements in the observed order. Furthermore, because of the fast kinetics of surface
complexation reactions, a new equilibrium is expected to established within a shorter time
span than the observed 21 days (Hayes and Leckie, 1987).

A physical process that may affect surface adsorption is advection, or flow, of the aqueous
phase. As stated in the section above, surface complexation reactions are rapid, hence the
transport of solutes to the surface by advection can sometimes be the rate limiting factor
(Stumm and Morgan, 1996). The change from the acclimatization phase (static aqueous
phase) to the experimental phase (flowing aqueous phase) represents an increase in water
exchange rate. Logically, this will affect outer-sphere complexes more than inner-sphere
complexes, due to the lower strength of electrostatic bonds compared to covalent bonds.
The diffusive layer of the Stern model would also constantly be replaced causing further
destabilization of outer-sphere complexes. However, the affected elements Fe, Ni, Co and
Zn have been shown to form inner-sphere complexes on Fe-(hydr)oxides (Stumm and
Morgan, 1996; Jeon et al., 2003). The same is true for P and V, which are primarily present
as anionic species in seawater (Krauskopf and Bird, 1995; Peacock and Sherman, 2004).

In order to confidently determine a signal which has its origin in the CO, exposure, a clear
difference between the direction of change in element concentration during the control
phase and the exposure phase is required. A shift in the rate of change or the cessation of
change by the onset of the exposure phase is not sufficient, because the same trend could
also indicate that the system is approaching or have reached a new equilibrium. Therefore,
the direction of change within the exposure phase must occur in another direction than
within the control phase for it to be validated as an effect of the CO, exposure.
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5.4.2 The effect of CO, exposure on trace element distribution

Each part of the following section will begin with an introduction to the marine
geochemistry of the element, followed by a discussion of its distribution between the four
fractions and its response to CO, exposure.

5.4.2.1 Iron and manganese

The biogeochemical cycle of iron and manganese plays an important role in the diagenesis
of marine sediments (Canfield et al., 1993; Calvert and Pedersen, 1996). Oxides and
hydroxides of both elements may act as terminal electron acceptors in the remineralization
of organic matter under sub-oxic conditions (Froelich et al., 1979; Thomson et al., 1993).
Upon reduction, the Fe and Mn-(hydr)oxides are dissolved, whereby soluble Fe?* and Mn?*
are released into the pore-water and become available for new reactions. This can lead to
the formation of solid sulfide (e.g. FeS, - pyrite) or carbonate (e.g. MnCOs; - rhodochrosite)
phases. The dissolved Fe- and Mn-cations may also diffuse to the oxic-anoxic boundary,
become oxidized and reprecipitate as oxide or hydroxide species. This redox-cycling of iron
and manganese also affects the distribution of trace metals within marine sediments. Fe-
and Mn-(hydr)oxides contain amphoteric surface sites, which trace metals can bind to
through surface complexation reactions. If the Fe- and Mn-(hydr)oxides are reduced and
hence dissolved, the adsorbed trace metals will be released into the pore-water alongside
Fe?* and Mn?*. This phenomenon is sometimes referred to as the Fe and Mn redox-shuttle
(Ardelan and Steinnes, 2010).

Significant differences exist between the geochemical behavior of manganese and iron.
The Gibb’s free energy yield from Mn-(hydr)oxide reduction is higher than that of Fe-
(hydr)oxide, which is why the former will tend to be reduced first. In addition, the kinetics
of the oxidation reaction of Mn(II) are slower than those of Fe(II) (Tribovillard et al., 2006).
The sum of these two observations can cause Mn-oxides to be reduced and Mn%*
transported to the water column, while Fe is retained within the sediment.

