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Editor: Daniel Alessi Although marine environments represent huge reservoirs of the potent greenhouse gas methane, they currently

contribute little to global net methane emissions. Most of the methane is oxidized by methanotrophs, minimizing
Keywords: escape to the atmosphere. Aerobic methanotrophs oxidize methane mostly via the copper (Cu)-bearing enzyme
g:lﬁ(glcil Cu acquisition particulate methane monooxygenase (pMMO). Therefore, aerobic methane oxidation depends on sufficient Cu
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acquisition by methanotrophs. Because they require both oxygen and methane, aerobic methanotrophs reside at
Ligand-enhanced metal mobilisation oxic-anoxic interfaces, often close to sulphidic zones where Cu bioavailability can be limited by poorly soluble Cu
Adsorption sulphide mineral phases. Under Cu-limiting conditions, certain aerobic methanotrophs exude Cu-binding ligands
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objective was to establish whether chalkophores can mobilise Cu from Cu sulphide-bearing marine sediments to
enhance Cu bioavailability.

Through a series of kinetic batch experiments, we investigated Cu mobilisation by mb from a set of well-
characterized sulphidic marine sediments differing in sediment properties, including Cu content and phase
distribution. Characterization of solid-phase Cu speciation included X-ray absorption spectroscopy and a targeted
sequential extraction. Furthermore, in batch experiments, we investigated to what extent adsorption of metal-
free mb and Cu-mb complexes to marine sediments constrains Cu mobilisation.

Our results are the first to show that both solid phase Cu speciation and chalkophore adsorption can constrain
methanotrophic Cu acquisition from marine sediments. Only for certain sediments did mb addition enhance
dissolved Cu concentrations. Cu mobilisation by mb was not correlated to the total Cu content of the sediment,
but was controlled by solid-phase Cu speciation. Cu was only mobilised from sediments containing a mono-Cu-
sulphide (CuSy) phase. We also show that mb adsorption to sediments limits Cu acquisition by mb to less compact
(surface) sediments. Therefore, in sulphidic sediments, mb-mediated Cu acquisition is presumably constrained to
surface-sediment interfaces containing mono-Cu-sulphide phases.

1. Introduction

Marine sediments hold ~500-2500 Gt of the potent greenhouse gas
methane (CH4) (Milkov, 2004; Reeburgh, 2007), which has a ~25 times
larger global warming potential over 100 years than carbon dioxide
(Hartmann et al., 2014). Yet, marine environments emit only 0.02 Gt of
methane to the atmosphere per year (3-3.5 % of total global emissions)
(Kirschke et al., 2013), because methane emissions are mitigated by the
“microbial methane filter” (Knittel and Boetius, 2009; Niemann et al.,
2006; Steeb et al., 2014; Wallenius et al., 2021). In marine environ-
ments, the microbial methane filter primarily involves anaerobic
oxidation of methane (AOM), performed by a consortium of sulphate-
reducing bacteria and methanotrophic archaea (Boetius et al., 2000),
and aerobic methane oxidation (MOx), performed by methanotrophic
bacteria (aerobic methanotrophs) (Boetius and Wenzhofer, 2013). While
AOM reduces methane concentrations before they reach oxygenated
surface sediments and overlying waters, MOx largely prevents the
remaining, or “leaked”, methane fluxes from reaching the atmosphere.

MOx is catalysed via two methane monooxygenase (MMO) enzymes:
the copper (Cu)-bearing particulate form (pMMO) and the Fe-bearing
soluble form (sSMMO) (Hanson and Hanson, 1996; Leak and Dalton,
1986; Murrell et al., 2000). The Cu-bearing pMMO is considered the
most efficient enzyme involved in CHy4 oxidation, as expressed by almost
all aerobic methanotrophs, and has a higher affinity for methane than
sMMO, which is only expressed by a limited group of methanotrophs
(Hanson and Hanson, 1996; Leak and Dalton, 1986; Murrell, 2010;
Murrell et al., 2000). Therefore, the efficiency of MOx largely depends
on the ability of aerobic methanotrophs to acquire Cu from the external
environment. Typically, in uncontaminated marine sediments, the
average Cu content may range from 25 to 90 pg Cu g~ ! (dry sediment)
(Rudnick and Gao, 2014). Solid-phase Cu is usually comprised of Cu
sorbed to mineral surfaces (Parkman et al., 1999), or natural organic
matter (NOM) (Christl and Kretzschmar, 2001; Whitby and van den
Berg, 2015), and Cu incorporated into Cu-bearing mineral phases
(Luther et al., 2002; Shea and Helz, 1989). The binding state of Cu in the
solid phase exerts control over its release and often constrains dissolved
Cu concentrations and Cu bioavailability (Flemming and Trevors, 1989).
In marine waters, total dissolved Cu concentrations can be as low as
107°M (Bruland, 1980; Coale and Bruland, 1988; Moffett and Dupont,
2007), and free Cu>* concentrations, widely accepted as a measure for
the directly bioavailable Cu, reach lower limits as low as 1071 M (Buck
and Bruland, 2005; Whitby et al., 2018).

Microbial methane oxidation often occurs close to sulphide-rich,
anoxic zones (Durisch-Kaiser et al., 2005; Schouten et al., 2001; Schu-
bert et al., 2006; van Helmond et al., 2018). Cu readily precipitates in
the presence of dissolved sulphide, and a significant proportion of the
total Cu in reduced marine sediments is likely to be associated with
poorly soluble sulphide minerals (Huerta-Diaz and Morse, 1992; Morse,
1994). Numerous Cu sulphide phases of varying stoichiometry, crys-
tallinity, and stability, e.g., the mono-Cu sulphide covellite (CuS) (Shea

and Helz, 1989) and the di-Cu sulphide chalcocite (CusS) (Mathur et al.,
2018), are found in natural environments. As the relative abundance of
Cu in marine sediments is often low compared to other metals, like iron
(Fe) (Rudnick and Gao, 2014), Cu can also be structurally incorporated
into prominent sulphide phases like pyrite (FeSp) (Huerta-Diaz and
Morse, 1992). Under certain conditions, the secondary Cu—Fe sulphide
mineral chalcopyrite (CuFeS2) may also form (Parkman et al., 1999).
Despite being thermodynamically unstable in the presence of oxygen,
oxidative dissolution of Cu sulphide minerals proceeds extremely slowly
(Hoffmann et al., 2020) as evident by observations of Cu sulphide
nanoclusters even in oxic marine waters (Luther and Tsamakis, 1989).
Aside from Cu sulphide minerals, sulphidised NOM is often observed in
sulphidic sediments (Raven et al., 2019) and may also constrain the
bioavailability of Cu. During sulphurisation, NOM functional groups like
alcohols, ketones, and aldehydes, are transformed to thiol-type groups
(Aizenshtat et al., 1995; Schouten et al., 1993) that bind Cu to form very
stable Cu-NOM complexes (Leal and Van Den Berg, 1998), which may
lower the bioavailable, dissolved fraction of Cu in the vicinity of
methanotrophic habitats.

Certain aerobic methanotrophs cope with Cu limitation by exuding
strong Cu-binding ligands termed chalkophores, e.g., methanobactin
(mb) (DiSpirito et al., 1998; Fitch et al., 1993; Kim et al., 2004). In
analogy to siderophores (biogenic ligands exuded by graminaceous
plants and microorganisms, particularly under conditions of poor Fe
bioavailability (Kraemer et al., 2015)), chalkophores are exuded under
conditions of low Cu bioavailability (DiSpirito et al., 1998). Recent
studies demonstrated that mb can mobilise mineral-bound Cu (Fru et al.,
2011; Kulezycki et al., 2007; Rushworth et al., 2022) and can compete
with NOM constituents for the complexation of Cu through fast ligand-
exchange reactions (Pesch et al., 2013).

