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Associate editor: Nicholas J. Tosca Ferromanganese concretions in the shelf sea regions, such as the Baltic Sea, are of significant interest due to their
geochemical properties, economic resource potential, and roles in benthic ecosystems. This study analyses the
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Ferromanganese minerals mation mechanisms and diagenetic evolution. These concretions exist in three distinct morphotypes: crust,
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discoidal, and spheroidal. Using synchrotron-based techniques (u-XRF and p-XAS) paired with XRD, stable Pb
isotope, and bulk geochemical analyses, we found that discoidal and spheroidal concretions consist of alternating
Fe- and Mn-rich layers, whereas crust concretions are predominantly Fe-rich. The Mn phases primarily consist of
birnessite-like phyllomanganates with columnar and branched dendritic growth patterns, indicative of
microbially-mediated precipitation. In contrast, the Fe phases are represented by poorly crystalline ferrihydrite,
the formation of which is influenced by admixing of detrital minerals. The three main components (Fe-rich, Mn-
rich and detrital), each exhibit distinct trace element associations. The geochemical composition and morphology
of the Baltic Sea concretions resembles other shelfal precipitates, indicating consistency in formation mecha-
nisms across different shelf environments. Slightly negative to intermediate Ce anomaly values and the range in
Nd contents in the samples suggest that early diagenetic processes contribute to the formation of all the
morphotypes.

The lateral distribution and morphology of concretions are influenced by local hydrodynamic conditions,
sedimentation dynamics, and redox fluctuations. An important factor is the periodic cover of a very organic-rich
“fluffy” mud layer, which is driven by near-bottom currents, imports detrital minerals and modifies redox
conditions, impacting microbial activity within the concretions. The higher occurrence of detrital minerals in Fe-
rich concretions, particularly in the crust morphotype, suggests formation under stronger terrigenous influence in
high-energy sedimentation conditions as opposed to more Mn containing concretions (mainly discoidal and
spheroidal) forming in a relatively tranquil depositional setting and deeper water. The maturity of the detrital
mineral fraction generally increases from crust to discoidal to spheroidal concretions. The Fe-rich concretions
contain greater proportion of micas, clay minerals and K-feldspar to plagioclase, while the more Mn-containing
concretions have proportionally high quartz contents. The detrital minerals likely act as nucleation sites pro-
moting Fe precipitation and are redistributed diagenetically toward the interfaces dominated by Fe phases,
which are slightly more tolerant to reductive dissolution than Mn phases. The preferential reductive dissolution
of Mn phases results in thick Fe-rich growth layers and relative enrichment of the detrital mineral fraction. Stable
Pb isotope data show distinct regional signatures, indicating that the composition of concretions is affected by
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bedrock erosion in the catchment area. Our findings highlight contrasts in mineral phases, geochemistry, for-
mation environments, and diagenetic evolution across sites in Fe-rich crust concretions compared to more Mn
containing discoidal and spheroidal concretions. These insights are relevant to ferromanganese concretions in
shelf areas worldwide, and their potential use in paleoenvironmental reconstructions and resource exploration.

1. Introduction

Ferromanganese concretions are biogeochemical precipitates that
are of broad interest due to their potential as resources of economically
important elements, their contribution to benthic food-web integrity,
their function as paleoenvironmental archives, and their role in dark
oxygen production in the deep sea (Hein et al., 2020; Stratmann et al.,
2021; Park et al., 2023; Sweetman et al., 2024). These precipitates are
widely distributed across oceans and shelf areas worldwide (Baturin,
2010, 2019; Gonzalez et al., 2010; Zhamoida et al., 2017; Zhong et al.,
2017; Vereshchagin et al., 2019). The formation of shelfal ferroman-
ganese concretions, such as those found in the Baltic Sea, usually occurs
in seafloor areas that are well oxygenated with low sediment deposition
and organic matter delivery rates, and where colloidal iron (Fe) and
manganese (Mn) oxyhydroxides are supplied from surrounding catch-
ment areas or nearby anoxic seafloor sediments through diagenetic
remobilization (Ingri and Pontér, 1986; Marcus et al., 2004; Winter-
halter, 2004; Zhamoida et al., 2007). These concretions are efficient at
scavenging trace metals including rare-earth elements (REEs) from the
seawater, increasing their economic importance. The elemental
composition and distribution of metals in ferromanganese concretions
are mainly governed by phase-related interactions and intricate
elemental complexations (Huang and Fu, 2023; Ren et al., 2024a). These
interactions are driven by the electro-affinities of the elements to
binding phases. The formation of ferromanganese mineral phases is
mainly affected by metal fluxes and the environmental redox potential
(Glasby et al., 1997), the latter being influenced by factors such as
sedimentation rate, circulation patterns of water masses, and organic
carbon accumulation (Glasby, 1972; Glasby et al., 1997). These factors
depend on the water depth and biological productivity in the surface
waters. Additionally, the variable supply of organic matter, combined
with bioturbation and the physical mixing of sediments by near-bottom
currents, as well as microbial activity, result in fluctuating redox con-
ditions in the sediments and porewater, affecting the incorporation of
elements into the concretions (Shulga et al., 2022). Typically, the Fe and
Mn phases in concretions are poorly crystalline, containing amorphous
Fe-Mn oxyhydroxides and minerals such as ferrihydrite and birnessite
(e.g. Post, 1999; Marcus et al., 2004; Baturin, 2009).

