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ABSTRACT

The growth and metal enrichment of ferromanganese minerals on the seafloor have intrigued many studies, yet the role of
microbes in the process has remained elusive. Here, we assessed the microbial influence on the growth and trace metal accu-
mulation and release of ferromanganese concretions from the Baltic Sea using 12-week microcosm incubation experiments.
We studied three concretion morphotypes: Crust, discoidal, and spheroidal, with biotic and abiotic treatments. The concretion
samples were collected into bottles containing artificial brackish seawater from the Gulf of Finland, incubated in in-situ simu-
lating conditions, and sampled at the beginning and end of the experiment. Microscale X-ray-computed tomography confirmed
the local growth of up to 10um thick patches on the concretion surface during the 12-week incubation period, corresponding
to a growth rate of 0.04 mm/year. Scanning electron microscopy of glass slides in the microcosms revealed freshly precipitated
cauliflower-like grains, typical of freshly formed Fe- and Mn-hydroxides. Decreased concentrations of dissolved trace metals
(Mn, Fe Co, V, Ni, Zn, and Mo) in the incubation solutions indicated the accumulation of these elements into concretions in the
biotic microcosms. In contrast, the dissolution of concretions was observed in abiotic microcosms, confirming that microbial
activity enhanced the ferromanganese precipitation and the associated accumulation and release of P and trace metals into the
ambient solution. The microbial contribution was confirmed by a strong decrease in headspace methane concentrations in biotic
microcosms, further indicating the presence of active methanotrophs in the concretion communities.

1 | Introduction Baltic Sea (e.g., Winterhalter 2004; Zhamoida et al. 1996;

Wasiljeff et al. 2024). In the Gulf of Finland in the eastern
Ferromanganese (Fe—Mn) concretions are centimeter-scale Baltic Sea, concretions occur on the surface of soft clay and
accumulations of iron and manganese oxides forming at silt sediments with no or very low sediment net deposition

the sediment-water interface on the seafloor. The concre- (Winterhalter 2004). It has been estimated that more than
tions are ubiquitous in oceans around the world and have 11% of the Finnish coastal sea areas are covered by concre-
been typically reported from deep-sea environments (e.g., tion fields, located most abundantly in the Kvarken region of

Margolis and Burns 1976; Blothe et al. 2015), freshwaters the Gulf of Bothnia and in the Gulf of Finland (Kaikkonen
(e.g., Stein et al. 2001; Zemskaya et al. 2018; Schoettle and et al. 2019). The concretions have high contents of Fe and
Friedman 1971), and also on the seafloor of the brackish Mn and contain various other metals, such as Co, Ni, V, Zn,
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Mo, and rare earth elements (Zhamoida et al. 1996; Glasby
et al. 1997), which make them potential resources of critical
minerals (Ren et al. 2023).

In oxic seawater, Fe and Mn form complexes with organic com-
pounds or precipitate as hydroxide particles that accumulate
on the seafloor (Yu et al. 2015, 2024; Jilbert et al. 2018). This
process is analogous to oceanic ferromanganese deposition en-
riched with metallic elements (Ren et al. 2022, 2024). The metal
hydroxides can form ferromanganese concretions in seafloor
areas where conditions are predominantly oxic and where there
is no net sediment deposition, which is typical of the exposures
of silty clays of the previous lacustrine phase of the Baltic Sea
Basin (Zhamoida et al. 2017). The primary source of Fe and Mn
in the Baltic Sea is terrestrial (Winterhalter 2004; Zhamoida
et al. 1996). Additional Fe and Mn may be delivered to the site
of ferromanganese precipitation by benthic efflux and lateral
transport from nearby suboxic to anoxic sub-basins (Widerlund
and Ingri 1996; Hlawatsch et al. 2002; Winterhalter 2004;
Pakhomova et al. 2007), or by upward diffusion of porewater Fe
and Mn from the underlying lacustrine sediment (Virtasalo and
Kotilainen 2008). The enrichment of critical metals in Fe—Mn
concretions is influenced by many factors, such as water depth,
electrochemical speciation, post-depositional phosphatization,
and nodule structural properties (Huang and Fu 2023). Metals
are enriched with distinct pathways depending on the element.
For instance, Co is scavenged on the Fe—Mn oxides through ox-
idation substitution, while Ni and Zn accumulate through di-
rect complexation on the Mn oxides. It is suggested that Fe—Mn
concretions are selectively enriched by oxidation-sensitive and
high-field-strength elements from seawater (Ren et al. 2022,
2024), and elements are distributed between the Fe and Mn hy-
droxide phases (Ren et al. 2024). Some metals, such as Co and V,
are correlated with Fe hydroxides, whereas Ni, Zn, and Mo are
more closely linked to Mn hydroxides.

Furthermore, the concretions are occupied by diverse micro-
bial communities with oxidative and reductive metabolism,
influencing metal cycling (Ghiorse and Hirsch 1982; Yli-
Hemminki, Jergensen, and Lehtoranta 2014; Zhang et al. 2002;
Sujith et al. 2017; Sujith and Gonsalves 2021). Previous studies
have shown that concretions from the Baltic Sea are largely
habited by species from phylum Pseudomonadota (previ-
ously Proteobacteria), including Mn- and Fe-oxidizers (e.g.,
Yli-Hemminki, Jorgensen, and Lehtoranta 2014; Reunamo
et al. 2017), having thus potential to oxidize these elements
and enhance the metal incorporation into concretions. In ad-
dition, many known methanotrophs that oxidize methane as
an energy source belong to the Pseudomonadota (Hanson and
Hanson 1996), suggesting that methanotrophs may be present
in the Baltic Sea concretions.