The mechanism of Cu mobilisation by mb from complex environ-
mental matrices like marine sediments is, however, still largely unex-
plored. To predict the types of environments in which the microbial
methane filter might be compromised, there is a necessity to understand
how geochemical properties of sediments affect Cu acquisition by aer-
obic methanotrophs. Differences in solid phase Cu speciation among
sediments, e.g., with respect to the crystal structure, stability and redox
state of Cu sulphides, are likely to affect the extent of Cu mobilisation by
mb in such systems (Rushworth et al., 2022). Also, mobilisation of Cu
may be impacted by complexation of competing metal ions, as was
observed for phytosiderophores (Schenkeveld et al., 2014a,b, 2017).
Despite its very high affinity for Cu, mb can also bind several other
metals including Fe, nickel (Ni), cobalt (Co), mercury (Hg), and silver
(Ag) (Choi et al., 2006), all of which are found in marine sediments
(Crocket et al., 1973; Fitzgerald et al., 2007; Kannan and Falandysz,
1998; van Helmond et al., 2018). Dissolved Fe(Il), a byproduct of Fe-
mediated AOM and other Fe-reducing microbial redox processes
(Egger et al., 2017), can be particularly abundant in the vicinity of zones
where MOy takes place. Finally, potential adsorption of free mb or metal-
mb complexes to the solid phase decreases the extent to which Cu is
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mobilised and becomes bioavailable. Therefore, the degree to which mb
adsorbs to sediment may dictate whether exudation of mb for Cu
acquisition is energetically favourable.

The main aim of this study was to investigate Cu mobilisation from
natural Cu sulphide-bearing marine sediments in the presence of mb. We
hypothesised that mb mobilises Cu from sulphide-bearing marine sedi-
ments, but that the extent of mobilisation is influenced by the Cu sul-
phide mineral phases present within the sediments. Furthermore, we
hypothesised that adsorption of free mb and Cu-mb complexes strongly
reduces the effectiveness of mb at mobilising Cu from marine sulphide-
bearing sediments. To address these hypotheses, sediments with
different chemical compositions and from several locations in the Baltic
Sea and the Black Sea were selected. While aerobic methanotrophy
(relying on Cu-bearing pMMO) may not have occurred at all of these
sampling locations, these sediments did allow us to elucidate how
naturally occurring Cu sulphides might limit Cu availability for meth-
anotrophs in marine systems. Solid phase Cu speciation in the sediments
was thoroughly characterized by X-ray absorption spectroscopy (XAS)
and targeted sequential extraction to investigate its effect on Cu mobi-
lisation by mb. Subsequently, kinetic batch experiments were performed
in the presence and absence of mb, to examine the mobilisation of Cu
and other metals. Finally, the adsorption of free mb and Cu-mb com-
plexes to marine sediments was also investigated.

2. Materials and methods

All reagents used in this study were of analytical grade and were
purchased from Carl Roth, VWR, or Merck. Batch experiments were
performed in Cellstar® centrifuge tubes. Glassware and non-disposable
plastics were acid-washed for >24 h in 1.4 M nitric acid (HNOs), then
rinsed multiple times with ultra-pure water (UPW). All experimental
work was done at room temperature (20 + 1 °C). Solutions for
sequential extractions were prepared in O,-free UPW that was purged
with Ny for >2 h, without boiling.

2.1. Methanobactin

Cu-free mb was isolated and purified from the spent nitrate mineral
salts (NMS) growth medium of Methylosinus trichosporium OB3b grown
in a 9 L fermenter (30 °C) (Whittenbury et al., 1970) containing 0.2 pM
CuCl;, following Pesch et al. (2011). Details regarding bacterial culti-
vation, mb isolation and purification by resin extraction and preparative
high pressure liquid chromatography (HPLC; Agilent 1260 Infinity bio-
inert system) and product characterisation have been reported previ-
ously in Rushworth et al. (2022). A Cu-free mb stock solution was pre-
pared by dissolving the freeze-dried isolate (purity: 82-95 %) in UPW.
Amber glass-vials were used during purification and the Cu-free mb
stock was stored in the dark at —20 °C to avoid (photo)degradation of
the product.

2.2. Synthetic Ocean water (SOW)

Synthetic Ocean water (SOW) was prepared anoxically following the
procedure for the seawater medium, Aquil (excluding the chelex step),
outlined in Sunda et al. (2005). Anoxic UPW (18.2 MQ cm, TOC < 2 ppb,
Milli-Q, Millipore) was prepared by boiling for ~1 h and then purging
with nitrogen (N3) gas for up to 2 h while the water cooled down. Solutes
in the stock SOW were prepared at a slightly higher concentration
(factor 10/9) than the desired final concentration (Table S1) to allow for
the dilution following the addition of treatments, e.g., mb stock solution,
during experiments.

2.3. Marine sediments

Sediments from the following three locations were selected, based on
differences in their characteristics (including total copper, sulphur, clay
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and organic carbon content — Table 1): the Far6 Deep in the central
Baltic Sea (sediment F80; 58.00000°N, 19.89667°E; Hermans et al.,
2019), the Black Sea (sediment Phoxy station 7; 43.89690°N,
29.97652°E; Kraal et al., 2017), and the Stockholm Archipelago (sedi-
ment Strommen; 59.31917°N, 18.11917°E; van Helmond et al., 2020).
Sediments were retrieved during several field campaigns, the details of
which are outlined in the corresponding studies (Hermans et al., 2019;
Kraal et al., 2017; van Helmond et al., 2020). Sediment cores were sliced
in the field under anoxic conditions, and sediments were stored at —20
°C until further processing. For each sediment core, three samples taken
from different depths below the sediment surface (Table S2) were
selected. Samples were named after the sample locations (i.e. F80, Phoxy
and Strommen) and numbered 1, 2 or 3, representing various depth
intervals below the sediment surface (Table S2). Samples were freeze-
dried (under an argon atmosphere), ground using an agate pestle and
mortar, and homogenised before further investigation. Other than dur-
ing freeze-drying, which was performed under a vacuum, sediments
were handled in a N»-filled glove box to avoid oxidation.

2.4. Sediment characterisation

Sediments were characterized using multiple techniques including a
targeted sequential extraction procedure, to describe the distribution of
Cu over operationally defined pools, and X-ray absorption spectroscopy
(XAS) to elucidate the binding environment of Cu in select sediments.

2.4.1. Total elemental contents

Total organic carbon (Cog) and nitrogen (Nog) contents were
quantified using an elemental analyser (Fisons Instruments NA 1500
NCS analyser) following the procedure outlined in van Helmond et al.
(2018). Total metal and S contents of the solid phase were quantified
using ICP-OES (Perkin Elmer models; Optima 5300 DV and Avio 500)
analysis following a triple acid digestion procedure in accordance with
van Helmond et al. (van Helmond et al., 2018). Total mercury (Hg)
contents were determined using a DMA-80 evo solid mercury analyser.
Based on measurement of in-house standards, the recovery of the ele-
ments of interest in the total digest was 95-105 %.

2.4.2. Fe, Cu and S speciation determined by sequential extraction

The Cu, Fe and S speciation in the sediments were examined via
targeted sequential extraction procedures presented in Table S3, where a
description of the individual fractions has been included. For Cu speci-
ation, the sequential extraction procedure by Jokinen et al. (2020) was
followed; interpretation of the fractions has been adjusted, as explained
in the text accompanying Table S3. For Fe, a procedure under a Ny at-
mosphere (Table S3), after Kraal et al. (2017) modified from Poulton
and Canfield (2005) and Claff et al. (2010) was followed. In this study
we also included a “Residual” fraction defined as the Total Fe or Cu
minus the content extracted in Fractions 1-4 (Table S3). The Residual
fraction accounted for 0-78 % in the case of Cu and 23-68 % in the case
of Fe.