In the easily reducible fraction of the Barents Sea sediment, no distinct trend in the Fe-
concentration is discernible within the control phase, while an increase is both detectable
and statistically significant by the onset of the exposure phase. This represents an increase
in the concentration of Fe-(hydr)oxides in the surface sediment. The elevated, but steady,
concentration of Fe suggests that it represents a new equilibrium rather than a transient
phase. Such a new equilibrium can be reached by increasing the flux of dissolved Fe(II)
from the subsurface sediment to the surface sediment. The lower the pH, the smaller the
drop in pE is required to dissolve Fe-(hydr)oxides (compare the vertical distance to the
predominance area of Fe?* from the red point (exposure phase) and the green point
(control phase) in Fig. 29). For this reason, the decrease in pH induced by CO, exposure
can potentially advance the reductive dissolution of Fe-(hydr)oxides in the subsurface
sediment. In order to test this hypothesis, the subsurface sediment should be extracted
and analyzed by the same procedure as the surface sediment. A decrease in the Fe-
concentration of the easily reducible fraction by the onset of the exposure phase would
provide support for this hypothesis. However, this is beyond the scope of this thesis.
Ardelan and Steinnes (2010) also detected a disruption of the Fe- and Mn-cycle in their
CO, exposure experiment, albeit of a much larger magnitude. The discrepancy can be a
result of a lower oxygen replenishment rate in their batch-type experiment compared to
the flow-through conditions used in this study.
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5.4.2.2 Pb, Ni, Cu, CO, Zn, Cr, V and Hg

The distribution of the trace elements Pb, Ni, Cu, Co, Zn, Cr, V and Hg within the marine
environment is strongly governed by their association with particulate and organic matter.
In oxygenated seawater, the inorganic fraction of Pb, Ni, Cu, Co and Zn is present as
soluble divalent cations or as monovalent chloride complexes, which readily adsorbs onto
Fe- and Mn-(hydr)oxide surfaces (Tribovillard et al., 2006). In comparison, the dominant
inorganic forms of Cr and V are the anionic species vanadate oxyanions (HV0;~ and H,V0;)
and chromate anions (Cr0?~), respectively (Wehrli and Stumm, 1989). These may also
adsorb onto Fe- and Mn-(hydr)oxides, but, contrary to the cationic species, they have
strongest surface affinity at low pH (Stumm and Morgan, 1996). This explains why V and
Cr are not released in appreciable amounts during the first extraction step and hence their
small contribution to the acid soluble fraction. Despite its primary association with Fe- and
Mn-(hydr)oxides, the build-up of V within the pore-water of surface sediments can also be
related to complexation with dissolved organic matter (Morford et al., 2005). Similarly, the
immobilization of Ni, Cu, Zn and Hg is partly linked to the formation of organometallic
complexes, which explains their presence within the oxidizable fraction (Tribovillard et al.,
2006). As an example, a study on the estuarine and coastal waters near Galveston, Texas,
found >99% of the total dissolved Hg(II) to be complexed by organic ligands (Han and
Gill, 2005).
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Fig. 29. Stability diagram of pE versus pH for the Fe-CO,»-
H,O system. The solid phases considered are amorphous
Fe(OH)s, siderite FeCO3; and Fe(OH),. Fe(III)tor = 10uM
and Cyor =1mM. Notice how the solution conditions of the
exposure phase (red point) are closer to the stability field
of Fe?* than those of the control phase (green point).
Modified from Stumm and Morgan (1996).

The trace elements Pb, V, Cr, Co, Ni, Cu and Zn are heavily present in the easily reducible
fraction and, interestingly, more so in the Trondheimsfjord sediment compared to the
Barents Sea sediment. When keeping pH and pE constant, theory predicts that the
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concentration of the adsorbed species is controlled by the concentration of the adsorbate
in the solution and the site density and characteristics of the adsorbent (Stumm and
Morgan, 1996). A potential link can therefore be established to the higher concentration of
Fe in the Trondheimsfjord sediment. More Fe in the easily reducible fraction corresponds
to more Fe-(hydr)oxides and hence more adsorption sites for the trace elements to bond
to. This is true, provided that the adsorbate concentrations in the solution is identical. It
should be noted that Pb, V, Cr, Co, Ni, Cu, Zn and As are enriched in ultramafic rocks like
those present in the Trondheimsfjord area (McLennan et al., 1993), which can have caused
a corresponding enrichment in their weathering products (Faust et al., 2014).