Concretions occur in various shapes but can generally be cat-
egorized into three main morphotypes: Crust, discoidal, and
spheroidal (Winterhalter 2004; Glasby et al. 1997; Zhamoida
et al. 1996). Hydrodynamics and sedimentological conditions
in the near-bottom seawater, such as the deposition rate and
the position of a concretion in the sediment, influence the
concretion shape (Zhamoida et al. 1996; Glasby et al. 1997,
Wasiljeff et al. 2024). Consequently, the distribution of differ-
ent morphotypes varies along the coastal area of Finland. These

morphotypes also have distinct elemental compositions: Crust
concretions are primarily rich in Fe, whereas spheroidal con-
cretions are more Mn-rich, whereas discoidal concretions have
a more mixed content of these elements (Zhamoida et al. 1996;
Wasiljeff et al. 2024). Spheroidal concretions have the highest
contents of magnetofossils produced by magnetotactic bacte-
ria and the highest microbial mineralization rates (Wasiljeff
et al. 2024). Furthermore, P is effectively adsorbed in concretions
(Zhamoida et al. 2017; Hlawatsch et al. 2002; Winterhalter 2004)
and functions as a natural sink for P, contributing to its cycling
on the seafloor.

The growth rates of concretions on the Baltic Sea floor have
been previously inferred based on various methods, such as
concentrations of anthropogenic metals (Zhamoida et al. 1996),
219Pb measurements (Grigoriev et al. 2013), and the 2*°Ra/Ba_,
ratio (Liebetrau et al. 2002), with rates ranging from 0.002 to
0.06 mm/year, depending on the method used and the morpho-
type of the studied concretion. In contrast, deep-sea nodules ex-
hibit significantly slower growth rates, ranging from 1 to 5Smm/
Myr (e.g., Hein and Koschinsky 2014; Ren et al. 2022), highlight-
ing that concretions in the shallow Baltic Sea grow much faster
than those in the deep sea. The accelerated growth rates in the
Baltic Sea are attributed to enhanced microbial activity within
the concretions (Ghiorse and Hirsch 1982; Yli-Hemminki,
Jorgensen, and Lehtoranta 2014; Zhang et al. 2002; Zhamoida
et al. 2007; Wasiljeff et al. 2024) and favorable conditions in the
surrounding sediment (Winterhalter 1980).

This 12-week laboratory microcosm experiment investigated
the concretion growth and incorporation of dissolved metals
into natural Fe—Mn concretions collected from the Gulf of
Finland. Specific focus is given to the influence of microbial ac-
tivity, revealed through biotic and abiotic incubations and their
role in both the sequestration and release of trace metals in the
concretions. To gain insight into the similarities and dissimilar-
ities between concretion morphotypes, we have chosen to inves-
tigate the three principal concretion morphotypes in the Baltic
Sea: Crust, discoidal, and spheroidal.

2 | Materials and Methods
2.1 | Sampling and Study Sites

The artificial brackish seawater of the Gulf of Finland (salinity
4.7, Yli-Hemminki, Jorgensen, and Lehtoranta 2014; Table S1)
was prepared and divided into 250 mL glass bottles containing
125mL of artificial seawater before sampling. The initial pH of
the artificial seawater was measured. All bottles and tools were
acid-washed and sterilized in an autoclave.

Sediment samples with ferromanganese concretions on the sur-
face were collected during two expeditions in May and June 2022
from the northern Gulf of Finland with a box corer (20X 20cm
surface area) that was subsequently sampled onboard the re-
search vessel Geomari of the Geological Survey of Finland
(GTK) (Figure 1; Table 1). The samples were collected from three
locations (later referred to as sites) that are known to contain all
three main morphological types of concretions: Crust, discoidal,
and spheroidal. Before the sampling, the seafloor coverage of the
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FIGURE1 | Bathymetric map of the Baltic Sea with the study sites 1, 2, and 3 indicated. MB = Mecklenburg Bight. Base map: ESRI Inc. (Redlands)
Ocean Basemap 2018. Baltic Sea bathymetric data: EMODnet Bathymetry 2018 (Thierry et al. 2019).

TABLE1 | Geographical locations of study sites and the morphology of ferromanganese concretions collected from the Gulf of Finland.

Sediment Latitude N Longitude Water Concretion
Site core ID (WGS84) E (WGS84) Date depth (m) morphology
1 MGBC-2022-1 59°57.941' 24°46.718’ 6 May 2022 41 Crust
2 MGBC-2022-5 60°11.483' 26°01.895’ 8 June 2022 30 Discoidal
3 MGBC-2022-7 60°05.493' 25°57.789’ 8 June 2022 42 Spheroidal

concretions was confirmed with an underwater video camera.
Water column temperature, salinity, and dissolved oxygen (DO)
profiles were measured from each sampling site using a Sea &
Sun Technology 90 M multiprobe.

To prepare microcosms, concretions were collected from the
sediment sample surface and placed into the glass bottles con-
taining 125 mL of artificial seawater using spoons and tweezers
that were cleaned with 70% ethanol before and between sam-
ples. Before transferring the concretions into bottles, they were
rinsed with filtered (nominal pore size 0.22um, polyethersul-
fone membrane) seawater to remove any excess fluffy (organic-
rich material) and sediment from the concretions. The seawater
was collected from a depth of 30m using a Limnos water sam-
pler, which was the maximum depth accessible with this sam-
pler. The crust concretions were broken down into smaller
pieces to fit into the bottles, whereas three to four individual dis-
coidal and spheroidal concretions were placed into each bottle.
The glass bottles with the concretions were stored in the dark
at +8°C onboard the research vessel and directly transported to
sample storage at +3.5°C at the GTK laboratory in Espoo at the
end of each expedition.