Acid-volatile sulphur (AVS) and chromium reducible sulphur (CRS)
(Table S3) were determined by sequential extraction following Burton
et al. (2008) and the procedure outlined in Egger et al. (2016). Sulphide
was trapped as zinc (Zn) sulphide in a Zn acetate trap solution and
quantified via iodometric titration.

2.4.3. Cu speciation by XAS

For some of the sediment samples, Cu speciation was additionally
assessed by XAS analysis. Cu K-edge Extended X-ray Absorption Fine
Structure (EXAFS) spectra of sediment samples were collected in fluo-
rescence mode, using a 30-pixel germanium X-ray detector, at 10 K on
the 7-3 beamline at Stanford Synchrotron Radiation Lightsource (SSRL).
A Si (220) double-crystal monochromator was detuned by 40 % to reject
higher harmonic intensity. Bulk ground sediment samples were moun-
ted on a cryostat sample rod inside an Np-purged glove bag and brought
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Table 1
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Overview of solid phase sediment characteristics. Clay contents were estimated from the Al content by assuming that clays were present as Al,SiOs. Organic C, CaCOs3,
and Total Fe data for Phoxy sediments were first reported in Kraal et al. (2017), and organic C and CaCO3 for Strommen sediments were first reported in van Helmond
et al. (2020). A table with additional information on sediment characteristics is provided in the Supplementary materials (Table S2).

Depth (cm) Porosity” Organic C° (wt%) Clay content (wt%) CaCO3 (solid) (wt%) Total §* (g kg ™) Total Fe® (g kg™") Total Cu” (ppm)
F80 1° 1.5-4 0.98 15.5 13 3 22 37 259
F80 2 22-24 0.94 2.8 20 4 17 54 47
F80 3 40-44 0.91 2.6 22 2 8.8 48 42
Phoxy 1 2-4 0.89 2.1 6 71 1.4 10 47
Phoxy 2 10-12 0.87 2 8 66 8 21 55
Phoxy 3 20-24 0.86 2.4 10 57 7.6 17 45
Strommen 1 1.5-3 0.95 7.9 18 2 27 56 231
Strommen 2 20-24 0.92 5.8 20 3 20 49 271
Strommen 3 32-36 0.96 7.4 17 3 42 64 316

@ Corrected for salt in the pore water.
b Corrected for decalcification and salt in the pore water.

¢ Cu mobilisation investigations using F80 1 were discontinued as a result of the high organic C content, which led to difficulties when filtering samples.

to the beamline in a liquid nitrogen bath before being rapidly transferred
into the liquid He cryostat. The energy was calibrated during each
sample scan by setting the first K-edge inflection point of a simulta-
neously measured Cu foil to 8979 eV (double transmission mode). For
each sample, 14 to 15 scans were recorded, depending on the concen-
tration and speciation of Cu. No beam damage was detected. All spectra
were averaged and normalized using the ATHENA software (Ravel and
Newville, 2005). Radial distribution functions around the Cu absorber
were obtained by Fast-Fourier-transformation of the k>-weighted
experimental v(k) function using a Kaiser- Bessel apodization window
with the Bessel weight fixed at 2.5. Then, Cu K-edge EXAFS data were
analysed by linear combination-least squares (LC-LS) fitting procedure
using the ATHENA software. Linear coefficients were only constrained
to be positive. The accuracy of this fitting procedure ranges between
+25 % and +5 % of the stated values for each individual contribution
and the detection limit for minor species is estimated to be ~10 %
(Cances et al., 2005; Ostergren et al., 1999). Simultaneously, Cu K-edge
EXAFS data were also analysed by shell-by-shell fitting using the pro-
gram ARTEMIS and the feff8 code 8.4 (Ankudinov et al., 1998). Back-
scattering phase and amplitude functions were calculated using the feff8
program for Cu—C, Cu—0O, Cu—S, Cu—Cu, and Cu—Fe pairs, based
upon CIF files from the Inorganic Crystal Structure Database (ICSD-
1517, Version 5.0.0, Data Release 2023.1) (Zagorac et al., 2019) of
CuCOg3 (Seidel et al., 1974), CuFeS, (Hall and Stewart, 1973), CuS
(Takeéuchi et al., 1985), and CuSy (Cava et al., 1981). Fits were per-
formed in R-space over a 1.1-4.5 A range, and all paths were single
scattering. Only interatomic distances with acceptable uncertainty
values were used in the final fit. The quality of the LC-LS and shell-by-
shell fits was estimated by an R-factor parameter (Rf) of the following
form: Rf = (% exp — K4)? / (3 exp)*.

A large set of experimental Cu K-edge XAS spectra from natural and
synthetic model compounds was used for visual comparison of spectral
similarities and for the LC-LS fitting analysis of the EXAFS spectra
(EXAFS spectra of LC-LS fits are reported in Fig. S1). Our Cu K-edge

Table 2

model compounds dataset includes experimental data already collected
and described for a large variety of Cu compounds (Table S4; Tella et al.,
2016). In addition, our dataset also includes Cu K-edge XAS data for Cu-
bearing montmorillonite and kaolinite. The XAS spectra of reference
compounds were collected under the same conditions as the XAS spectra
of the sediment samples described in this study. For Cu-bearing mont-
morillonite and kaolinite, the measured reference spectra were
compared to spectra reported by Brigatti et al. (2004) and Sonoda et al.
(2019), respectively. The model compounds used for the LC-LS fitting
analysis are reported in Fig. S2.

2.5. Copper mobilisation experiments

Cu mobilisation from marine sediments in the presence of mb was
investigated in kinetic batch experiments under anoxic conditions in a
No-filled glovebox. 0.1 g aliquots of sediment were pre-equilibrated in
4.5 mL SOW for 3 days in the presence of 200 mg L™! Bronopol (2-
bromo-2-nitro-1,3-propanediol) to suppress microbial activity and pre-
vent mb degradation during experiments. The final sediment-to-solution
ratio (SSR) of 20 g L~ lies within one order of magnitude of the original
SSR of the surface sediments (130-400 g L) used in this study. The
solution pH was buffered between pH 6.7-7.9 (Table 2) by carbonates in
the sediment and SOW.

After pre-equilibration, 0.5 mL of a 0.2 mM mb stock solution was
added to 4.5 mL sediment suspensions (t = 0; final mb concentration: 20
pM). To examine the effect of mb concentration on Cu mobilisation,
select sediments (Phoxy 2 and Strommen 2) were additionally treated
with higher dose of 60 and 140 pM mb. Also, controls without mb were
prepared by adding 0.5 mL UPW. The duplicate reactors were shaken
continuously on an end-over-end shaker in the dark (to avoid photo-
degradation of mb). Solution pH was monitored during the experiment.
Samples were taken for up to 16 days at regular intervals (0.25, 1, 4, 8,
24, 48, 96, 192, and 384 h for sediments from the F80 and Phoxy sta-
tions, and 0.083, 0.25, 0.5, 1, 2, 4, 8, 24, 384 h for sediments from

Overview of parameters from the Cu mobilisation experiments. Total Cu per reactor is expressed as the equivalent dissolved Cu concentration in 20 g L™! sediment
suspensions. Dissolved Cu concentration is the final mobilised Cu concentration at t = 384 h in presence of 20 pM mb (Fig. 2); based on these concentrations, the
proportion of Cu mobilised was calculated. The pH hardly changed during the experiments; therefore, an average is presented for duplicate reactors over time.