5.4.2.3 Uranium

The dominant U-species at seawater conditions is UO,(COs),>. The primary removal
pathway of U is by diffusion into the sediment column, where it is reduced at conditions
similar to Fe(III) (Andersen et al., 2017). In the sediment column, it forms insoluble U-
species, e.g. uraninite (UO;), possibly via some intermediate species (Chaillou et al., 2002;
McManus et al., 2005). Importantly, U-enrichment is considered to occur independently
of the Fe- and Mn-redox-shuttle across the sediment-water interface (Klinkhammer and
Palmer, 1991). The distribution of U is therefore considered to reflect the redox-conditions
within the sediment, rather than the state of a dynamical redox-cycle.

The increase of the U-concentration in the acid soluble and easily reducible fraction during
the exposure phase indicates that solid U-species are formed as a consequence of the CO,
exposure. Importantly, the magnitude of the U-enrichment is on the order of 5-50 ppb,
compared to the several ppm increase commonly observed in anoxic sediments
(Klinkhammer and Palmer, 1991). As previously stated, uranium is primarily present in
seawater as UO,(COs),%". The properties of this uranium carbonate complex are similar to
COs%, which is why it is able to form solid phases with Ca** (Swart and Chung, 1990).
Swart and Chung (1990) argue that the draw-down of the carbonate ion concentration that
follows an increase in pCO,, increases the UO,(C03),%/ COs*-ratio of the pore-fluid. As a
consequence, the proportion of UO,(CO3).>" which gets incorporated into cements and
recrystallized carbonate minerals during diagenesis will increase relative to CO3*. This
represents a possible mechanism capable of producing the observed increase of U during
the exposure phase. Alternatively, U-reducing conditions can have developed within the
pore-water (Klinkhammer and Palmer, 1991). Yet, this fails to explain why Mn-
(hydr)oxides are not simultaneously reduced and released from the surface sediment to
the water-column.

5.4.2.4 Arsenic

Arsenic occur in two oxidation states, As(III) and As(V), the latter being the dominant
species in oxygenated water bodies where it is present as the oxyanion arsenate (4s037)
(Bowell et al., 2014). Arsenate may adsorb onto or co-precipitate with Fe-(hydr)oxides,
clay minerals and organic matter (Bowell et al., 2014). In its reduced form, As(III), arsenic
has a conservative behavior in the water column, except in the presence of free H,S, where
it may get incorporated into Fe-sulfides or form its own As-sulfide species (Oremland et
al., 2000).

Because no anoxic conditions were detected in the surface sediment, the acid soluble
arsenic is likely to represent surface adsorbed arsenate. Thus, the decrease in As-
concentration observed within the acid soluble fraction of the Trondheimsfjord sediment is
interpreted to represent desorption of arsenate bound to Fe-(hydr)oxide surfaces (Bowell
et al., 2014). In contrast, the arsenic hosted within the easily reducible fraction is
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unaffected by the CO, exposure. de Orte et al. (2014) made similar observations and
ascribed it to incorporation of As into Fe-(hydr)oxides. As-mobilization is therefore only
expected occur from the easily reducible fraction upon dissolution of its host Fe-phases.

10 T T T T T | T T T

0.5 CdCI+

CdCO3(cr)
_ Cd(QH)(s)

Fig. 30. Stability diagram of pE versus pH for the Cd-CI-HS-CO,-
H,0 system. The solid phases considered are Cd(OH),, CdCO3;,
CdS and Cd. Cd(II)yor = 10uM, [HS'] =10mM, [CI ]7or =100mM
and Cyor =1mM. The green lines frame the stability field of
water.