2.2 | Microcosm Experiments
Three parallel incubation experiments were conducted, one for

each concretion morphotype (Figure 2). Each incubation ex-
periment was conducted using microcosm bottles capped with

rubber septa: Three biotic microcosm bottles (biotic triplicates),
one abiotic control obtained adding sodium azide (NaN,) with
a final concentration of 15mM to eliminate microbial activity
(Sujith et al. 2017), and two microcosm bottles dedicated to the
assessment of concretion growth and freshly formed concretion
material. Separate bottles were dedicated for the start (0week)
and the end of incubation (12weeks). All microcosms were in-
cubated in the dark at +3.5°C in an orbital shaker at 100rpm
to simulate seafloor conditions. Biotic triplicates and abiotic
control were sacrificed, respectively, 2-3days after collection
(Oweek) and after 12weeks of incubation (12weeks). Also, the
duplicate microcosms, dedicated to the assessment of concretion
growth and freshly formed concretion material, were sacrificed
after 12weeks of incubation, totalizing 10 microcosm bottles
per experiment. From Oweek and 12weeks microcosms (biotic
triplicates and abiotic control), the pH of the incubation solution
was measured, and the headspace methane concentrations and
total phosphorus (total-P) and metal concentrations of the incu-
bation solutions were analyzed as described in Section 2.4.

To assess the growth or the dissolution of single concretions, an
approximately millimetric piece of concretion was attached to
the end of a glass rod and scanned with X-ray computed tomog-
raphy (CT) as described in Section 2.3. After CT scanning, the
other end of the glass rod was attached to the rubber septum
capping the microcosm bottle, so that the concretion piece was
immersed in the artificial seawater, incubated for 12weeks as
described above, and scanned again with CT after 12weeks of
incubation.
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12 weeks (+3.5 °C, dark, 100 rpm)

Assessment of concretion growth with piece of concretion
attached to the glass rod:

e X-ray computed tomography (CT)
Assessment of freshly formed concretion material with
microscope glass slide:

o Field emission scanning electron microscopy (FE-SEM)

[ R i R [
) 12 weeks (+3.5 °C, dark, 100 rpm) )
Sampling > =0 BB |E C
Biotic triplicates  Abiotic
control
0 week = A n ™ * Measurement of headspace methane concentrations
> At é 6 == » * Analysis of total phosphorus and metal
(+3.5 °C, dark, 100 rpm) E concentrations of incubation solution
* pH measurement of incubation solution
Biotic triplicates  Abiotic
control

FIGURE 2 | Design and workflow of microcosm experiment per sampling site. Three parallel series of incubations for each concretion morpho-

type were conducted, and a total of 10 microcosm bottles were dedicated for each incubation experiment per site. A, B, C =biotic triplicates, D, E =bi-

otic duplicates with a concretion piece attached to the glass rod and a microscope glass slide.

In addition, a freshly formed concretion material was assessed
by placing a clean microscope glass slide into the same duplicate
incubation bottles containing the glass rods with the concretion
pieces. After the 12-week incubation, the surfaces of the micro-
scope glass slides were air-dried and pressed with a conductive
carbon tape. The tapes were coated with Au and scanned using
a field emission scanning electron microscope as described in
Section 2.3.

2.3 | X-Ray Computed Tomography and Field
Emission Scanning Electron Microscopy

The piece of concretion, attached to the end of a glass rod,
was scanned with a GE Phoenix vitomelx s at the GTK using a
180kV nanofocus tube in focus mode 2 (small) with no beam
filter. The accelerating voltage was 100kV, and the tube cur-
rent was 260 A for a total power of 26 W. 2700 projections
were taken during a 360°C rotation. At every angle, the detec-
tor waited for a single exposure time and then took an average
of three exposures. With a single exposure time of 2000 ms, the
total scan time per sample was 6 h. The obtained resolutions
were 1.27-1.45um depending on the sample. The images were
reconstructed with Phoenix datoslx 2 using a ring artefact
reduction but no beam-hardening correction. The CT scan-
ning was repeated after 12 weeks of incubation with the same
settings, including resolution. The CT images were analyzed
using ThermoFisher PerGeos 2020.2. The images taken before
and after the 12weeks of incubation were overlaid on top of
each other using the Register images tool, which is very robust
in 3D-3D registration. They were then subtracted from each
other to highlight the growth areas. As the growth patches
were quite local, their thicknesses were measured using the
measure distance tool for perpendicular cross sections to get a
coarse estimate for local thickness increase.

The particles on the carbon tapes were analyzed via a field emis-
sion scanning electron microscope, model JEOL JSM-7100F
Schottky equipped with an Oxford Instrument EDS-spectrometer

X-Max 80mm? (SDD). The secondary electron (SE) images and
the EDS point analyses were taken using a 15kV acceleration
voltage and a 1.0nA probe current. The analyses were taken
using Aztec software. The quality of the EDS analysis is semi-
quantitative, and the results are normalized to 100%. Be and
lighter elements are not possible to detect.

2.4 | Geochemical Analysis

To analyze methane concentrations, the headspace was sampled
from 0-week and 12-week microcosm bottles and introduced into
20mL pre-evacuated gas-tight glass vials using a needle and sy-
ringe through the bottles’ rubber caps and stored at 4+3.5°C until
analysis (Figure 2). Headspace methane concentrations (CHy)
were measured with an Agilent 7890B gas chromatograph (GC;
Agilent Technologies, Santa Clara, CA, USA) with a flame ioniza-
tion detector (FID) equipped with a Gilson GX271 autosampler.