Sediment Total Cu per reactor (uM) Dissolved Cu (pM) (384 h) in presence of 20 pM mb Proportion Cu mobilised (%) pH (£0.3)
F80 2 14.8 0.6 4.1 7.79
F80 3 13.2 0.4 3.0 7.75
Phoxy 1 13.0 5.7 44.0 7.20
Phoxy 2 17.4 6.7 38.6 7.28
Phoxy 3 14.2 5.8 40.9 7.38
Strommen 1 72.6 0.5 0.7 7.28
Strommen 2 85.4 5.1 6.0 7.29
Strommen 3 99.5 5.7 5.7 6.72
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Strommen). Samples were centrifuged at 5000 rpm for 30 s, the super-
natant was filtered (0.22 pm polyvinylidene fluoride filters (PVDF)
Millex-GV), and the filtrate was acidified (1 % HNOg3). Samples
involving sediment F80 1 were difficult to filter, possibly due to the high
clay or Corg content (Table 1). Therefore, experiments with F80 1 were
discontinued.

2.6. Methanobactin adsorption experiments

Adsorption isotherms for free mb ligand and mb complexing Cu to
F80 2, Phoxy 2, Strommen 1 and 2 were determined. A Cu-mb stock with
a 1:1 Cu-to-mb ratio was prepared at least 10 min before the start of the
experiment to allow all Cu to be complexed by mb, as previously
established (El Ghazouani et al., 2011). Batch sediment suspensions (20
g L™1) were then treated with the free mb ligand or the Cu-mb complex
to final concentrations of 5, 10, 20 or 40 pM. Samples were collected
after 15 min of interaction, centrifuged and filtered (0.22 pm cellulose
acetate filters) for analysis by UV-vis spectrometry (Cecil CE 1011). This
short interaction time was chosen to minimize the effect of metal
complexation on the isotherms of free mb. The total concentration of mb
remaining in solution was determined at 423 nm, the isosbestic point of
the spectra of free mb and Cu-mb complexes. Note that this wavelength
differs slightly from the previously reported 422 nm (Pesch et al., 2012),
possibly because these adsorption experiments were conducted in SOW
with a higher ionic strength. The adsorbed mb concentration was
calculated as the difference between the added concentration and the
concentration in the filtrate. As light absorbance was measured at the
isosbestic point for Cu-mb and mb, the concentration measurements
were independent of the speciation of mb in the filtrate.

2.7. Solute concentration measurements by ICP-OES and ICP-MS

Total concentrations of dissolved metals and sulphur in filtered
samples from time series experiments and in extracts from the sequential
extraction procedure were determined using inductively coupled plasma
optical emission spectrometry (ICP-OES) (Perkin-Elmer models Optima
5300-DV and Avio 500). ICP-OES had a limit of quantification (LOQ) of
0.001-0.026 ppm, depending on the element, and a recovery of 100 %
+ 5 %. In cases where metal contents in the sediment were low, we
additionally used inductively coupled plasma mass spectrometry (ICP-
MS) (models Agilent-7700 and Perkin-Elmer NexION2000) to measure
metal concentrations in the extracts. ICP-MS analysis had a LOQ of
0.04-8 ppb (except Hg which had an LOQ of 40 ppb), depending on the
element, and a recovery of 100 % + 5 %. Solution pH was monitored
using an Orion 3-star pH meter (Thermo).

3. Results
3.1. Sediment characterization

3.1.1. General sediment properties and total contents

The pH of all sediment suspensions was between 7.2 and 7.8, except
for Strommen 3 (pH 6.72). (Table 2), corresponding with the circum-
neutral pH typically observed in marine sediment porewaters (Silburn
et al., 2017). A summary of sediment properties is presented in Table 1.
The table combines the sediment characterization performed in the
context of this and previous studies investigating the same set of sedi-
ment samples. Total contents of potentially competing elements in the
sediments were also quantified (Table S2). In these sediments, the
organic C content ranged from 2 to 15.5 wt%, the clay content from 6 to
20 wt%, the CaCOs3 content from 2 to 71 wt%, the total S content from
1.4 to 42 g kg1, and the total Fe content ranged from 9.8 to 64 g kg L.
Results on solid phase Fe and S speciation from sequential extractions
are presented in Fig. S3 (including the accompanying text) and Table S5.
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3.1.2. Solid phase distribution of Cu using sequential extraction

Total Cu content and Cu species distribution in the solid phase were
investigated to elucidate the effect of Cu speciation on Cu mobilisation
by mb (Fig. S3a and Table S5). Total Cu contents across the different
sediment samples varied within one order of magnitude (Table 1), and
were measured at <1 pmol g~! Cu (45-55 mg kg ') in all Phoxy sedi-
ment layers, 0.7-4.1 pmol Cu g~! (42-260 mg kg™!) in F80 sediment
layers (highest content in the uppermost layer), and 3.6-5.0 pmol Cu g !
(230-320 mg kg~!) in the Strommen sediment layers (increasing with
depth). The results from the sequential Cu extraction demonstrated
distinct differences in Cu speciation among the sediments. Exchangeable
Cu was generally below the LOQ for ICP-MS (3.2 ppb), except for
Strommen 2 and 3, and so was Cu in the Reducible fraction, except for
Phoxy 1 and Strommen 3 (Table S5). Contrary to the other sediments, Cu
was not measurably extracted in the Acid-soluble fraction of the F80
sediments and Strommen 1. In the F80 sediments, Cu was only present in
the Organic + Cu sulphide and the Residual fraction, the Residual Cu
content being consistently larger. Although the Organic + Cu sulphide
fraction represented the highest proportion of Cu at all three Phoxy
sediments, the distribution of Cu in the shallower sediment Phoxy 1
differed from the sediments Phoxy 2 and 3, (Fig. S3a). Phoxy 1 had a
comparatively large proportion of Cu attributed to the Acid soluble,
Reducible and Organic + Cu-sulphide fractions, and, contrary to Phoxy 2
and 3, no measurable Cu in the Residual fraction. Strommen 1, the
shallowest Strommen sediment, differed from Strommen 2 and 3 by
having all Cu attributed to only the Organic + Cu sulphide and Residual
fractions, with Organic + Cu sulphide being largest proportion. Strommen
2 and 3 also had similar Cu distributions with additional Exchangeable,
Acid soluble and Reducible fractions, with the Residual fraction being the
largest proportion (Fig. S3a). Strommen 3, however, had higher pro-
portions of Cu associated with the Exchangeable, Acid soluble and
Reducible fractions than Strommen 2.

3.1.3. Solid phase Cu speciation analysis by X-ray absorption spectroscopy

The Cu K-edge EXAFS spectra, their corresponding Fourier trans-
forms and shell-by shell fits of the selected bulk sediment samples,
Strommen 1 and 2, Phoxy 2, and F80 2, and select reference compounds,
CuS, CuFeS; and CusS are presented in Fig. 1. EXAFS spectra along with
LC-LS fitting curves for the same samples are presented in Fig. S1. The
EXAFS spectra of the Strommen 2 and Phoxy 2 sediments show distinctly
different features compared to the F80 2 and Strommen 1 sediments.
These differences are specifically apparent in the corresponding Fourier
transforms, which show a different position and shape for the second-
neighbor peaks (Fig. 1). While all samples clearly show a dominant
Cu — S pair correlation at 1.78-1.82 A (uncorrected for phase shift),
characteristic of Cu sulphides (Fig. 1), Strommen 2 and Phoxy 2 also
show the occurrence of second neighbor peaks at 3.36-3.38 A (uncor-
rected for phase shift), characteristic of mono-copper-sulphide, i.e.,
CuFeS; and CuS (Fig. 1). Conversely, the Fourier Transforms of Cu K-
edge EXAFS of F80 2 and Strommen 1 samples compared well with the
CuyS model reference spectrum (Fig. 1).