5.4.2.5 Cadmium

The incorporation of Cd into marine sediments is complex, and may follow several
pathways (Tribovillard et al., 2006). . It has only one coordination state, Cd(II), and its
predominant inorganic species in seawater is CdCI* (Fig. 30). Under reducing conditions in
the presence of dissolved H,S, it may form insoluble CdS (Calvert and Pedersen, 1993). In
the absence of H,S, Cd forms complexes with organic matter, binds through chemisorption
onto the surface of calcium carbonate particles or adsorbs onto Fe-(hydr)oxides and clay
minerals (Calvert and Pedersen, 1993; Thakur et al., 2006; Liu et al., 2018). Through
chemisorption, Cd reacts with CaCOs-minerals and forms CdCOs; on the surfaces (Thakur
et al., 2006). This is an effective retention mechanism for Cd, especially at elevated pH
and low solution Cd-concentration. A scatterplot of Ca vs. Cd reveals good correlation
between the two elements in both the acid soluble and easily reducible fraction of the
Trondheimsfjord sediment (AS: R? = 0.63, RED: R? = 0.67, Fig. 31). The slopes are

equivalent to an average Cd/Ca molar ratio of 1.4-1.7 ‘%’ll In comparison, the Cd/Ca-ratio

in benthic foraminifera tests from the North Atlantic and Pacific ocean are 0.8 ’%”ll and 2.2

umol - respectively (Emerson and Hedges, 2008). The data is therefore well within the

“mol !
expected range for Cd incorporated into biogenic CaCOs;. A similar correlation is not
observed in the Barents Sea sediment, where the two elements are poorly correlated (AS:
R? = 0.26, RED: R? = 0.03, Fig. 31). This indicates that Cd is not associated with Ca-
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bearing minerals in the Barents Sea sediment. Cd** complexed to Fe-(hydr)oxides has
been shown to be more susceptible to desorption than Zn?*, Cu?* and Ni** (Stumm and
Morgan, 1996; Lumsdon and Evans, 2002). This makes it interesting to note that Cd is not
mobilized alongside Zn, Cu and Ni during the control phase of the Barents Sea experiment.
It provides evidence that adsorption onto Fe-(hydr)oxides is not the primary mechanism
by which Cd?* is bound in the Barents Sea sediment. Cd-retention is also possible through
sorption onto clay minerals like kaolinite and smectite. This aligns well with the observation
that Cd is the only reactive element more abundant in the Barents Sea sediment, where
kaolinite and smectite is present, than the Trondheimsfjord sediment, where kaolinite and
smectite is absent. The mechanism for Cd-sorption onto clay minerals involves two
different reaction pathways. The first is ion exchange at the permanently charged silanol
faces, taking place when pH > 4, while the other revolves around inner-sphere
complexation at pH > 7 (Angove et al., 1997).
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Fig. 31. Comparison of Cd versus Ca in the acid soluble and easily reducible fraction of the
Trondheimsfjord and Barents Sea sediment. The two elements show good correlation in
Trondheimsfjord sediment, but are poorly corelated in the Barents Sea sediment.

A large proportion of the total Cd is found within the acid soluble fraction and easily
reducible fraction of both the Trondheimsfjord sediment and the Barents Sea sediment.
The sediments show a consistent pattern of decrease in Cd-concentration during the
exposure phase. This indicates that CO, exposure is capable of mobilizing cadmium from
the sediment. If the released Cd is bound as CdS, it would be stable under strongly reducing
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conditions, but dissolve and release its components into the solution under oxic conditions.
Rosenthal et al. (1995) found the kinetics of the oxidation reaction of CdS to be quite rapid.
A recharge of oxidants is therefore expected to mobilize Cd within a short period of time.
Contradictory to this, the release from both the Trondheimsfjord and Barents Sea
sediments is slow and gradual, speaking against such an interpretation. Additionally, if the
mobilization of Cd occurs by oxidation of CdS, the effect is expected to be observed in the
oxidizable fraction. However, Kersten (2002) discusses how oxygen-exposure during
sample handling results in a redistribution of Cd from its primary sulfide phase (CdS) to
the acid soluble and easily reducible fraction of anoxic sediments. Based on the unclear
results from the Barents Sea sediment with respect to CaCOs-dissolution, one can question
whether the decrease in Cd can originate from release of chemisorbed CdCOs;. Albeit, since
chemisorption is a surface-phenomenon, a release of Cd from the surface is possible
without a quantitative dissolution of the bulk CaCOs-component of the sediment (Thakur
et al., 2006). Alternatively, the adsorption of Cd onto kaolinite and smectite by inner-
sphere complexation can account for 50-80% of the total surface-bound Cd (Angove et al.,
1997). The inner-sphere complexation model of Angove et al. (1997) has been scrutinized
by Srivastava et al. (2005), who argue for an outer-sphere complexation model on the
permanently charged surface sites on kaolinite. Either way, desorption from clay minerals
provide means by which substantial release of Cd can occur from the Barents Sea sediment
as a consequence of the CO, exposure.