To assess the metal concentrations of the incubation solution,
100mL of solution from each bottle was filtered through a
0.2um cellulose acetate filter and stored at +3.5°C in plastic
bottles with a final concentration of 4.5% (v/v) of nitric acid
(HNO,) until analysis. In addition, 100 mL of artificial seawa-
ter was stored in the plastic bottle described above to define
the initial composition of the incubation solution. Solutions
were measured at Hellabs, University of Helsinki, Finland,
using an Agilent 8900 triple quadrupole ICP-MS (ICP-QQQ)
system to assess the concentrations of total-P, Fe, Mn Co, Ni,
V, Zn, and Mo. These elements were chosen for this study
because they are common components of ferromanganese
concretions as well as essential trace metals for microbial me-
tabolism. The samples were analyzed in accordance with ISO
17294-2:2016. Matrix interferences were handled using He,
H,, 0,, and no-gas tuning modes and TDS matrix suppression
using HMI. Data quality control was performed using surface
water reference materials SPS-SW2 (Spectrapure Standards,
Norway) and TM23-5 (ECCC, Canada), along with the soft
drinking water reference material LGC6027 (LGC Ltd., United
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Kingdom). Each reference material was individually adjusted
to match the acidity of the sample matrix, achieved through
the addition of HNO; and/or dilution as necessary. Certified
reference material concentrations for total P, Fe, Mn Co, Ni, V,
Zn, and Mo are presented in Table S2. The detection limits in
ug/L were 0.06 (total-P), 0.08 (Fe), 0.01 (Mn), 0.01 (Co), 0.02
(Ni), 0.01 (V), 0.03 (Zn), and 0.03 (Mo).

The figures were created by normalizing concentrations with the
measured values of artificial seawater (Figure 7; Table S4). The
concentration differences between the 0-week and 12-week incu-
bations were expressed as the relative change by subtracting the
0-week values from the 12-week values and dividing by the 0-week
value (Figure 7, upper panels; Table S7). Original concentrations
for total-P, Fe, Mn Co, Ni, V, Zn, and Mo are presented in Table S5.

Site 1 (Crust-like)

Temperature [°C]

15 2 25 3 35 4 45 4 5 6

Site 2 (Discoidal)
Temperature [°C]

7

3 | Results

3.1 | Vertical Profiles of Temperature, DO, Salinity
and pH, and Occurrence of Fe—Mn Concretions

At all the sampling sites, the seawater temperature and dis-
solved oxygen (DO) concentration decreased with depth,
while salinity increased (Figure 3). At site 1, the temperature
and DO concentration decreased downward in the water col-
umn and were ca. +2°C and 9mL/L, respectively, at the bot-
tom. Salinity increased downward and reached a maximum
of 6.8 at the bottom. At site 2, the temperature decreased to
ca. +4°C, and DO concentration decreased to 8.3mL/L at the
bottom. The salinity increased to 5.5 at the bottom. At site 3,
the temperature was +3°C, DO concentration was 4.5mL/L

Site 3 (Spheroidal)

Temperature [°C]

8 9 10 11 12 23456 7 8 910112

loobpdoobnloo bl wodoeleedoeleebeedeeloo! bodoebedoe bbb el

Salinity Salinity Salinity
5.5 6 6.5 7 4.5 5 5.5 6 4.5 5 55 6 6.5 7
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==
2— 2 2
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6 — 6— 6—
8— 8— 8—
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FIGURE 3

MAGBL AW -

| Depth profiles of temperature, dissolved oxygen concentration and salinity, and collected sediment cores with ferromanganese con-

cretions on their surface from the three study sites. Site 1 was characterized by crust concretions, site 2 by discoidal concretions, and site 3 by dis-

coidal and spheroidal concretions. Only spheroidal concretions were collected from site 3.
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at the bottom. Salinity increased at the bottom, reaching 6.8.
The pH values at the bottom were 6.8, 7.6, and 8.1 at sites 1, 2,
and 3, respectively.

Ferromanganese concretions occurred as a ca. 1.5cm thick sur-
face layer in each sediment sample (Figure 3). The concretions
were covered by a fluffy, brownish organic-rich material. The
sediment underlying the concretions was gray glaciolacustrine
rhythmite silt and clay at site 1, while it was Fe-monosulfide-
banded gray postglacial lacustrine silty clay at site 2 (sediment
identification follows Virtsalo et al. 2007; Virtasalo, Himaldinen,
and Kotilainen 2014). At site 3, the concretions were underlain
by a 2cm thick Fe-monosulfide-darkened fine sand, which in
turn was sharply underlain by brownish-gray glaciolacustrine
rhythmite silt and clay.

3.2 | Changes in pH and Headspace Methane
Concentrations in Microcosm Experiments

The artificial seawater had an initial pH of 6.9. In microcosms,
the pH of the incubation solution ranged in biotic triplicates
from 6.5 to 7.4 and in abiotic controls from 6.5 to 7.5 (Table 2).

The pH of the incubation solution of the site 1 microcosms
was not measured at 0 week but only after 12weeks of incu-
bation. In site 2, the pH decreased by an average of 0.5units
in the biotic triplicates after 12weeks of incubation, while a
small increase (by 0.1) was observed in the abiotic control. In
site 3, the pH increased by an average of 0.2 units in the biotic
triplicates and by 0.3 units in abiotic control after 12weeks of
incubation.

In biotic triplicates and abiotic controls from all three sites, the
headspace methane (CH,) concentrations were lower after the
12-week incubation than after the 0-week incubation (Figure 4;
Table S3). In biotic triplicates, methane concentrations de-
creased more than that in the abiotic controls. In the site 1 biotic
triplicates, the methane concentration decreased the most, and
the mean CH, concentration was 55% lower (1.97+0.07 ppm)
in the 12-week incubation (1.62+0.06 ppm) than in the 0-week
incubation (3.60+0.09 ppm). In the site 2 biotic triplicates, the
mean CH, concentration was 38% lower (1.35+0.11ppm) in
the 12-week incubation (2.204+0.08 ppm) than in the 0-week
incubation (3.55+0.14ppm). In the site 3 biotic triplicates, CH,
concentration was 28% lower (0.99+0.12ppm) in the 12-week
incubation (2.59+0.14ppm) than in the respective 0-week

TABLE 2 | pH values of the incubation solution from biotic triplicates and abiotic control at the beginning and end of 12 weeks of incubation from
three different sites. The 0-week pH values from site 1 samples were not measured.