These qualitative observations are corroborated by the shell-by-shell
fitting analysis of the Cu—K edge EXAFS data (Fig. 1 and Table 3). Shell-
by-shell fitting analysis confirms that Strommen 2 and Phoxy 2 samples
exhibit Cu—S, Cu—Cu, and Cu—Fe distances in good agreement with
the range of distances reported for the structures of CuS, CuFeS,, and
CugS. Conversely, Strommen 1 and F80 2 samples exhibit, predomi-
nantly, Cu—S and Cu—Cu distances in good agreement with the range of
distances reported for the structure of CuyS. Furthermore, the LC-LS
fitting analysis of the Cu—K edge EXAFS data confirms that Cu is
mainly present in all sediment samples as Cu sulphides (71-100 %)
(Table S6 and Fig. S1) and corroborates the shell-by-shell fitting results,
suggesting that Cu in Strommen 2 and Phoxy 2 samples is incorporated
in CuS (17 and 15 %, respectively), CuFeS; (28 and 23 %, respectively),
and CuyS (45 and 33 %, respectively), while Cu in Strommen 1 and F80 2
samples is incorporated mainly in Cu,S (86 and 80 %, respectively).
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Fig. 1. Shell-by-shell fits of Cu K-edge EXAFS spectra of Strommen 2, Phoxy 2, Strommen 1, and F80 2 (left). Fitting range R = 1.1-4.5 A, Fourier transform range: k
=28-11A" (right). CuS, CuFeS, and Cu,S references are displayed above and below for comparison. Purple shading shows the location of two pair correlation
characteristic of mono-copper-sulphide, i.e., CuFeS, and CuS, which are also found in the Fourier transform of Strommen 2 and Phoxy 2 samples.

In addition to the Cu incorporated in Cu sulphides, shell-by-shell
fitting analysis of the Phoxy 2 sample exhibits a Cu—O distance in
good agreement with the range of distances reported for the structure of
Cu-COg3 (Behrendt et al., 2022). Using the Cu—C distance (theoretically
at 2.48 A) of Cu-COg in Phoxy 2 did not improve the fit, likely because
the Cu—C distance is hidden, or “masked”, by the contribution from the
Cu—Cu distance (2.41 10\) of CusS. However, addition of Cu-COs in the
LC-LS fitting analysis did improve the Rf by 29 % for the Phoxy 2 sample
(Table S6). Consequently, the Cu-COg3 reference compound was sys-
tematically included in the LC-LS fitting analysis of all samples to allow
for direct comparison of all EXAFS spectra. Based on this analysis, the
remaining fraction of Cu is not incorporated in Cu-sulphide phases but
associated with Cu carbonates (with 10, 29 and 10 % for Strommen 2,
Phoxy 2, and F80 2, respectively).

3.2. Cu mobilisation from marine sediments

Cu mobilisation from F80, Phoxy and Strommen sediments was
investigated in the presence and absence of mb under anoxic conditions
(Fig. 2). In the absence of mb, mobilised Cu concentrations remained <2
pM in all sediment suspensions for the duration of the experiment. For
the Strommen sediments, without addition of mb, dissolved Cu con-
centrations differed notably between the three depths (Fig. 2¢). They
were <0.5 pM for Strommen 1, while for the deeper sediments,
Strommen 2 and 3, the highest concentrations observed were 1 pM and
1.8 pM, respectively.

The effect of mb on Cu mobilisation differed among the tested sed-
iments (Fig. 2 and Table 2). Addition of 20 pM mb had no discernible
effect on Cu mobilisation from F80 sediments (Fig. 2a), whereas it led to
increased dissolved Cu concentrations in Phoxy and Strommen sediment
suspensions (Fig. 2b and c). The mobilised Cu concentrations in mb-
amended (20 pM) sediment suspensions of Phoxy 1, 2 and 3 were
similar. After an initial increase within the first 96 h, Cu concentrations
remained relatively constant (5.6-6.7 pM) throughout the experimental
period (Fig. 2b). Interestingly, the addition of mb increased dissolved Cu
concentrations much more for the deeper Strommen 2 and 3 (up to 6.3
pM) than for the shallower sediment Strommen 1 (up to 0.5 pM),
compared to the respective controls (Fig. 2¢). Cu was mobilised much

faster in Strommen 2 and 3 sediments than in Phoxy sediments with a
strong increase of soluble Cu concentrations within 2 h in Strommen 2
and 3 sediments (Fig. 2c). Then, after reaching maxima of 6.4 and 7.8
pM Cu at 24 h, dissolved Cu concentrations decreased to 5.1 and 5.7 pM
after 384 h in Strommen 2 and 3, respectively (Fig. 2c).

Total Cu per reactor varied among sediment suspensions (Table 2;
expressed as equivalent solution concentration). Strommen sediment
suspensions had the highest total Cu concentrations (72.6-99.5 pM), 4-8
times higher than F80 and Phoxy sediments (13-17 pM). Variation in
total Cu concentrations among samples from different depths at the
same station (i.e., same sediment core) was comparatively low (<30 %).
The percentage of total Cu mobilised in presence of mb was calculated
based on the dissolved Cu concentration in presence of mb after 384 h
(Table 2). While only 3-4 % of the total Cu in F80 suspensions was
mobilised in presence of mb, ~40 % was mobilised in Phoxy suspen-
sions. <1 % of the total Cu in Strommen 1 was mobilised in presence of
mb, in contrast to ~6 % in Strommen 2 and 3.

Cu mobilisation from Phoxy 2 and Strommen 2 sediments was
further examined in presence of 60 and 140 pM mb (Fig. 3). For Phoxy 2,
for the first 96 h, Cu mobilisation rates did not seem to be affected by the
amount of mb applied (Fig. 3a). Between 96 and 384 h, the rate of Cu
mobilisation was somewhat larger in incubations with higher mb con-
centrations, but differences in total mobilised Cu concentrations
remained relatively small (6.7 to 8.7 pM after 384 h) (Fig. 3a). For
Strommen 2, the Cu mobilisation rates were also comparable for the
various applied mb concentrations in the very initial phase (<5 h).
Compared to Phoxy 2, the amount of applied mb had a much larger
effect on the mobilised Cu concentration after 384 h, with final Cu
concentrations of 23 pM and 36 pM in presence of 60 pM and 140 pM
mb, respectively (Fig. 3b). Thus, whereas, at 20 pM mb, the final
mobilised Cu concentrations were in the same order of magnitude for
Strommen 2 (5.1 pM) and for Phoxy 2 (6.7 pM), upon application of
higher mb concentrations, the final mobilised Cu concentrations were
much higher for Strommen 2 (up to 36 pM) than for Phoxy 2 (up to 8.7
pM). In contrast to Phoxy 2, the final dissolved Cu concentrations
mobilised from Strommen 2 (ie., after 384 h), were directly propor-
tional to the applied mb concentration (Fig. 3c).
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Table 3
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Results of shell-by-shell fitting of Cu K-edge EXAFS spectra of Strommen 2, Phoxy 2, Strommen 1, and F80 2. Corresponding experimental and calculated curves are
plotted in Fig. 1. Single scattering paths of CuFeS,, CuS, and Cu,S references calculated by feff code 8.4 are displayed below for comparison with samples. Calculations
are based on crystallographic data from Hall and Stewart (1973) for CuFeS,, Takéuchi et al. (1985) for CuS, and Cava et al. (1981) for CuS,.