Interestingly, the Cd-mobilization takes place within different fractions of the two
sediments. It occurs in the acid soluble fraction of the Trondheimsfjord and the easily
reducible fraction of the Barents Sea sediment. This disparity is best explained by
readsorption onto the permanently charged faces of clay minerals, like smectite and
kaolinite, through ion exchange reactions during the extraction of the Barents Sea
sediment (Liu et al., 2018). These clay minerals have a high surface site density onto which
adsorption of Cd may occur, and are only present in detectable amounts in the Barents
Sea sediment. In addition, the total Cd concentration of the Barents Sea sediment is more
than twice that of the Trondheimsfjord sediment (90ppb vs. 40ppb), which promote the
need to invoke additional binding mechanisms for Cd in the Barents Sea sediment. Studies
of Cd-contaminated soils have shown that up to 30% of the Cd in the acid soluble fraction
can readsorb onto Fe- and Mn-oxides during the extraction and hence appear as if it is part
of the easily reducible fraction (Ho and Evans, 2000). A similar signal would develop if Cd
diffuses into cracks and irregularities on the Fe-(hydr)oxide surface or is incorporated into
its crystal structure (Mustafa et al., 2006). In this study, Cd shows a poor negative
correlation with Fe in the easily reducible fraction of the Barents Sea sediment (a« = —1.56
1075, R? = 0.25), which weighs against an association with Fe-(hydr)oxide phases. For this
reason, readsorption onto permanently charged clay mineral surfaces appears to be the
mechanism that satisfies the widest range of observations.
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Fig. 32. Cd versus Fe in the easily reducible fraction of the Barents Sea sediment.

The poor negative correlation indicates that the two elements are not associated
in the easily reducible fraction.

Insufficient specificity and uncertainty regarding the targeted phases in the sequential
extraction procedure inhibits any conclusive remarks to be made about the association of
Cd with the sediment. To resolve this, future studies should include an investigation of the
binding mechanism of Cd e.g. by extended X-ray absorption fine structure spectroscopy
(EXAFS).

5.5 Environmental implications

Arsenic and cadmium are elements with well-characterized toxicological effects, even at
low levels of exposure (Tchounwou et al., 2012). However, Lane and Morel (2000) found
that Cd is also an important micronutrient for marine primary producers. It may replace
Zn in the enzymes conducting carbonic anhydrase, i.e. acquiring inorganic carbon for
photosynthesis. Human exposure to cadmium happens primarily via industrial sources, but
also through smoking and consumption of cadmium-contaminated food including fish and
shellfish (Davenport, 2015). Longtime exposure to food from cadmium-contaminated crops
is known to have led to bone pain and kidney dysfunction in humans (Nordberg, 2003).
Inorganic As(III) is the most toxic arsenic-species present in environment (Neff, 1997).
Reduction of As(V) to As(III) can be mediated by marine phytoplankton and bacteria
through dissimilatory As-reduction (Oremland et al., 2000). As contamination of drinking
water in Bangladesh has been described by the WHO as the largest mass-poisoning in
human history, giving rise to a range of medical conditions including cardiovascular disease
and lung, bladder and skin cancer (Nickson et al., 1998; Smith et al., 2000). Importantly,
these examples of Cd- and As-intoxication are cases where the exposure originated from
the terrestrial environment. The environmental risk associated with elevated levels of Cd
and As in the marine environment, on the other hand, is less studied. Experiments
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conducted on rainbow trout reveal toxic and bioaccumulation effects in juvenile specimens
as a consequence of exposure to inorganic As(III) species (Erickson et al., 2019). Cadmium
exposure in a similar experimental setup exhibits no effect on trout growth and survival
rate (Erickson et al., 2010). Shellfish consume Cd directly from the dissolved Cd-pool, and
as benthic biota they are expected to be especially vulnerable to release of Cd from the
sediment (Bendell, 2010).