In addition to the elemental composition and mineralogy, also the
occurrence and morphology of shelfal ferromanganese concretions have
been the focus of several studies over the past few decades. Many of
these deposits occur in near-shore environments in water depths of less
than 200 m in regions such as the Kara Sea, Black Sea, and the Baltic Sea
(Kaikkonen and Virtanen, 2022). In the Baltic Sea, the concretions cover
ca. 10 % of the sea floor at depths of 20-100 m (Glasby et al., 1997;
Kaikkonen et al., 2019), and may be intermittently covered by a thin
layer of “fluffy” very organic-rich mud (Zhamoida et al., 2017). They are
commonly located along the peripheries of major seafloor depressions
(Glasby et al., 1997), whereas shallower areas have sporadic occur-
rences predominantly at locations where sediments that accumulated
during the glaciolacustrine and post-glacial lacustrine phases of the
Baltic Sea evolution are exposed on the seafloor (Zhamoida et al., 2007,
2017). Terrigenous input from river discharge is considered as a sig-
nificant source of Fe and Mn for the concretion formation in the Baltic
Sea (Winterhalter, 1980; Zhamoida et al., 1996). Another major source
of Mn and Fe is the glacial till originating from Precambrian Baltic Shield
crystalline rocks (Callender and Bowser, 1976). Glaciolacustrine
rhythmites (varved clays) and post-glacial lacustrine clays, which cover
the crystalline bedrock and till, are characterized by elevated reactive
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Mn and Fe contents and can serve as Mn and Fe sources (Virtasalo and
Kotilainen, 2008). Concretion abundance and Mn/Fe ratio typically in-
crease with depth due to the greater Mn mobility compared to Fe in
anoxic environments of the deepest basins (Force and Cannon, 1988;
Huckriede and Meischner, 1996; Lenz et al., 2015).

In the Baltic Sea, ferromanganese concretions are porous, and three
endmember morphotypes (crust, discoidal, and spheroidal) have been
recognized (Zhamoida et al., 1996; Winterhalter, 2004; Wasiljeff et al.,
2024a). Similar morphologies have been observed in concretions found
from other shelf sea regions, such as the Kara Sea and Black Sea (Baturin,
2010; Vereshchagin et al., 2019), suggesting common formation
mechanisms across these environments. It has been suggested that the
formation of different morphotypes is influenced by hydrodynamic and
sediment depositional conditions in the near-bottom environment, and
the concretion’s position within the sediment (Glasby et al., 1997;
Shulga et al., 2022; Wasiljeff et al., 2024a). Yet, the precise mechanisms
regulating the metal contents and morphology of the concretions remain
poorly constrained. It is known that the concretions serve as habitats for
abundant and diverse microbial communities, which can regulate their
nutrient and metal cycling (Ghiorse and Hirsch, 1982; Zhang et al.,
2002; Yli-Hemminki et al., 2014; Reunamo et al., 2017). Microbial
biomineralization seems to be most efficient in the discoidal and sphe-
roidal morphotypes (Wasiljeff et al., 2024a; Majamaki et al., 2025). The
growth rates of concretions in the Baltic Sea are notably high, in the
range of micrometers per year (Liebetrau et al., 2002, 2004; Anufriev
and Boltenkov, 2007; Grigoriev et al., 2013; Majamaki et al., 2025),
when compared to a few millimeters per million years on the deep ocean
floor (e.g. Frank et al., 1999; Klemm et al., 2005; Marcus et al., 2015).
The rapid growth is consistent with microbial catalysis of their
formation.

Shelfal ferromanganese concretions are typically impure and contain
variable amounts of accessory detrital mineral phases (e.g. Hein et al.,
2017; Baturin, 2019). However, the composition and origin of detrital
components have not been thoroughly addressed in previous studies.
The mineralogical and geochemical characteristics of detrital phases are
determined by the source rock composition, current weathering envi-
ronment, sediment recycling and, hydrodynamic sorting during trans-
port. Moreover, the diagenetic alteration at the deposition site,
involving dissolution and reprecipitation cycles of the ferromanganese
concretions, could potentially rearrange the detrital mineral distribution
and composition in a concretion by compaction and selective phase
dissolution.

Stable Pb isotopic ratios (206, 207, 208py, ,204ppyy are commonly utilized
tools in provenance studies of marine ferromanganese concretions
(Frank, 2002; Liebetrau et al., 2004; Ling et al., 2005; Goto et al., 2017;
Josso et al., 2020a; Zhang et al., 2025). These isotopes provide a multi-
dimensional approach that is not significantly fractionated by natural
processes such as chemical weathering, biological fractionation, phos-
phatization events, or diagenesis in the concretions (Ling et al., 2005).
The Pb isotopic composition is mainly influenced by continental input
and hydrothermal solutions (Frank, 2002). In the Baltic Sea, where
hydrothermal inputs are not expected, the Pb isotopic composition re-
flects the continental input, making them a powerful tool for assessing
the provenance of the concretion source material.

This study presents a detailed analysis of mineral phases, authigenic
mineral phase forming mechanisms, and the provenance of concretion-
forming materials in morphologically diverse ferromanganese concre-
tions from the Baltic Sea, aiming to increase the understanding of the
broader processes governing growth and diagenetic evolution of shelfal
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concretions. The analysis is based on elemental contents and ratios,
synchrotron-based p-X-ray fluorescence (u-XRF) mapping paired with
p-X-ray absorption spectroscopy (u-XAS) results, mineralogical charac-
terizations with bulk sample powder X-ray diffraction (XRD), and stable
Pb isotope data of a sample set of ferromanganese concretions from the
major northern sub-basins and from the Mecklenburg Bight in the
southern Baltic Sea. The commonly applied bulk geochemical and
mineralogical analyses in aquatic ferromanganese concretion studies (e.
g. Bau et al., 2014; Josso et al., 2017; Dekov et al., 2021) cannot resolve
intricate microscale phase-associations of these heterogenous pre-
cipitates (Ren et al., 2024b). Such a limitation justifies our combined
strategy of the in-situ mineralogical characterization, elemental map-
ping, and statistical analysis of the bulk geochemistry to infer elemental
associations and their relationship with the complex growth environ-
ments of shelfal ferromanganese concretions.