Sample Path R (A)° CN® 6% (A?)° AE, (eV)! Rf*
Cu-S 2.28 + 0.02 3.55 £+ 0.69 0.006 + 0.002 4.144 0.0293
Strommen 2 Cu-Cu 2.27 +£0.02 8.49 + 4.9 0.014 + 0.004 - -
Cu-Cu 3.43 + 0.02 1 0.014 + 0.004 - -
Cu-O 1.88 + 0.02 1.14 £ 0.25 0.004 + 0.002 0.402 0.0137
Cu-S 2.27 £ 0.02 1.82 + 0.45 0.004 + 0.002 - -
Phoxy 2
Cu-Cu 3.41 = 0.02 1 0.010 + 0.003 - -
Cu-Fe 3.70 £ 0.02 4.26 £ 2.43 0.010 £ 0.003 - -
Cu-S 2.11 + 0.04 1.05 + 0.19 0.003* —2.797 0.0063
Cu-S 2.30 = 0.03 3.20 £0.71 0.004 + 0.002 - -
F80 2 Cu-Cu 2.63 + 0.03 0.35+0.31 0.004 + 0.002 - -
Cu-Cu 2.66 = 0.03 0.35 £ 0.31 0.004 + 0.002 - -
Cu-Cu 2.71 £ 0.03 0.35 £ 0.31 0.004 + 0.002 - -
Cu-S 2.31 = 0.02 3* 0.005 + 0.002 2.747 0.0161
Cu-Cu 2.66 + 0.03 1* 0.007 + 0.004 - -
Cu-Cu 2.69 + 0.03 1 0.007 + 0.004 - -
Cu-Cu 2.74 £ 0.03 1 0.007 + 0.004 - -
Strémmen 1 Cu-Cu 2.87 £0.03 2% 0.007 + 0.004 - -
Cu-Cu 3.00 £ 0.03 1 0.010 + 0.003 - -
Cu-Cu 3.10 = 0.03 1 0.010 + 0.003 - -
Cu-Cu 3.38 £ 0.03 1 0.010 + 0.003 - -
Cu-S 3.90 + 0.08 4* 0.017 £+ 0.011 - -
Cu-Cu 4.12 + 0.09 2% 0.010 + 0.013 - -
Single scattering calculated by feff8.4 for a cluster size of 5 A
Reference Path R (A) CN
Cu-S 2.3 4
CuFeS, Cu-Fe 3.73 8
Cu-Cu 3.71 4
Cu-S 2.18 3
Cu-Cu 3.14 6
Cus Cus 37 6
Cu-Cu 3.77 6
Cu-S 2.31 2
Cu-S 2.36 1
Cu-Cu 2.66 1
Cu-Cu 2.69 1
CuyS Cu-Cu 2.74 1
Cu-Cu 2.86 2
Cu-Cu 2.93 1
Cu-Cu 3.03 1
Cu-Cu 3.31 1

(=) All parameter values indicated by (-) were linked to the parameter value placed above in the table.
@ R, the interatomic distance between the absorbing atom and the neighboring shell.

b CN, coordination number - the number of atom neighbors in the shell.

¢ o, the Debye-Waller factor of Cu—0, Cu—S, Cu—Cu, and Cu—TFe.

4" AE,, the threshold energy correction.

¢ Fit quality was estimated using an R-factor, Rf = Z(k>exp-K 1)/ Z(Kexp) -

" The coordination numbers were fixed to these values.

3.3. Mobilisation of Fe and other metals from marine sediments

Dissolved concentrations of elements that have the potential to
compete with Cu for complexation by mb, and possibly impact Cu
mobilisation, were also measured (Table S7 and Fig. S4). Mobilised
concentrations of Ag, Hg, Co and Ni were <1 pM, even in the presence of
mb. Mobilisation of Fe, the most abundant metal in the sediments that
could potentially compete with Cu for complexation by mb, did occur in
some cases (Fig. S4). For sediments from which Cu was mobilised (Phoxy
1-3, Strommen 2 and 3), total Fe concentrations in the filtered samples
were low (<5 pM) in both the absence and presence of 20 pM mb (Fig.
S4b and c), suggesting that mb addition did not affect the dissolved Fe
concentration. Much higher Fe concentrations (>100 pM) were
observed in filtered samples from suspensions where little Cu was
mobilised, even in presence of mb (F80 2 and 3 and Strommen 1) (Fig.

S4a and c). Dissolved Fe concentrations were initially high but declined
during the experiment by ~85-90 % in the F80 suspensions, and by
~70 % in the Strommen suspensions. In select samples from F80 sus-
pensions, dissolved Fe was present mostly (>82.5 %) as Fe(ll), as
determined via the Ferrozine method (Viollier et al., 2000) (Table S8).
Because of the poor solubility of Fe(III) minerals at the circumneutral pH
of the sediment suspensions, dissolved Fe(Ill) concentrations are also
presumed to be low in other sediment suspensions in which Fe was
mobilised. Sediments from which Fe was mobilised generally had higher
Fe contents attributed to the HCl-Fe(I) fraction (215-406 pmol g’l)
than sediments from which Fe was hardly mobilised (9-233 pmol g~ 1)
(Fig. S3b and Table S5), suggesting surface-sorbed Fe(II).

In corresponding treatments with and without mb addition, Fe
concentrations initially differed by up to 13 % for all sediments. In F80
suspensions dissolved Fe concentrations were higher in the treatments
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Fig. 2. Cu mobilisation from F80 (a), Phoxy (b), and Strommen (c) sediments (20 g L' in SOW + 0.2 g L! Bronopol) in the presence of 20 pM mb (filled symbols)
and absence of mb (open symbols) under anoxic conditions. The numbers 1-3 represent different sediment layers. Error bars indicate standard deviations of

duplicate reactors.

without mb for the first 8 h (Fig. S4a), whereas in Strommen 1 they were
higher in the treatment with mb - by 45 uM, exceeding the applied mb
concentration (20 pM) more than twofold (Fig. S4c). During the exper-
iment, the Fe concentrations in corresponding treatments with and
without mb converged (Fig. S4a and c). Dissolved Fe concentrations
mobilised from Phoxy 2 and Strommen 2 did not increase with
increasing mb concentration and remained low (<7 pM), even when the
mb concentration was increased to 140 pM (Fig. S5a and b).

3.4. Methanobactin adsorption to marine sediments

Adsorption of free mb ligand and of mb in complexes with Cu (Cu-
mb) to various sediments was examined to assess the potential fraction
of applied ligands adsorbing to the sediments. Through our spectro-
photometric method, the total mb concentrations remaining in solution
were analysed; adsorption results for mb complexing Cu are interpreted
in terms of total adsorbed and solution concentrations of mb, and not for a
Cu-mb complex of a specific stoichiometry (see SI section

‘Methanobactin speciation and adsorption to marine sediments’ and Fig.
S6).

The adsorption data were fit to a linear adsorption isotherm equa-
tion: Q = a-C; where Q (umol kg™?1) is the total adsorbed mb ligand
content (either free or as a complex), a (L kg’l) the adsorption coeffi-
cient, a measure for the affinity of the ligand/complex for the solid
phase, and C (pmol L) the total solution concentration of the mb
ligand (Fig. 4 and Table 4). As only the total dissolved mb ligand con-
centrations were measured, changes in solution speciation due to metal
complexation, displacement and dissociation reactions could not be
accounted for. Nonetheless, results from the adsorption experiments still
allow us to estimate the overall partitioning of the mb ligand over the
solid and solution phase in Phoxy 2 and Strommen 2 sediment
suspensions.