5.5.1 Modelling the environmental effect of trace metal mobilization

There are multiple approaches to assess the impact of arsenic and cadmium mobilization.
A commonly applied method is to determine the partitioning of an element between the
aqueous and solid phase (e.g. de Orte et al., 2014). This is done by measuring the
concentration within both the sediment and the pore-water water, and applying this
information to calculate its distribution coefficient. Unfortunately, pore-water samples were
not collected during the experiments. An alternative approach is therefore to use a box
model to describe the effect of Cd and As mobilization. The possible outcome is a
quantification of the increase in water column concentrations of Cd and As that would follow
a CO; leakage occurring at a rate similar to our experimental dosing. This “back-of-the-
envelope” approach is of course an oversimplification of the natural system and the results
should be interpreted with this in mind. This exercise is done solely to provide a first
impression of the expected environmental impact of a potential CO, leakage. A better
approximation to the natural system would be attained using a dynamical model that
incorporates a proper characterization of element mobilization and speciation, molecular
diffusion and seawater advection, e.g. using two-step models for combined complex
transport and reaction processes (Schulz, 2006a).

5.5.1.1 Model description
The water column is described as a cube of unit width and depth, where a is the vertical
thickness of the water column and b is the thickness of the surface sediment affected by

the CO, exposure (Fig. 33). Trace elements are mobilized from this part of the sediment

column. The parameter t describes the ratio between a and b, i.e. 7= Z

The following assumptions are made:

e The trace elements are mobilized from the surface sediment down to a depth of b.

e The trace elements are mobilized instantaneously and subsequently distributed
homogeneously within a water body of thickness a.

¢ No exchange of trace elements occurs between the water masses inside and outside
the box model.

¢ The amount of trace elements that gets mobilized is equal to the difference between
the mean concentration of the control and recovery phase samples.

As part of the model parametrization, appropriate values must be selected for surface
sediment porosity (8) and dry bulk density (p). Values for 6 were obtained during the
sequential extraction procedure for both sediments (Trondheimsfjord: 6 = 0.55, Barents

Sea: 0 = 0.4). A dry bulk density of p = 2700%%

m3 !

representative for marine sediments, was
selected from the literature (Allen, 1985).
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Fig. 33. Sketch of box model used to quantify As and Cd mobilization. a is the vertical
thickness of the water column and b is the thickness of the sediment column affected by
CO, exposure. The red arrow depicts a diffuse flux of CO, from a nearby CO, leakage point.

Two different values for t are used in the model, t; = 1073 and t, = g* 107°, representing
two different cases of trace metal distribution, and hence dilution. This is done in order to
assess the sensitivity of the model to how far the trace metals spread within the water
column. T = 7; can be viewed as a scenario where the trace metals diffuse up into the
bottom-waters and are distributed there, but not beyond. Using t = 1, represents a
situation where the mobilized trace metals are transported and mixed into the water
column by a combination of molecular diffusion and advection. The increase in trace metal
concentration of the seawater within the box model, AMe,,,, can be calculated using:

AMeg,qaxp*x(1—0)*1
AM65W= sed pM( )

where AMe,,, is the amount of the trace metal mobilized from the sediment determined in
the experiments, M is the molecular mass of the trace metal, and p, 6 and t are the
constants described previously.

5.5.1.2 Model results
The results are shown in Table 8 alongside a comparison to the mean ocean concentration
(MOQC) of the same trace elements as compiled by Sarmiento and Gruber (2006).
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sediment/ AMegeq MOC AMeg,, [nmol m”] % of MOC
Element fracti

raction [ppb] [anI m-3] o TZ " TZ
cd TF / AS 1.3 600 14 0.5 2.3 0.08
Cd BS /RED |/-7 600 111 3.7 18.5 0.6
As TF / AS 48.5 30000 786 26 2.6 0.09

Table 8. Model results. TF = Trondheimsfjord. BS = Barents Sea. AS = acid soluble fraction.
RED = easily reducible fraction. MOC = mean ocean concentration, from Sarmiento and
Gruber (2006). AMe,.; equals the amount of trace metals mobilized by CO, exposure.
Values are retrieved from the experimental results. AMe,, is the change in seawater trace
metal concentrations resulting from the mobilization. "% of MOC” is the size of the
mobilization relative to the MOC.