2. Samples and methods
2.1. Study area

In this study we investigated the northern Baltic Sea (Gulf of Both-
nia), the north-eastern Baltic Sea (Archipelago Sea and Gulf of Finland)
as well as the southwestern Baltic Sea (Mecklenburg Bight).The bedrock
of the north-north-eastern part of the study region consists of Paleo-
proterozoic crystalline basement of mainly granitoid rocks that crop out
locally on the seafloor, as well as of Mesoproterozoic and Cambrian and

Depth (m)

SWEDEN

MGBC-2022-11

‘.;:. '.‘

MGBC-2022-22

MGBC-2022-13
MGBC-2022-14
MGBC-2022-15
MGBC-2022-18

\

Q

Blink-2020-1

Geochimica et Cosmochimica Acta 400 (2025) 227-247

Ordovician sedimentary rocks in tectonic depressions in the Gulf of
Bothnia (Koistinen et al., 2001). The Baltic Sea Basin has been over-
deepened by erosion during multiple glaciations, lastly by the Fenno-
scandian continental ice sheet during the Late Weichselian (Late Pleis-
tocene). The northwestward retreat of the ice-sheet margin from the
eastern Gulf of Finland began ca. 13 500 calendar years ago, from the
Archipelago Sea 11 600 years ago, and from the Bothnian Bay 10 300
years ago (Sauramo, 1929; Saarnisto and Saarinen, 2001; Stroeven et al.,
2016). The retreating ice-margin left behind till and glacial outwash
deposits in a deep and large ice-contact lake, where glaciolacustrine
varved silt and clay, and successive post-glacial lacustrine weakly
layered silty clay, were deposited as conformable drapes of comparably
uniform thickness of several meters (Virtasalo et al., 2007, 2014).
Beginning at ca. 7600 years ago, the thresholds to the Atlantic in the
Kattegat were inundated due to the glacioeustatic sea-level rise, result-
ing in the establishment of brackish-water conditions and drift-type
deposition of organic-rich mud. Sediment distribution on the present
seafloor is patchy; roughly a third is composed of bedrock and till, a
third of glaciolacustrine and postglacial lacustrine silty clay, and a third
of ongoing accumulation of organic-rich brackish-water mud. The fer-
romanganese concretions typically rest on the exposed lacustrine silty
clays and encrust till and glaciofluvial stones (Winterhalter, 2004).
The Mecklenburg Bight in the southwestern Baltic Sea was deglaci-
ated already 17 000 years ago (Stroeven et al., 2016). The bedrock in
this region predominantly consists of Paleogene deposits (Liithgens
et al., 2020). Ferromanganese concretions found in this area typically
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Fig. 1. Approximate sampling locations in the Baltic Sea. Base map: ESRI Inc. (Redlands) Ocean Basemap 2018. Baltic Sea bathymetric data: EMODnet Bathymetry

2018 (Thierry et al., 2019).
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have discoidal shapes or encrust exposed till stones (Glasby et al., 1997).

2.2. Sample collection

Ferromanganese concretions of diverse size and morphology were
collected in 2021 and 2022 during expeditions onboard r/v Geomari
(Geological Survey of Finland, GTK) and r/v Electra (Stockholm Uni-
versity) to the eastern and western Gulf of Finland, the Archipelago Sea,
and the Gulf of Bothnia (Fig. 1). The concretion samples were collected
using a box corer onboard Geomari or both grab sampler and a short
Gemax gravity corer onboard Electra. The samples collected onboard
Geomari were immediately flushed throughout with ultra-pure water
and frozen using dry ice, while the Electra samples were stored in cool
conditions. All samples were freeze-dried at the GTK laboratory. In
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addition, sample slices were collected at 1 cm vertical intervals of the
sediment underlying the concretions for geochemical analyses. From
this collection, representative ferromanganese concretions of the three
main morphotypes in the Baltic Sea, namely crust, discoidal, spheroidal
were selected for further analysis (Table 1).

2.3. Methods

Thin-sections were prepared for mapping the micro-scale distribu-
tion of Fe and Mn and mineralogy in three selected concretions of
different morphotypes using the BioXAS-imaging beamline (07ID-1) at
the Canadian Light Source (CLS), Saskatchewan, Canada. u-XRF maps of
Fe and Mn were obtained by raster scanning the concretion samples
under a monochromatic beam with an energy of 7.2 or 7.5 keV, a size of