Site 1 (crust) Site 2 (discoidal) Site 3 (spheroidal)
Biotic triplicates 12-week 0-week 12-week 0-week 12-week
A 7.4 7.3 6.7 6.5 6.7
B 7.1 7.0 6.5 6.6 6.9
C 7.4 7.0 6.6 6.9 7.1
Mean (STD) 7.3(0.14) 7.1(0.14) 6.6 (0.08) 6.7 (0.17) 6.9 (0.16)
Abiotic control 7.5 6.7 6.8 6.5 6.8

B o week [ ] 12 week [l 0 week [] 12 week

Site 1 (crust)

Site 2 (discoidal)

Site 3 (spheroidal)

w

Headspace CH4 (ppm)
n 12

0_ L S

Biotic triplicates Abiotic control

Biotic triplicates Abiotic control

Biotic triplicates Abiotic control

FIGURE4 | Mean headspace methane concentrations in the 0-week and 12-week microcosms from three sites. Error bars show the standard de-

viations of the biotic triplicates. See Table S3 for original values.
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incubation (3.59+0.09ppm). The decrease in the headspace
methane concentrations in the abiotic controls was approxi-
mately 17% on each site.

3.3 | Concretion Growth in CT and FE-SEM-EDS
Examination

Overlay CT images, where a 0-week image was subtracted
from a 12-week image, revealed that precipitation had oc-
curred on the surface of the ferromanganese concretion pieces
(Figure 5). The growth was detected locally on the crust and
spheroidal morphotypes from site 1 and site 3. The new growth
was visible as bright patches along the concretion surface, and
the local thickness increase varied depending on the concre-
tion morphotype. The mean local increase in both crust and
spheroidal morphotypes was 5.5um in thickness (range from
4 to 10um) and 100 um in width (range from 50 to 200 pm) in
12 weeks.

In site 1, the freshly precipitated Fe—Mn material was ob-
served in two areas (areas A and B; Figure 5) on the concre-
tion surface. In area A, the new growth was visible along the
whole surface. The mean local thickness increase calculated
from four (I-1V) selected patches was 5.4 pum, ranging from
3.7um to 7.1 pm (patch thicknesses: I, 7.1 um; II, 4.8 um; III,
3.7um; and IV, 6.1 um). In area B, the new growth was visi-
ble as 50-100 um wide patches on the concretion surface, and
the mean local thickness increase from three (I-III) selected
patches was 5.9 um, ranging from 3.5 um up to 10.1 um (patch
thicknesses: I, 10.1 wm; II, 3.5 um; and III, 4.2 um). In site 3,
the freshly precipitated Fe—Mn material was detected along
the surface as a 200 um wide patch. The mean local thickness
increase from three (I-III) selected points was 5.2 um, ranging
from 4.2um to 6.2 um (patch thickness: I, 4.2 um; II, 5.2 um;
and III, 6.2 um).

FE-SEM imaging revealed that mineral material was attached
to the glass slides during the 12-week incubation. The applied

Site 1 (crust) A

Site 1 (crust) B

carbon tapes contained small mineral grains, including Fe hy-
droxides (Figure 6a). The Fe-hydroxide grains typically had
diameters of less than 10um and cauliflower-like morpholo-
gies. The EDS analyses were focused on the tips of cauliflower-
shaped buds and showed compositions dominated by O, Mn,
and Fe (Figure 6b).

3.4 | Total Phosphorus and Metal Concentrations
in the Incubation Solutions

In all microcosms from each sampling site, the dissolved
metal concentrations of the incubation solution increased
more in the abiotic controls than in the biotic triplicates after
the 12-week incubation (Figure 7). In site 1 biotic triplicates,
mean Fe, Co, V, Zn, and Mo concentrations decreased after
12weeks of incubation, while the mean P, Mn, and Ni concen-
trations of the 12-week incubation were slightly higher than
that of the 0-week incubation (Figure 7a). In contrast, in the
abiotic control, the 12-week microcosms had substantially
higher Mn, Fe Co, and Ni concentrations than the 0-week mi-
crocosms, while the difference was small for P, V, Zn, and Mo
concentrations.

Sites 2 and 3 microcosms revealed consistent behavior of dis-
solved metal concentrations in the solutions (Figure 7b,c). The
mean Mn, Fe Co, Ni, V, Zn, and Mo concentrations of biotic trip-
licates were systematically lower in the 12-week incubation than
in the 0-week incubation. In contrast, in the abiotic controls,
these concentrations were higher in the 12-week incubation, but
Fe concentration was lower in both sites and V and Zn concen-
trations were lower in site 2. The differences in P concentration
were small between the 0-week and 12-week incubation in both
the biotic triplicates and abiotic controls.

There was a high variability between biotic triplicates, and the
error bars of standard deviation are thus not presented in the
figures presenting the differences between 0-week and 12-week
incubation (Figure 7a—c upper panel; Table S7).

Site 3 (spheroidal)

FIGURES5 | Overlay CT images from the 12weeks of incubation at site 1 (areas A and B) and site 3 show freshly precipitated ferromanganese ma-

terial as bright patches on the concretion surface. Roman numerals (I-IV) indicate fresh ferromanganese patches, as discussed in the text.
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Site 3 (spheroidal)

Element Weight %
0] 32.36

Mn 24.81

Fe 17.94

Cl 10.37

Na 6.62

Mg 3.57

Ca 1.55

Si 1.46

FIGURE 6 | (a)SEM image and (b) EDS spectrum of a ferromanganese grain on the site 3 glass slide after the 12-week incubation. The EDS spec-

trum was measured from the location indicated by the red dot in the SEM image. Weight % values lower than 1% have been excluded from the table.

4 | Discussion

This study documents, for the first time to our knowledge, the
growth of ferromanganese concretions in a laboratory micro-
cosm experiment.

We collected the concretions from the northern Gulf of Finland,
where temperature, salinity, and dissolved oxygen at the three
study sites had typical values for the area: The ranges of near-
bottom water temperature (2°C-4°C) and salinity (5.5-6.8)
fit within the regional and temporal variabilities (Alenius,
Myrberg, and Nekrasov 1998; Figure 3). Additionally, the near-
bottom water pH showed typical values (6.8-8.1) at the sites.
In the Gulf of Finland, the surface seawater pH ranges from
7.67 to 8.51, depending on the season, whereas the near-bottom
water pH is usually lower due to respiration (HELCOM 2023).