In the case of t,, AMe,, is indistinguishable from the MOC for both Cd in the Barents Sea
sediment, and Cd and As in the Trondheimsfjord sediment. In the case of t;, the model
results imply that the Cd and As mobilization from the Trondheimsfjord sediment would
only cause a minor increase in seawater concentration above the MOC. With regards to the
Cd-mobilization from the Barents Sea sediment, an 18.5% increase is noteworthy and
could potentially affect bottom-dwelling fish and shellfish (Bendell, 2010). However, Cd-
mobilization from marine sediments is known to occur naturally during diagenesis above
the zone of sulphate reduction (Morford and Emerson, 1999). It is unclear whether the
CO,-induced mobilization would exceed this background flux. It is important to note that
the model does not incorporate adsorption or precipitation mechanisms as well as flow
processes, which would act to immobilize and dilute the trace element concentration in the
water column, respectively. For this reason, the model overestimates the concentration of
As and Cd that would follow a low flux CO; leakage. The results should therefore be treated
as an upper limit for the potential impact.

Importantly, the Trondheimsfjord sediment contains about 80% less cadmium and roughly
50% less arsenic than the average shale, while the Barents Sea sediment contains about
60% less cadmium and 70% less arsenic (Turekian and Wedepohl, 1961). This implies that
As and Cd are depleted in the two sediments. If a CCS-project is considered in an area
where the overlying sediments are contaminated with As and Cd, one may speculate
whether the picture might be completely different and the environmental impact of CO,
leakage much larger (de Orte et al., 2014).
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6 Conclusion

This study shows that low-flux CO, exposure, corresponding to a decrease in pH from 8.0
to 6.9, is able to cause detectable changes in the composition of surface sediments.

The two experiments demonstrate that CO, exposure leads to dissolution of calcium
carbonate (CaCOs) in the Trondheimsfjord sediment but not in the Barents Sea sediment,
even though they were subject to equal CO, dosing. The absence of CaCOs; dissolution in
the Barents Sea sediment is a consequence of either buffering of the pH in the pore-water
or low sediment permeability due to a significant presence of the swelling clay mineral
smectite. Alternatively, the history of CaCOs; dissolution by corrosive bottom-waters in the
Barents Sea might already have resulted in dissolution of the most labile CaCOs3 particles.
Organic biofilms could have inhibited dissolution of the residual biogenic CaCO; during the
exposure phase of the experiment.

The CO, exposure in the experiments caused a disruption of the Fe redox-cycle. This is
evident from an increase in the concentration of Fe-(hydr)oxides in the surface sediment.
Because of the nature of the disruption, no mobilization of trace elements from the easily
reducible fraction was detected. Investigating the concurrent response of the subsurface
sediments in future studies may contribute to validating these findings.

Arsenic and cadmium are mobilized as a result of CO, exposure. The mobilization of As
takes place in the acid soluble fraction, while As in the easily reducible fraction is
unaffected. This implies that Fe-(hydr)oxide phases in the surface sediment escape
dissolution, in line with previous studies, but that inorganic As(V)-species were mobilized
by desorption from Fe-(hydr)oxides surfaces. It is necessary to invoke multiple
mechanisms to explain the mobilization of Cd. In the Trondheimsfjord sediment, evidence
points towards mobilization of Cd by dissolution of CaCOs-minerals onto which cadmium is
chemisorbed. In contrast, the Cd mobilization from the Barents Sea sediment is best
explained by desorption from kaolinite or smectite.

As and Cd are known environmental toxicants. It is therefore of utmost interest to study
and quantify the mobilization of these elements. Preliminary results from a simple box
model indicates that the amount of As and Cd released to the water column is small
compared to the mean ocean concentration. The mobilization of As and Cd is therefore not
likely to have significant adverse effects on marine biota.