Table 1
Morphotypes, collection locations, water depths, and morphotypes of the studied ferromanganese samples.
Sample Morphotype Location Lat (N) Lon (E) Depth (m)
MGBC-2022-11 Labl Crust AS 59°53.342 20°44.947 41.0
MGBC-2022-11_Lab2 Crust AS 59°53.342 20°44.947 41.0
MGBC-2022-13_Lab1l Crust AS 60°05.569 21°16.312 51.0
MGBC-2022-13_ Lab2 Crust AS 60°05.569 21°16.312 51.0
MGBC-2022-19 Labl Crust AS 60°16.944 22°00.285 37.0
MGBC-2022-19 Lab2 Crust AS 60°16.944 22°00.285 37.0
MGBC-2022-14-C-L1 Crust AS 60°05.916 21°19.700 36.0
MGBC-2022-14-C-L2 Crust AS 60°05.916 21°19.700 36.0
Levy2™® Crust GoB 63°33.747 21°54.616 32.2
MGBC-2022-22 Labl Crust GoB 61°12.612 21°04.353 46.0
MGBC-2021-11-C-L1 Crust GoB 63°33.747 21°54.616 32.2
MGBC-2021-11-C-L2 Crust GoB 63°33.747 21°54.616 32.2
MGBC-2022-1_Labl Crust GoF 59°57.941 24°46.718 45.2
MGBC-2022-1 _Lab1 (2) Crust GoF 59°57.941 24°46.718 45.2
22GoF-15_Labl Crust GoF 59°55.034 26°20.523 80.0
22GoF-24 Labl Crust GoF 59°49.020 26°12.600 60.0
22GoF-25 Labl Crust GoF 59°49.020 26°12.600 60.0
22GoF-26_Labl Crust GoF 59°49.020 26°12.600 60.0
MGBC-2021-4-1-B" Crust GoF 59°57.929 24°46.726 45.4
MGBC-2021-4-C-L1 Crust GoF 59°57.929 24°46.726 45.4
MGBC-2021-7-C-1 Crust GoF 59°38.245 23°19.928 54.4
MGBC-2022_18 Labl Discoidal AS 60°02.746 21°35.102 18.0
MGBC-2022-15-D-L1 Discoidal AS 59°59.891 21°39.648 26.0
MGBC-2022-15-D-L2 Discoidal AS 59°59.891 21°39.648 26.0
MGBC-2022-18-D-L2 Discoidal AS 60°02.746 21°35.102 18.0
MGBC-2022-3_Labl Discoidal GoF 60°17.413 26°48.355 36.0
MGBC-2022-3 Lab2 Discoidal GoF 60°17.413 26°48.355 36.0
MGBC-2022-5_Labl Discoidal GoF 60°11.483 26°01.895 29.0
MGBC-2022-5_Lab2 Discoidal GoF 60°11.483 26°01.895 29.0
22GoF-1_Labl Discoidal GoF 59°43.400 24°53.548 94.0
22GoF-2 Labl Discoidal GoF 59°43.460 24°53.587 90.0
22GoF-4_Labl Discoidal GoF 59°43.593 24°53.552 88.0
22GoF-5_Labl Discoidal GoF 59°43.649 24°53.597 80.0
22GoF-11 Labl Discoidal GoF 59°43.484 24°53.615 91.0
MGBC-2021-1-D-L1 Discoidal GoF 60°03.907 24°44.320 23.2
22GoF-4-D-L2 Discoidal GoF 59°43.593 24°53.552 88.0
Blink-2020-1a" Discoidal MB 54°10.100 11°21.000 ~20
SLM21-33-D-17 Discoidal GoF 59°40.470 26°33.120 30.8
MGBC-2022-7 Labl Spheroidal GoF 60°05.493 25°57.789 44.0
MGBC-2022-7_Lab2 Spheroidal GoF 60°05.493 25°57.789 44.0
MGBC-2022-8_Lab1 Spheroidal GoF 60°01.000 26°04.812 60.0
MGBC-2022-8 Lab2 Spheroidal GoF 60°01.000 26°04.812 60.0
22GoF-8_Labl Spheroidal GoF 59°43.510 24°53.570 95.0
22GoF-9_Labl Spheroidal GoF 59°43.534 24°53.662 95.0
22GoF-16_Labl Spheroidal GoF 59°55.110 26°20.537 80.0
MGBC-2021-2-S-L1 Spheroidal GoF 59°57.591 24°46.101 57.2
MGBC-2021-2-S-L2 Spheroidal GoF 59°57.591 24°46.101 57.2
MGBC-2021-2-S-T3" Spheroidal GoF 59°57.591 24°46.101 57.2
MGBC-2021-3-S-L1 Spheroidal GoF 59°57.846 24°46.440 50.9
MGBC-2021-3-S-L1_2 Spheroidal GoF 59°57.846 24°46.440 50.9
MGBC-2021-3-S-L2 Spheroidal GoF 59°57.846 24°46.440 50.9
MGBC-2021-3-S-L3 Spheroidal GoF 59°57.846 24°46.440 50.9
MGBC-2022-7-S-L3 Spheroidal GoF 60°05.493 25°57.789 44.0

AS = Archipelago Sea, GoB = Gulf of Bothnia, GoF = Gulf of Finland, MB = Mecklenburg Bight.

a

= synchrotron p-XRF mapping and p-XAS point analyses.
b — stable Pb isotope analyses.
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5 x 5umor 6 x 6 um, and a dwell time of 100 ms. The XRF yields were
recorded by a 4-element Vortex detector that was posited at 45 degrees
relative to the incident beam. The p-XRF data were treated and analyzed
using the PyMca software (Solé et al., 2007). On selected points, Fe and/
or Mn X-ray absorption near edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS) spectra were recorded in fluorescence
mode by scanning from —150 eV to +7.5-10.5 k (A1), relative to the Fe
and Mn K-edges, respectively, at step sizes of 5 eV from —100 to —50 eV,
0.5 eV from —50 to +50 eV, and 0.05 A from +50 eV to +7.5-10.5 k.
The spectra were processed following the standard procedures (e.g.,
background subtraction, and normalization) using the Athena software
(Ravel and Newville, 2005).