The concretions form through the oxidation of dissolved Fe and
Mn, which requires oxygen-rich conditions (Winterhalter 1980;
Zhamoida et al. 1996; Hlawatsch et al. 2002). In this study, the
near-bottom water at sites 1 and 2 was well-oxygenated (9.1 and
8.3mL/L DO, respectively), while the DO concentration at site 3
was slightly lower (4.5 mL/L) yet still considered well-oxygenated
(approx. 50% of saturation) and sufficient for Fe and Mn to pre-
cipitate (Hlawatsch et al. 2002; Sutherland et al. 2020; Callender
and Bowser 1976). The concretions occurred as ca. 1.5cm thick
layer on the seafloor, covering the exposed old fine-grained sedi-
ments from the previous lacustrine phase of the Baltic Sea Basin,
which have lower organic matter contents than the reducing
organic-rich mud that is being deposited today in nearby areas
in the brackish water Baltic Sea (Virtsalo et al. 2007; Virtasalo,
Hiamildinen, and Kotilainen 2014). Sediment distribution on
the coastal seafloor is patchy; roughly, a third is composed of
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c. Site 3 (spheroidal)
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FIGURE7 | Mean concentrations of P, Mn, Fe Co, Ni, V, Zn, and Mo in the solutions of biotic triplicates and abiotic control in 0-week and 12-week
incubation (lower panel; Table S6) and the concentration differences between the 0-week and 12-week incubation (upper panel; Table S7) in (a) site 1,
(b) site 2, and (c) site 3. In the upper panels, bars with positive values have labels above them, while bars with negative values have labels below them.
The concentrations are normalized with the measured values of artificial seawater (Table S4). The concentration differences are expressed as the
relative change by subtracting the 0-week values from the 12-week values and dividing by the 0-week value. Error bars show the standard deviation

of the biotic triplicates. See Table S5 for original concentrations.

glaciolacustrine and postglacial lacustrine silty clay, a third of
organic-rich brackish-water mud, and a third of bedrock and till.
At all three sampling sites, the conditions were thus favorable
for forming and preserving ferromanganese concretions that re-
quire oxic seafloor conditions and no net sediment deposition
(Winterhalter 1980, 2004; Zhamoida et al. 1996).

X-ray CT revealed freshly precipitated ferromanganese material
on the surface of the concretions after the 12-week microcosm
experiments (Figure 5). The thickest growth of up to 10pum
was observed for a patch on a crust concretion from site 1. This
10pm local thickness increase corresponds to a growth rate of
0.04mm/year, which is close to the previously estimated growth
rates from the Baltic Sea, based on the analyses of transects over
cross sections of concretions. In the Gulf of Finland, Zhamoida
et al. (1996) estimated average growth rates of 0.03-0.06 mm/
year for spheroidal concretions based on the increased concen-
trations of metals (Cu, Ni, and Zn) in the outer layers of concre-
tions, whereas Grigoriev et al. (2013) estimated average growth
rate of 0.014mm/year for the same morphotype based on 2!°Pb
isotope measurements. In Mecklenburg Bay in the southwest-
ern Baltic Sea, Liebetrau et al. (2002) estimated growth rates of
0.0017-0.021 mm/year for spheroidal and crust morphotypes

based on the 2*°Ra_ /Ba method. The concretions of the compa-
rably shallow Baltic Sea grow notably faster than the deep-sea
nodules, whose growth rates have been estimated to be on aver-
age of 1-5mm/Myr analyzed with Be, U, and Os isotopes (Hein
and Koschinsky 2014), although a faster growth rate of 168 mm/
Myr for a deep-sea Mn nodule in the Pacific has been documented
(Reyss, Marchig, and Ku 1982). The rapid growth rate of Baltic
Sea concretions is explained by the relatively high availability of
Fe and Mn and favorable conditions on the seafloor. The large
rivers Neva and Kymi deliver high concentrations of Fe and Mn to
the Gulf of Finland (Zhamoida et al. 1996; Leivuori 1998), which
to significant extent are transported and deposited on the seafloor
as metal hydroxides (Yu et al. 2015, 2024; Jilbert et al. 2018). In ad-
dition, the typical substrate of ferromanganese occurrences in the
region, the patchily exposed silty clay of the previous lake phase of
the Baltic Sea Basin, and its underlying glacial till contain abun-
dant reactive Fe and Mn minerals that are dissolved in porewater
(Callender and Bowser 1976; Virtasalo and Kotilainen 2008). Fe
and Mn are also imported by benthic efflux and lateral transport
from nearby areas with reducing organic-rich mud of the modern
brackish-water Baltic Sea (Widerlund and Ingri 1996; Hlawatsch
et al. 2002; Winterhalter 2004; Pakhomova et al. 2007). Finally,
enhanced microbial activity within concretions has been
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associated with their rapid growth (Ghiorse and Hirsch 1982; Yli-
Hemminki, Jergensen, and Lehtoranta 2014; Zhang et al. 2002;
Zhamoida et al. 2007; Wasiljeff et al. 2024).

Ferromanganese particles that were observed on the glass
slides during the 12-week incubation were generally smaller
than 10 um and exhibited irregular and cauliflower-like mor-
phologies, typical for freshly formed Fe- and Mn-hydroxides
(Figure 6). Similar cauliflower-like morphologies have pre-
viously been documented for deep-sea ferromanganese sam-
ples (Karpoff et al. 2017; Usui et al. 2020) and in a laboratory
experiment (Cheng et al. 2014). However, it cannot be ruled
out that a piece of concretion could have detached from the
concretion and reattached to the glass slide surface during
incubation.