For all sediments, less mb remained in solution when applied as free
mb ligand (« = 8.4-23.2 L kg™ 1) compared to 1:1 Cu-mb complex (a =
4.7-11.8 L kg™ 1). This suggests that the free ligand has a larger affinity
for the solid phase than mb complexing Cu. The difference in mb
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Fig. 3. Cu mobilisation from Phoxy 2 (a) and Strémmen 2 (b) sediments (20 g L™! in SOW + 0.2 g L ™! Bronopol) in the presence of 20, 60 and 140 pM mb (filled
symbols) and absence of mb (open symbols) under anoxic conditions. Final Cu concentrations (after 384 h) mobilised from Strommen 2 (pink) and Phoxy 2 (blue) are
also plotted against added mb concentration (c). Error bars indicate standard deviations of duplicate reactors.

adsorption between free mb- and Cu-mb treatments was largest for
sediments from which little Cu was mobilised (F80 2 and Strommen 1;
Fig. 2), up to a factor 4.7 based on the a values. For Phoxy 2, the
adsorption coefficients for the two treatments were almost the same and
also, for Strommen 2, the difference was relatively small (~35 %) (Fig. 4
and Table 4). The smaller differences between the two treatments for
Phoxy 2 and Strommen 2 can, in part, be explained by the formation of
Cu-mb complexes during the timespan of the adsorption test.

4. Discussion
4.1. Solid phase Cu speciation influences Cu mobilisation by mb

Dissolved Cu concentrations increased in the presence of mb in some
sediment suspensions, but not in all (Fig. 2), even though each reactor
contained at least 13 pM Cu (on a solution concentration basis)
(Table 2), which would suffice to form 1:1 Cu-mb complexes with over
half of the added mb (20 pM). Furthermore, total Cu content does not
predict the extent of Cu mobilisation from these sediments. Instead,
different extents of Cu mobilisation by mb are likely controlled by

differences in solid-phase Cu speciation. It has been demonstrated that
mb can mobilise Cu from NOM constituents (Pesch et al., 2013) and
from several Cu-bearing mineral phases, including Cu oxides, malachite
(CuaCO3(0OH)3) (Fru et al., 2011), borosilicate glass (Kulczycki et al.,
2007) and Cu sulphides (Rushworth et al., 2022) in model systems.
However, the geochemical conditions (including pH and redox poten-
tial) and mineral phases present in marine sediments may promote or
inhibit Cu mobilisation by mb.

XAS showed a clear distinction in Cu mineral phases between sedi-
ments and Cu was only mobilised from sediments that contained a
mono-Cu-mono-sulphide (CuS) phase (Phoxy 2 and Strommen 2)
(Table 3). Other Cu sulphide minerals were present in all sediments, but
CuS was only identified in sediments where Cu was mobilised, sug-
gesting that CuS likely played a critical role in Cu mobilisation by mb.
The amount of Cu attributed to CuS in sediments (based on the values
reported for the LC-LS fits — Table S6) could account for 30 % (Phoxy 2)
and 38 % (Strommen 2) of the maximum Cu concentrations mobilised in
the presence of 140 pM mb (Table S9). Rushworth et al. (2022)
demonstrated that the efficacy of mb at mobilising Cu from mono-Cu-
sulphide minerals is phase dependent. They observed that under
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Fig. 4. Adsorption isotherms for mb when applied as (a) metal-free mb ligands and (b) 1:1 Cu-mb complexes to select sediments (20 g L") in SOW. The corre-

sponding equations are presented in Table 4.

Table 4

Fits to linear adsorption isotherms for adsorption data of mb applied as free mb
ligand and 1:1 Cu-mb complexes to various sediments, where Q (pmol kg™1) is
the total adsorbed mb ligand content (either free or as a complex), C is the so-
lution concentration (uM), and Ads-% is the percentage of mb adsorbed at a solid
to solution ratio (SSR) of 20 g L.

Free mb-ligand mb complexing Cu

Sediment Linear fit R? Ads-% Linear fit R? Ads-%
F80 2 Q =23.2*C 0.999 31.7 Q =11.7*C 0.994 19.0
Phoxy 2 Q =8.4*C 0.991 14.4 Q=7.4*C 0.968 12.9
Strommen 1 Q =22.3*C 0.998 30.8 Q=4.7*C 0.985 8.5
Strommen 2 Q =16.0*C 0.987 24.2 Q=11.8*C 0.978 19.1

experimental conditions similar to those in our present study (pH
7.5-8.5, anoxic conditions) more Cu was mobilised from CuS than from
CuFeS,. There is also evidence that the affinity of mb for Cu may be
insufficient to measurably dissolve Cu from certain Cu sulphide phases,
which also might explain why Cu was not mobilised from sediments in
our experiments. Fru et al. (2011), for example, observed that CusS,
which was determined as the dominant Cu sulphide phase in all sedi-
ments probed in this study using XAS (Fig. 1 and Table 3), did not
dissolve in the presence of mb. The amount of Cu associated with CuS
(calculated as the total Cu content multiplied with the fraction deter-
mined by XAS; Table S9) in our experiment is, however, too small to
account for the total Cu mobilised by mb; for Phoxy 2 this was already
the case in the 20 pM mb treatment, for Strommen 2 this was observed
only in the 60 and 140 pM mb treatments. This implies that Cu from
other Cu-bearing phases (Table 3) was also mobilised by mb, like
another mono-Cu-sulphide phase, CuFeS,. Both CuS and CuFeS; phases
have Cu as Cu(l) in the structure (Boekema et al., 2004), making it more
susceptible to oxidation and release (Kumar et al., 2013). However, it is
also important to note that Cu was not mobilised from Strommen 1
where only CuFeS; was detected at a low content, and no CuS. CuS is
often found on the surface of CuFeS; particles where it can catalyse the
oxidation of mixed redox couple phases like CuFeS; to allow for Cu
release (Todd et al., 2003). So, in our experiment with Strommen 1, the
absence of CuS may have inhibited the release of Cu from the CuFeS,
phase. In the 140 pM mb treatments with Phoxy 2 and Strommen 2
sediments, the mobilised Cu concentration after 384 h scaled, approxi-
mately proportionally, with the amount of Cu present as CuS (Table S9).
The larger Cu mobilisation rate from Strommen 2 compared to Phoxy 2
(Figs. 2b & c and 3a & b) may also have been related to the larger
quantity of CuS and CuFeS; in the former, and to differences in the
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crystallinity of mineral phases; for example, Rushworth et al. (2022)
observed faster Cu mobilisation by mb from poorly crystalline Cu sul-
phides than from more crystalline Cu sulphide phases. In conclusion, our
experimental results suggest that the exudation of mb in sulphide-
bearing marine sediments can efficiently enhance dissolved Cu con-
centrations, when mono-Cu-mono-sulphide phases are present.

During sequential extractions, in sediments from which Cu was not
mobilised, Cu was only extracted in the Organic + Cu sulphide (F4) and
Residual (F5) fractions (representing Cu associated with Cu sulphides,
refractory organic material, and silicate minerals or pyrite; Fig. S3a and
Table S3). All sediments, from which Cu was mobilised by mb (Fig. 2)
contained measurable Cu concentrations in the Acid soluble fraction
(F2; Cubound to carbonates, AVS or labile Cu-OM species; Table S5), but
only Strommen 2 and 3 contained Cu in the Exchangeable fraction (F1
weakly sorbed species), and only Phoxy 1 and 3 contained Cu in the
Reducible fraction (F3; Fe and Mn (oxyhydr)oxides and labile metal-
organic complexes). Considering all sediments, the amount of Cu
extracted in F1-3 accounted for 1-65 % of the amount mobilised by mb
(Fig. S3a and Tables S5 and S6). Hence, it appears that the sequential
extraction employed here is not a good predictor for Cu availability with
regards to mobilisation by mb and we could not clearly elucidate which
fraction/solid phase Cu species Cu was mobilised from in the presence of
mb. Although Cu was only mobilised by mb from sediments in which Cu
was extracted in F2 (Fig. S3a), the amount of Cu extracted in this frac-
tion was lower by a factor of 50-60 compared to the Cu concentrations
mobilised by mb (Table S5). The extractant used for F2 (1 M acetic acid/
acetate at pH 4.5) is supposed to extract Cu associated with carbonates,
AVS and labile Cu-organic complexes. However, incomplete extraction
of target phases, as reported by Burton et al. (2006) for AVS, and
redistribution of Cu over (remaining) solid phases during the sequential
extraction procedure, a phenomenon reported in several other studies
(Kheboian and Bauer, 1987; Rendell et al., 1980), may both obscure the
solid Cu phases driving Cu mobilisation by mb, suggesting a different
solid-phase Cu speciation compared to XAS. See the text associated with
Table S3 for a detailed description of proposed differences on what
phases may be extracted in each fraction.