The identification of crystalline phases was done by X-ray powder
diffraction (XRD, XRPD) at the GTK Espoo research laboratory. Samples
were prepared by powdering 70 mg of each sample in agate mortar in
acetone suspension that was poured on zero-background holder, spread
equally and dried. The samples were measured using a D8 Discover
(Bruker, USA) Bragg-Brentano powder diffractometer equipped with Cu-
tube, automatic divergence slits, 2.5° soller slits, motorized anti-scatter
screen (MASS), spinner, and LYNXEYE XE-T silicon strip detector.
Powder diffractograms were measured from a 4-110° 26 range using 40
kV and 40 mA power settings in continuous mode, 0.02 °20/s for 1.5 h/
sample. Phase identifications were carried out with Bruker EVA software
and ICDD (International Centre for Diffraction Data) PDF-4 (Powder
Diffraction File) Minerals 2024 database.

The Rietveld refinements were done using Malvern Panalytical
HighScore Plus 4.9. Due to the complications by several poorly crys-
talline and amorphous phases present in these samples, the refinement
required several stages. First, the phase assemblage was developed by
refining each phase from the sample where it is the most dominant, and
Partially Or No Known Crystal Structure (PONKCS) refinement phase
(Scarlett and Madsen, 2006) was used to stabilize the amorphous
background. The refinement parameters used include scale factors,
Chebyshev 1 background polynomial, unit cell parameters, Pseudo Voigt
Caglioti peak profile functions, March Dollase preferred orientation, and
some site occupancy factors. Brindley micro-absorption correction was
used to compensate the absorption of the Cu-tube signal to Fe-bearing
phases with average particle diameter of 5 um. In the second stage,
parameter limits for each phase were selected by iterating batch re-
finements of automatic fitting sequences until the same phase assem-
blage was stable for all samples. Finally, details in each sample were
manually refined for a better fit of residual weighed parameter (Rwp) <
8. The results were validated by comparing XRD Rietveld back calcu-
lated bulk chemical composition with ICP-OES four-acid digestion re-
sults (see below): positive correlation was found for all major elements.
The phase composition results are considered semi-quantitative and
used only graphically to observe relative differences between concretion
morphologies.

Scanning electron microscope (SEM) imaging was carried out with a
JEOL JSM-7100F (JEOL Ltd., Japan) Schottky Field Emission Scanning
Electron Microscope (FE-SEM) equipped with an Oxford Instruments
EDS-spectrometer X-Max 80 mm? (SDD) at 20 kV acceleration voltage
and a 1.3nA probe current at the GTK.

The multi-element chemical compositions of the bulk concretion
samples and sediment samples were measured at Eurofins Labtium,
Finland: As, Be, Bi, Cd, Co, Mo, Pb, Rb, Sb, Sc, Sn, Th, U, W, Hf, Y, Nb, Zr,
and REEs were determined by inductively coupled plasma mass spec-
trometry (ICP-MS) whereas Al, Ba, Ca, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, P, S,
Sr, Ti, V and Zn were determined by inductively coupled plasma atomic
emission spectroscopy (ICP-OES) after sample digestion with a combi-
nation of nitric, perchloric, and hydrofluoric acid with a final dissolution
stage with hydrochloric acid (four-acid digestion).

Pb isotopes (2°8Pb, 2°7Pb, 206ph and 2°4Pb) were determined with
laser ablation (LA)-ICP-MS using a Nu Instruments AttoM (Nu In-
struments Ltd, UK) single collector high resolution (SC-HR)-ICP-MS
coupled with a New Wave (New Wave Research Inc., USA) solid state
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deep UV (193 nm) laser at the GTK. Laser operating conditions were 10
Hz rep rate, and 2.9 J cm~? fluence. Data were acquired with time
resolved analysis (TRA) in transects using 25 um spots where ablation
spots were lined perpendicular to concretion growth axis. Each line was
split after acquisition of 250 um. Isotope values were corrected using
standard bracketing to NIST610. Quality control standard (USGS Nod-P-
1) was measured in the same session before and after each set of un-
knowns. Values for 2°*Pb were corrected for interference of the 20*Hg
using 20?Hg.

Rare-earth element and yttrium (REY) plots were normalized to Post-
Archean Australian Shale (PAAS) (Pourmand et al., 2012) and to
average values of the Baltic Sea floor surface sediments from concretion
sampling locations (Wasiljeff et al., 2024b). Cerium anomaly (Ce/Ce*
ratio) was defined as:

Ce/Ce” = 2Cey/(Lay + Pry) @)
where the subscript N indicates normalization to PAAS (Pourmand et al.,
2012). The Pearson correlation coefficient was employed to compute
matrices for the chemical data, assessing the degree of linear depen-
dence between pairs of variables, utilizing Origin Pro 2024b software
(version 10.1.5.132).

3. Results
3.1. Mineralogy

The p-XRF elemental maps of Fe and Mn show that the discoidal and
spheroidal ferromanganese concretions from the Baltic Sea primarily
consist of alternating growth layers of Fe- and Mn-rich phases (Fig. 2a
and c). In contrast, crust concretions were predominantly composed of
Fe-rich phases (Fig. 2b).

The Mn and Fe XANES and EXAFS spectra for most of the selected
points were similar, indicating that the studied concretions, irrespective
of morphotype (crust, discoidal, and spheroidal) and sampling depth,
contained similar Fe and Mn phases (Fig. 3a-d). In Mn-rich layers, the
Mn XANES and EXAFS spectra mainly followed those of three phyllo-
manganate references (hexagonal birnessite, triclinic birnessite and
vernadite), while in the Fe-rich layers, the predominant Fe phase was
most likely 2-line ferrihydrite (Fig. 3). Fe was present also in Mn-rich
layers, and Mn was present in Fe-rich layers. Our XANES and EXAFS
data showed that the accessory Fe-phase in Mn-rich layers is similar to 2-
L ferrihydrite, whereas the Mn-containing accessory phase in Fe-rich
layers was dominated by either Mn(II)-sorbed ferrihydrite or Mn(III)
hydroxides (e.g., manganite or feitknechtite).