The removal of dissolved metals from the solution of biotic
triplicates during the 12-week incubation suggests that these
metals were incorporated into the newly precipitated ferro-
manganese material (Figure 7a-c). In contrast, the increased
dissolved metal concentrations in the abiotic controls imply the
release of metals into the solution and the dissolution of con-
cretions in the absence of microbial communities. Enhanced
metal incorporation into Fe—Mn concretions in biotic triplicates
shows that the microbial community has a strong control on the
metal accumulation, consistent with previous studies that in-
dicate that microbes contribute to the formation of concretions
(e.g., Ghiorse and Hirsch 1982; Yli-Hemminki, Jorgensen, and
Lehtoranta 2014; Zhang et al. 2002; Sujith et al. 2017; Sujith and
Gonsalves 2021).

The formation of Fe—Mn concretions is a complex biogeo-
chemical process (Glasby et al. 1997; Hlawatsch et al. 2002;
Winterhalter 2004) in which microbes play a role by directly
or indirectly oxidizing dissolved Fe and Mn from the sediment
porewater and near-bottom seawater. The concretions in the
Baltic Sea are predominantly hosted by species belonging to
the phylum Pseudomonadota (previously Proteobacteria) (e.g.,
Yli-Hemminki, Jorgensen, and Lehtoranta 2014; Reunamo
et al. 2017). This metabolically diverse phylum includes many
Mn- and Fe-oxidizers (Tebo et al. 2005; Hedrich, Schlémann,
and Johnson 2011; Madigan et al. 2018), suggesting their poten-
tial role in the oxidation of both elements. Mn-oxidizing bacte-
ria, Sphingomonas, Pseudomonas, and Bacillus were identified
in the concretions of the Gulf of Finland (Yli-HemminKki,
Jorgensen, and Lehtoranta 2014) and Mn-oxidizers Bacillus,
Arthrobacter, and Pseudomonas were dominant in biofilms
found on crusts from the Pacific Ocean (Jiang et al. 2017). Fe-
oxidizers, Hyphomicrobiaceae and Scalinduaceae, were dis-
covered in fast-growing Arctic Fe—Mn nodules from the Kara
Sea (Shulga et al. 2022). In addition to Fe and Mn, microbes
influence the availability and cycling of other metals, such
as Co, Ni, V, Zn, and Mo, by utilizing them for cell functions
and altering their oxidation states. Microbes actively uptake
metals that are required as cofactors in enzymes to catalyze
various reactions (Madigan et al. 2018; Cavet et al. 2015).
For instance Co is essential for vitamin B12 synthesis
(Dereven'kov et al. 2016; Raux, Schubert, and Warren 2000),
while Mo can be a cofactor for the nitrate reductase enzyme
(Johnson, Hainline, and Rajagopalan 1980). Furthermore, by

altering the oxidation states of metals, microbes can promote
metal enrichment into Fe—Mn concretions (Sujith et al. 2017;
Sujith and Gonsalves 2021). For instance, Mn-oxidizing bac-
teria can directly catalyze Co(II) oxidation to Co(III) (Lee
and Tebo 1994). Alternatively, Co can undergo indirect oxi-
dation through the biogenic formation of Mn oxides by Mn-
oxidizers where Co(II) is subsequently adsorbed onto Mn
oxides and further oxidized to Co(III) by Mn(IV) (Murray and
Dillard 1979; Burns 1976), finally enhancing the Co(III) en-
richment into Mn oxides.

In our microcosm experiments, discoidal and spheroidal con-
cretions (Sites 2 and 3) had the strongest precipitation rates
(Figure 7b,c), which suggests relatively high microbial activity
in these morphotypes. Previously, the spheroidal concretions
in the Baltic Sea have been associated with enhanced bacterial
activity based on increased contents of magnetofossils that are
produced by magnetotactic bacteria and higher microbial bio-
mineralization rate (Wasiljeff et al. 2024). Notable dissolution
rates were observed in the abiotic controls in all sites, especially
with Co in crust morphotype (Site 1) and Mo in discoidal and
spheroidal morphotypes (Sites 2 and 3). Co and Mo can be bound
to both Fe- and Mn-rich phases in ferromanganese concretions
(Kashiwabara et al. 2013; Huang and Fu 2023) and an increase
in Fe content may lead to enhanced scavenging of Co (Zhang,
Liu, and Zhao 2023). The Co content is further associated with
the growth speed of the concretions and is thus coupled to the
Fe/Mn ratio (Takahashi et al. 2007). Given that the Fe-rich crust
concretions generally form slower than the Mn-rich discoidal
and spheroidal morphotypes (e.g., Wasiljeff et al. 2024; our
data), the different dissolved Co and Mo contents might reflect
these relationships in the abiotic controls. The P was released
into solution in the abiotic controls in all sites, yet a small release
was also observed in the biotic triplicates. The observed effect
was contrary to expectations, as the surface metal oxides in fer-
romanganese concretions typically adsorb dissolved P, contrib-
uting to its cycling and sequestration (Hlawatsch et al. 2002;
Winterhalter 2004; Zhamoida et al. 2017). It is worth noting that
NaN,, used for inhibiting microbial activity in abiotic controls,
can reduce dissolved Fe (II) to Fe (Hendrix et al. 2019). However,
the reaction is relatively fast, taking place in minutes. The 0-
week microcosms were sampled 3-4days after the addition of
NaN,, when the reaction of NaN, with Fe (IT) must have been
largely completed. Therefore, the effect of NaN, addition on Fe
geochemistry is likely minimal and similar in both 0-week and
12-week microcosms.