Cu complexation by refractory NOM, like humic substances, con-
tributes to the dissolved Cu pool in many marine environments and can
play a role in limiting the Cu bioavailability (Ruacho et al., 2022).
However, it has been shown that mb can effectively compete with humic
substances for binding Cu (Pesch et al., 2013), and that humic sub-
stances do not inhibit mb-controlled dissolution of Cu sulphide nano-
particles (Rushworth et al., 2022). Also, our XAS results suggest that Cu
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complexation by NOM does not significantly contribute to the solid
phase Cu speciation in the sediments used in this experiment. Consid-
ering our XAS results on Cu speciation in the sediments, and the findings
from previous studies, which show that Cu is easily mobilised by mb in
the presence of NOM (Pesch et al., 2013; Rushworth et al., 2022), it is
improbable that Cu-NOM complexes constrained Cu mobilisation from
the sediments by mb. It seems more likely that the Cu extracted in F4
(organic + Cu sulphide) of the sequential extraction was mostly asso-
ciated with Cu sulphide minerals.

4.2. Competition from other elements for complexation of mb

Marine sediments contain several trace metals known to form com-
plexes with mb (Choi et al., 2006; McCabe et al., 2017). In this study,
however, most of the potentially competing trace metals investigated
(Ag, Hg, Ni, Co) were not measurably mobilised by mb (Table S7), and
therefore, their presence in the sediment did not inhibit Cu mobilisation.
Presumably, this resulted from the lower affinity of mb for these metals
compared to Cu (Choi et al., 2006; McCabe et al., 2017), and the low free
solution concentrations and total contents of these metals in the sedi-
ment (Table S2).

High dissolved Fe(II) concentrations in filtered samples were
measured in treatments where little Cu was mobilised, irrespective of
the presence or absence of mb (Table S8). However, mb may interact
with dissolved Fe in solution forming Fe-mb complexes. Rushworth et al.
(2022) observed elevated dissolved Fe concentrations upon addition of
mb to oxic suspensions of a natural CuFeS, sample at circumneutral pH
and also demonstrated that mb interacts with Fe(II) but not Fe(IIl).
Under such conditions, in absence of ligands, Fe(II) oxidizes to Fe(IIl),
which subsequently precipitates, but mb could maintain Fe(II) in solu-
tion by complexation. Also, Klar et al. (2017) observed dissolved Fe(II)
in the vicinity of oxic-anoxic interfaces in porewaters of the Celtic Sea,
which they concluded was stabilized by the presence of ligands.
Therefore, it cannot be excluded that dissolved Fe(II) affected the rate
and extent of Cu mobilisation by mb in this study.

4.3. The effect of mb on dissolved Cu concentrations in marine systems

In order to transfer the results of this study to large scale natural
systems, it is important to consider the effect of solid-to-solution ratios
(SSR). Specifically, in compacted sediments the SSR is much higher than
the SSR in our sediment suspension batch experiments, leading to
considerably more adsorption. The percentage of mb adsorbed to sedi-
ments (Ads-%) can be estimated using adsorption coefficient a and the
SSR (kg L!) reflecting natural or experimental conditions via the
following equation:

a.SSR

1+ a.SSR )

Ads —% = ( >.100%

Following the procedure outlined in Walter et al. (2016), we esti-
mated that, for compact marine sediments with adsorption coefficients
for mb in the range determined in this study, and a SSR of 4 kg L™}
(particle density (pp) = 2.65 kg L' and (water-filled) porosity (6) =
0.4), merely 1-5 % of the total mb ligand is present in the pore water,
depending on the sediment, and on whether mb is complexing Cu; the
rest is sorbed to the solid phase. This suggests that the efficiency of mb-
based Cu acquisition within compact sediments may be low. However,
since aerobic methanotrophy requires both oxygen and methane, it is
likely limited to oxygenated sediments and bottom waters near the
sediment-water interface, receiving methane from cold seeps or from
methanogenesis below (Boetius and Wenzhofer, 2013; Tikhonova et al.,
2020). Here, the type of sediment environment reflects the nature of the
high-porosity sediment samples investigated in this study (0 =
0.86-0.98; Table 1), which were sampled from an “interfacial sediment
zone” situated between the overlying water and the deeper, more
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compact sediments. Assuming an average p, for marine sediments of
2.65 kg Lt (Burdige, 2007) the sediment samples used in our adsorp-
tion experiments have SSR values of 0.13-0.4 kg L1, much lower than
those observed in compact sediments. Under such conditions, a sub-
stantially smaller fraction of the total mb will adsorb to the sediments,
and 20-30 % of the metal free ligand or 25-63 % of the mb complexing
Cu remain in the aqueous phase to facilitate Cu acquisition. The higher
proportion of mb adsorbed to F80 2 and Strommen 2, compared to
Phoxy 2 and Strommen 1, in the Cu-mb treatments might be attributed
to differences in solid-phase characteristics between sediments (Tables 1
and S2). In a study on adsorption of metal-phytosiderophore complexes,
the adsorbed fraction of metal-ligand complexes correlated with the clay
content and the clay/organic C ratio of soils (Walter et al., 2016). A
similar correlation was not evident for Cu-mb complex adsorption, yet
the number of sediment samples used in this study is too limited to do a
comparable analysis.

5. Conclusions

This study has demonstrated that the chalkophore methanobactin
exuded by methanotrophs as part of a Cu acquisition strategy can
mobilise Cu from Cu sulphide-bearing marine sediments. However, as
per our hypothesis, mb-facilitated Cu mobilisation under natural con-
ditions depends on the solid phase Cu speciation: Cu was only mobilised
from sediments that contained CuS (mono-Cu-mono-sulphide). This
suggests that exudation of mb for Cu acquisition by methanotrophs may
be rendered inefficient in marine environments where mono-Cu-mono-
sulphide phases are not present. Furthermore, the high affinity of the
(metal-)free mb ligand and of mb complexing Cu for sediments suggests
that the exudation of mb for Cu acquisition may be most relevant at the
sediment-water interface, or in overlying waters where the sediment-to-
solution ratio is low, and where the presence of oxygen makes aerobic
methanotrophic activity possible. Our results show how solid phase Cu
speciation can constrain Cu acquisition by aerobic methanotrophs
exuding chalkophores, and, as a consequence, MOx. However, solid
phase Cu speciation should not be considered the sole predictor for
methanotrophic activity, as other environmental factors may also be
limiting. Incubation studies with a chalkophore-exuding methanotroph,
like Methylosinus trichosporium OB3b, and sediments differing in Cu
speciation could further elucidate to what extent solid phase Cu speci-
ation affects MOy in marine sediments.

In conclusion, our experimental results demonstrate that mb-
facilitated Cu acquisition from sulphide-bearing marine sediments is
possible despite the high stability of Cu sulphide solid phases, but that it
is geochemically constrained. Whether exudation of mb is an efficient
strategy for Cu acquisition from marine sediments depends strongly on
the solid-phase Cu speciation. In marine environments where the solid-
phase Cu speciation is unfavorable, mb does not act to mobilise Cu, and
MOy may be limited.
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