The XRD data of the ferromanganese concretions show complex
distribution of diffraction peaks. These can be classified into sharp re-
flections of the detrital mineral phases, and broad, shallow peaks
accompanied by elevated background areas of X-ray amorphous, poorly
crystalline, and nanocrystalline ferromanganese precipitates (Fig. 4).
Clay minerals show intermediate diffraction properties between these
endmembers. Identified detrital mineral phases comprise quartz, K-
feldspar (microcline), albitic plagioclase feldspar, biotite and muscovite
micas, chlorite and clinoamphibole (e.g. hornblende or tremolite-
actinolite). The ferromanganese precipitates are mostly X-ray amor-
phous, forming two very broad background elevations centered at 2.6 A
and 1.54 A d-spacings (35 and 60° 2-theta (Cu), respectively).

In Mn-rich concretions, the most distinct broad peaks of nano-
crystalline order are at 7.15 A, 2.45 A (with quartz overlap), and 1.42 A
(Fig. 4). Local diffraction profile elevations can be interpreted using the
combination of birnessite and vernadite. In general, the Mn-rich con-
cretions are low in detrital mineral content, with only the main peaks of
quartz, feldspars and 10 A micas detected. The XRD patterns of Fe-rich
concretions are complicated mixtures of detrital minerals, phyllosili-
cates, and broad peaks of nanocrystalline Fe-phases that can be inter-
preted as a combination of ferrihydrite and goethite. The peaks of
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Growth direction
—

Fig. 2. Synchrotron-p-XRF maps showing Fe (red) and Mn (green) distributions in (a) discoidal, (b) crust, and (c) spheroidal concretions from the Baltic Sea.
Measured XAS data points (P1 to P23) are indicated in the Figure. The white scale bars equal 500 um. Apparent growth directions are indicated with a white arrow.

biotite, muscovite and chlorite are distinctly broadened at the peak tails
and explain some of the broad peaks at the diffractogram center, partly
overlapping with potential ferrihydrite and goethite signals. Clay min-
erals such as kaolinite, illite and smectite were not detected in signifi-
cant content. Interestingly, the Fe-rich concretions show more distinct
signal of Mg-Fe-silicates biotite, chlorite and clinoamphibole than the
Mn-rich concretions that contain only K-Na-Al-silicates, quartz, feld-
spars and muscovite/illite. The discoidal concretion sample with Mn#
0.52 [defined as atomic Mn/(Mn + Fe)] is anomalous in showing almost
no signal of Fe-Mn-oxyhydroxides with crystalline detrital mineral
phases dominating the mineral composition without visible amorphous
background. Only one broad peak at ~7 A indicates the potential
presence of planar birnessite flakes.

The semi-quantitative Rietveld refinement bulk phase composition
results show that the crust morphotype of the ferromanganese concre-
tions is characterized by relatively enriched mica content, compared to
quartz and feldspars (Fig. 5). With Mn# as low as 0.05, signals of Fe
oxyhydroxides resembling goethite and ferrihydrite are recognized by
the refinement. The spheroidal morphotype is low in detrital component
and displays the strongest signals for Mn oxyhydroxides resembling
birnessite and vernadite. The two discoidal samples show very different
ratio between the detrital and ferromanganese precipitate contents. The
discoidal sample with intermediate Mn# of 0.16 resembles the sphe-
roidal morphotype in phase composition, although having lower Mn/Fe.
The other discoidal sample owes the highest Mn# of the XRD studied
samples (0.52). It is exceptionally high in detrital feldspars and quartz,
but particularly low in micas. Of these samples, the mica content is in
general inversely proportional with Mn#, i.e. slow deposition of clay-
size particles is accompanied with chemical precipitates of high Fe/Mn.

The presence of various detrital mineral phases is consistent with FE-
SEM observations (Fig. 6). The Fe-rich (mainly crust) concretions
contain greater proportion of micas, clay minerals and K-feldspar to
plagioclase, while the more Mn-containing spheroidal and discoidal
concretions contain relatively higher amounts of quartz in comparison
to feldspars, micas and clay minerals. The detrital minerals are often
admixed with the Fe-rich layers or at the Fe-Mn layer interfaces (Fig. 6¢).

3.2. Bulk geochemistry of major and trace elements

Statistics of the bulk chemical compositions of the different mor-
photypes are presented in Table 2 and are included in (Wasiljeff et al.,
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2024b). The mean Fe content of the crust concretions is 18.7 wt%
(median: 19.5 %, range: 6.8-29.9 wt%), whereas discoidal concretions
contain 20.0 wt% of Fe (median: 24.2 wt%, range: 3.2-35.9 wt%), and
spheroidal concretions 16.4 wt% (median: 16.4 wt%, range: 6.5-24.0 wt
%). Mean Mn contents for the different morphotypes are 5.0 wt% (me-
dian: 3.0 wt%, range: 0.4-16.8 wt%), 6.6 wt% (median: 5.9 wt%, range:
1.3-13.2 wt%), and 8.5 wt% (median: 8.1 wt%, range: 4.9-14.0 wt%),
respectively. This results in the highest mean Fe/Mn ratios in crust
concretions (mean: 13.9, median: 5.1), followed by discoidal concre-
tions (mean: 6.94, median: 4.1) and spheroidal concretions (mean: 2.4,
median: 2.0). Aluminum (Al) contents ranged between 1.1 and 7.1 wt%
with crust concretions exhibiting the highest mean value of 4.3 wt%.
Similarly, Ti contents were the highest in the crust morphotype (mean:
0.24 wt%), overall ranging from 0.03 to 0.47 wt% in all morphotypes.