An objective of this study was to investigate whether compositional differences between
sediments would result in dissimilar element mobilization patterns. The results have
revealed disparate behavior with respect to adsorption of As and Cd and CaCOs-dissolution
between the two sediments. This demonstrates that the state of the Fe and Mn redox-
cycle, the CaCOs-content and the clay mineral composition play dominant roles in
determining how sediments respond to CO, exposure. The origin of the contrasting
mineralogical composition of the sediments can be linked to the geological setting of the
Trondheimsfjord and the Barents Sea. The mineralogical composition of the two sediment
types correlates well with the bedrock composition and an inferred dominance of physical
over chemical weathering in the provenance of the two areas. This highlights the value of
obtaining a general understanding of the geology and geological history of the area when
conducting environmental studies.
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6.1 Implications for future research

Desorption of Fe, P, V, Co, Ni, Zn and liberation of Hg from organic matter were observed
during the control phase. It has proven difficult to determine the reason why it occurred
and several mechanisms may be invoked to account for the observations. These include
changes in pressure, secondary effects related to oxidation of organic matter, changes in
pH or changes in flow conditions in the aqueous phase. To reduce the risk of producing
such a signal when conducting experiments using flow-through chambers at elevated
pressure, future studies should ensure that the sediment acclimatization phase is carried
out at the same conditions as the control phase of the experiments. Furthermore, since
the distribution of transition metals appears to have been disturbed by bioturbation, it is
not recommended to conduct studies on biological effects and elements mobilization
simultaneously.

Future studies should make attempts to falsify binding mechanisms that have been
proposed for arsenic and cadmium in this thesis. This could be done by analyzing the
sediments by extended X-ray absorption fine structure spectroscopy (EXAFS), as previous
studies have demonstrated that EXAFS is a valuable method for obtaining precise
information about surface binding mechanisms (e.g. Peacock and Sherman, 2004).

It is well-established facts that marine sediments are redox-stratified and that the Fe and
Mn redox-cycle is the main driver of trace element transport across the redox-zones
(Calvert and Pedersen, 1993; Thomson et al., 1993; Calvert and Pedersen, 1996;
Tribovillard et al., 2006). Therefore, an objective for future research could be to extract
and analyze the subsurface sediment collected during the two experiments. This would
enable an investigation of concurrent trends in the two sediment fractions.
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Appendix 1: Calendar, Trondheimsfjord experiment
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Calendar for the Trondheimsfjord experiment conducted during the fall of 2017. Courtesy
of Ana Borrero-Santiago.



Appendix 2: Calendar, Barents Sea experiment
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of Ana Borrero-Santiago.



Appendix 3: UltraClave digestion profile
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Pressure and temperature profile of UltraClave digestion. Temp2 is the external chamber
temperature, templ is the internal chamber temperature, P is the chamber pressure, AVG
power is the effect of the UltraClave heating unit.



Appendix 4: XRD spectrum. Trondheimfjord sediment, fine fraction
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XRD spectrum of the fine-grained (here defined as grains smaller than 6um) fraction of
the Trondheimsfjord sediment. The red line represents the glycole-treated subsample.
The black line represents the untreated subsample. No shift of the 14.58 peak can be
observed from the red line.



Appendix 5: XRD spectrum. Barents Sea sediment, fine fraction
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XRD spectrum of the fine-grained (here defined as grains smaller than 6um) fraction of the
Barents Sea sediment. The red line represents the glycole-treated subsample. The black
line represents the untreated subsample. A shift of the 14.58 peak to 16.5A can be
observed from the red line indicating that the sample contains a swelling clay mineral.
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Appendix 6: Solution master variables, Trondheimsfjord experiment
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Inlet and outlet water quality parameters for the Trondheimsfjord experiment.
Measurements of pH, T, dissolved oxygen (DO), salinity and redox.



Appendix 7: Solution master variables, Barents Sea experiment

Inlet Water Quality Parameters
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Inlet and outlet water quality parameters for the Barents Sea experiment. Measurements
of pH, T, dissolved oxygen (DO), salinity and redox.