0-Week biotic triplicates from sites 2 and 3 displayed elevated
concentrations of Fe and strongly elevated concentrations of
Mn in the incubation solutions, whereas site 1 showed only
a slightly elevated Fe concentration (Figure 7, lower panels).
Ferromanganese concretions typically contain amorphous and
poorly crystalline Fe and Mn oxide phases, including ferrihy-
drite, goethite, and birnessite-like minerals (e.g., Zhamoida
et al. 1996; Post 1999; Marcus, Manceau, and Kersten 2004;
Baturin 2009), that can readily adsorb aqueous Fe and Mn
species (e.g., Hiemstra and van Riemsdijk 2007; Lefkowitz
and Elzinga 2017). The elevated Fe and Mn levels observed
at the initial stage of the experiment likely resulted from the
desorption of these surface-adsorbed Fe and Mn complexes
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due to interfacial redox reactions and minor changes in pH
and temperature during and shortly after the introduction of
the concretion material into the incubation solution. The dis-
coidal and spheroidal concretions (Sites 2 and 3) may have had
higher contents of surface-adsorbed Mn and Fe, which were
released into the solution at the beginning of the incubation
experiment. In contrast, this effect was smaller in the crust
concretions (Site 1), which is consistent with the morphotype
generally having high Fe and low Mn contents. The higher
surface-adsorbed contents may be linked to the higher micro-
bial activities in sites 2 and 3, which were inferred based on the
stronger decreases in dissolved metal concentrations in the 12-
week incubations compared to site 1. Alternatively, the higher
adsorbed Fe and Mn contents in discoidal and spheroidal con-
cretions may have resulted in the higher Fe and Mn availabil-
ity, resulting in stronger ferromanganese precipitation during
the experiment. The concentration of Fe was initially low in
the artificial brackish seawater (Table S4) before the start of
the incubation experiment, indicating that Fe had partially
dissolved prior to the experiments. The decrease in the pH in
the solution of biotic triplicates was expected due to microbial
respiration and the production of carbonic acid into the solu-
tion, yet surprisingly, a small increase in pH was observed in
the spheroidal concretion morphotype (Table 2). Nevertheless,
the pH remaining relatively stable and nearly neutral in all
microcosms indicates that the metals did not dissolve due to
acidic conditions. The solubility of many metals increases as
the pH decreases, e.g. Fe in oxidizing waters below a pH of 5
(Hem 1985), and thus, acidic conditions can induce the release
of metals from concretions.

We calculate that a 2ug/L decrease in the Fe concentration of
the solution equals the precipitation of 190,000 um? of fresh Fe
hydroxide (density 4.25g/cm?, porosity 50%) in the microcosm,
and a similar decrease in the Mn concentration equals to the
precipitation of 250,000um? of fresh Mn hydroxide (density
3.26g/cm?3, porosity 50%) in the microcosm. These estimates are
conservative as concentration changes of up to tens and hun-
dreds of pg/L were noted (Figure 7), but they demonstrate that
the decreases in Fe and Mn concentrations in the biotic trip-
licates are sufficient to precipitate the newly formed Fe—Mn
patches observed in the CT images that are generally smaller
than 52,000 um?3.

The headspace methane concentrations decreased more in bi-
otic triplicates with microbial communities than in abiotic con-
trols (Figure 4). This suggests that the decrease in headspace
methane concentrations was driven by microbial activity, likely
attributed to methanotrophic bacteria that utilize methane oxi-
dation as an energy source (Hanson and Hanson 1996). We de-
tected the highest rate of methane utilization (55%) in the crust
concretion from site 1, suggesting that this morphotype has the
most active methanotrophic communities. The observed small
decrease in methane concentrations of abiotic controls (approx.
17% in all sites) may be due to the relatively low concentration
of NaNj; (15mM) and the long incubation time, which may have
allowed minor microbial activity during incubation (Cabrol,
Quéméneur, and Misson 2017). Alternatively, NaN, may have
had a direct impact on ionic strength, affecting the solubility of
methane.

Since the study sites in our experiment were well-oxygenated
and the microcosms remained oxic during incubation, we
suggest that aerobic methanotrophs were responsible for
the methane decrease. Previous studies have shown that
Pseudomonadota were predominant in the Baltic Sea Fe—Mn
concretions (Yli-Hemminki, Jorgensen, and Lehtoranta 2014;
Reunamo et al. 2017), and this phylum includes many known
methanotrophs. While the current knowledge of the aerobic
methanotrophs in the Baltic Sea concretions is limited, aer-
obic methane oxidizers have been previously documented
in sediments. Aerobic methanotrophs, Methylococcales,
Methylocystaceae, and Ca. Methylacidiphilum sp., were found in
the surface sediments of estuaries in southwest Finland, sug-
gesting aerobic methane oxidation (Myllykangas et al. 2020).
In addition, a small number of Methylococcales were identified
in the surface sediment layers of the Western Gulf of Finland
(Broman et al. 2020), and in sediments surrounding Fe—Mn con-
cretions in Lake Baikal, southern Siberia (Zemskaya et al. 2018).
However, the microbial communities in concretions and sur-
rounding sediments can distinct from each other (Tully and
Heidelberg 2013; Wu et al. 2013), and therefore the involvement
of aerobic methanotrophs in the Baltic Sea concretions requires
further investigation.

5 | Conclusions

We documented the growth of ferromanganese concretions
during 12-week microcosm experiments by microscale com-
puted tomography and loss of metals from the incubation solu-
tion. The observed mean local thickness increase of patches on
the concretion surface was 5.5pum for the crust and spheroidal
morphotype, while the highest local thickness increase was up
to 10um in 12weeks for the crust morphotype, corresponding
to a growth rate of 0.04 mm/year. In addition, we documented
ferromanganese grains up to 10um in diameter precipitated
during the incubation experiment. Dissolved metal concentra-
tions decreased in the biotic treatments, indicating the capture
of trace metals into concretions due to microbial activity. The
highest precipitation rate of metals was detected in spheroidal
and discoidal morphotypes, suggesting elevated microbial activ-
ity in these morphotypes. The microbially enhanced growth and
metal accumulation of the studied concretions highlight the im-
portant role of microbes in the biogeochemical cycling of metals
in the Baltic Sea ecosystems.
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