REY distributions normalized to PAAS show that most of the samples
contain negative Ce and Eu anomalies and positive Y and Gd anomalies
(Fig. 7a—c). When normalized to Baltic Sea surface sediment REY con-
tents (Fig. 7d-f), the concretions show overall enriched values, with
negative Ce and Eu anomalies but subtle or no Y or Gd anomalies. The
range in enrichment and depletion of REY in comparison to PAAS or
Baltic Sea surface sediment is the largest in discoidal concretions, fol-
lowed by crusts and spheroidal concretions.

The Pearson correlation coefficient matrix calculated for the samples
(Fig. 8), alongside the XAS and XRD mineralogical data and FE-SEM
observations, indicates the presence of three principal phase associa-
tions: a Fe-rich phase, a Mn-rich phase, and an Al-bearing detrital phase.
These three major phases have following element associations with
decreasing correlation coefficient values for each phase:

Fe-rich phase (P, HREE, Pb, As, LREE, Y, V, Be, and U)

Mn-rich phase (Ba, Sr, S, Sb, Mo, Cd, Cu, and Ni)

Al-bearing detrital phase (Ti, Nb, Sc, Rb, Th, Sn, Hf, K, Zr, V, Be, Mg,
Bi, As, and Na)

3.3. Detrital component

In contrast to REEs and Y, other high field strength (HFS) elements
such as Zr and Ti, as well as mobile elements like Na, K, and Mg, show
either no correlation or a strong negative correlation with Fe and Mn
contents, but a strong positive correlation with Al content. This suggests
that these elements are primarily hosted by detrital minerals in the



J. Wasiljeff et al.

(a)

_ ~6550.9-6553.5 eV

Geochimica et Cosmochimica Acta 400 (2025) 227-247

(b)

] Mn(ll)-sorbed
9 180 w, ferrihydrite
] P16
84 160 e aa ST e VT Pos Rhodocrosite
] ~6558.1-6560.7 eV ,
] VW Manganite
74 140 P11 Feitknechtite
. & P12 ‘It;riclinic
irnessite
Lﬁl 120 Hexagonal
§ § birnessite
w Vernadite
b 3100 M@m
N c P2
© 2 - P3 P5
60 v
P7
_ A " P9
S N\ Y
40 \\// ~ \J\/ AAJ P13
Bt bt N iS50
e, Y y
N S\ A WYL ViAHP20
20 o NN P21
l . . P23
bl Bashlidinll Tedaidhll “iailudle 0
6540 6560 6580 2 3 4 5 6 7 8 9 10
Energy (eV) Wavenumber (A™")
(d)
160
Lepidocrosite
Goethit
140 2l ferinydrite
P1
120 P2
& 0 P3
2
§ % 100 P5
] o P6
9 g T
T B 80 P8
I [
‘6 $ /WA’\\ P10
Z x Wil il P s W A\ P11
60 S —— W p12
) ' VP14
- e N VAR P16
40 » P17
8 R A, P18
s / N E 7 M \/Jf \J ‘A‘
e NN SNV i P20
20 ~—T—-~ \J/;\-” 2 ezt
- //; N A s \»‘ / P22
/ \J\» F/\/\\NNV “‘P “‘V\/ P23
T T 1
7120 7140 7160 7180 2 3 4 5 6 7 8 9

Energy (eV)

Wavenumber (A™")

Fig. 3. Normalized (a) Mn and (c) Fe K-edge XANES and k®-weighted (b) Mn and (d) Fe EXAFS spectra. Measured XAS data points (P1 to P23) are the same as

indicated in Fig. 2.

Baltic Sea concretions.

The endmember morphotypes of the Baltic Sea ferromanganese
concretions can be differentiated by their contents of detrital phase-
hosted elements and present-cycle weathering products. The crust con-
cretions exhibit the highest concentrations of Al and Ti, whereas the
spheroidal concretions show the lowest concentrations of the detrital
elements (Fig. 9a). The discoidal concretions typically display inter-
mediate contents of these elements in comparison with the other mor-
photypes. However, Zr generally exhibits similar values across the
different morphotypes. XRD measurements reveal an increased clay
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fraction in the Fe-rich crust concretions (Fig. 5).

Based on traditional weathering indices, the Chemical Index of
Alteration (CIA = Al;03/(Al;03 + Na0 + Ky0 + CaO*) x 100) (Nesbitt
and Young, 1982) and the Weathering Index of Parker (WIP = (CaO*/
0.7 + 2Na0/0.35 + 2K20/0.25 + Mg0/0.9) x 100) (Parker, 1970), the
terrestrial detrital fraction in the concretions is mostly unweathered. On
the other hand, XRD analyses suggest that the detrital fraction in dis-
coidal and spheroidal concretions might have undergone more extensive
sedimentary reworking based on quartz to feldspar ratios, whereas the
crust concretions have increased abundance of clays, as suggested also
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Fig. 4. XRD powder patterns of six bulk samples of Baltic Sea ferromanganese concretions of differing morphotypes, arranged by upward increasing detrital mineral
phase content. The samples are named by morphotype and Mn# [atomic Mn/(Mn + Fe)].

by the highest Ti/Zr ratios and total Al contents in this morphotype
(Fig. 9a). To evaluate the effects of reworking, we further investigated
the CIA/WIP ratio, which represents the combined effects of weathering
and quartz dilution (Garzanti et al., 2013), and compared it to the
Chemical Index of Quartz-enrichments (CIQ = (172.4-1.7 x CIA —
WIP)/WIP) which accurately captures SiO» enrichment (Guo et al.,
2024). The CIA/WIP vs. CIQ diagram therefore can be used to untangle
effects of weathering intensity, mineralogical sorting, and sedimentary
recycling (Guo et al., 2024). Based on the biplot (Fig. 9b), the detrital
fraction in none of the morphotypes has experienced significant
weathering while it has undergone reworking with an increasing order
from crust to spheroidal to discoidal.

Water depth does not appear to correlate well with the CIA/WIP ratio
or CIQ in crust concretions but shows a significant negative correlation
in discoidal and spheroidal concretions (Fig. 9c). This suggests that
increasing water depth leads to increased quartz dilution and reworking
of the detrital fraction in these two morphotypes.

3.4. Spatial variability

When comparing the elemental contents of ferromanganese concre-
tions from the Baltic Sea to those in the global ocean (Fig. 10), some
differences emerge in relation to oceanic and other shelfal precipitates.
Overall, the chemical composition of Baltic Sea concretions resembles
other shelfal precipitates. The main differences lie in the contents of As,
Mo, Pb, S, Sb, and V, which are lower, at less than half the mean contents
found in other shelfal regions. Conversely, Rb and W contents are more
than double the mean contents observed in other shelfal concretions.

On the other hand, the contents of certain elements (Al, As, Ba, Ca,
Fe, Li, Mg, Na, S, Sr, U, and W) in the Baltic Sea concretions are in the
same range with those found in oceanic precipitates. Phosphorus (P), Cr,
and Rb are notably higher, while other measured elements fall below
those commonly observed in the oceanic setting. The element associa-
tions to main phases (Fe-rich, Mn-rich and detrital) observed in the
Baltic Sea concretions are largely consistent with those reported
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previously for oceanic precipitates (e.g. Hein et al., 2017; Ren et al.,
2024a).

Within the Baltic Sea, geographic location has some impact on the
overall chemical composition of the concretions, despite larger varia-
tions in the distribution of Fe and Mn phases, detrital component
characteristics, and Ce anomaly values across different sampled areas
(Fig. 11). In the Gulf of Finland, sampling of all endmember morpho-
types revealed that the primary distinctions across these morphotypes
are defined by the Ti/Zr ratio and Al content (Fig. 1la and b).
Conversely, the Fe/Mn ratio and Ce anomaly values were found to be
consistent across all morphotypes within this sampling area (Fig. 11c
and d).

Additionally, crust and discoidal concretions were collected from
various locations, including the Gulfs of Bothnia and Finland, as well as
the Archipelago Sea. For crust concretions, the Al content remained
consistent across all sampling sites (Fig. 11b), while the Ti/Zr ratio
exhibited a slight increase from the Gulf of Finland to the Gulf of Bothnia
(Fig. 11a). Similarly, the Fe/Mn ratio and Ce anomaly values showed a
gradual increase in the same order (Fig. 11c and d). The slightly differing
Fe/Mn ratio, Ce anomaly values as well as the Ti/Zr ratio might be
influenced by the higher occurrence of spring floods in the Gulf of
Bothnia (Ostrobothnia region) in comparison to Gulf of Finland, as well
as the overall better oxygenated bottom water conditions in the Gulf of
Bothnia (Kuosa et al., 2017).

Discoidal concretions exhibited the highest Fe/Mn ratios and Ce
anomaly values in the Archipelago Sea, followed by the Gulf of Finland
(Fig. 11c and d). The Al content was higher in the Archipelago Sea in
comparison to the Gulf of Finland, while the Ti/Zr ratio for the discoidal
morphotype was lower in the Gulf of Finland (Fig. 11a and b).

3.5. Stable Pb isotopes

To analyze recent trends and variations in the sources of terrigenous
component of the ferromanganese concretions, the outermost 1 mm of
concretion samples from three distinct locations in the Baltic Sea was
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Fig. 5. XRD Rietveld phase composition of six bulk samples of Baltic Sea ferromanganese concretions of different morphotypes in the same order as in Fig. 4.

examined in-situ for stable Pb isotope compositions. These locations
include the Western Baltic Sea (Mecklenburg Bight), the Eastern Baltic
Sea (Gulf of Finland), and the Northern Baltic Sea (Gulf of Bothnia). The
obtained Pb isotopic ratios of the samples are presented in Table 3 and in
(Wasiljeff et al., 2024b).

In the studied samples, the crust concretion from the Gulf of Finland
shows the most radiogenic mean 206:207:298pp, 204}, ratios of ~23.31,
~16.46 and ~41.36, respectively (median: ~23.38, ~16.46, ~41.41;
range: ~22.06-24.03, ~16.03-16.81, ~40.21-43.06), followed by the
crust from the Gulf of Bothnia (2°6:207:208pp, /204ph mean: ~21.99,
~15.44, ~39.09; median: ~21.77, ~15.45, ~38.88; range:
~20.11-25.54, ~14.07-16.35, ~35.35-46.95). The Pb isotope values
then decline to the least radiogenic in the discoid from the Mecklenburg
Bight (2°6:207:208p}, /204ph, mean: ~18.85, ~15.70, ~38.67; median:
~18.92, ~15.75, ~38.58; range: ~18.16-20.24, ~15.00-16.27,
~37.63-39.64).
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4. Discussion

4.1. Morphological and mineralogical characteristics: associations to bulk
element geochemistry

The microscale elemental and mineralogical examination of ferro-
manganese concretions from the Baltic Sea shows that the discoidal and
spheroidal morphotypes are dominated by the alternating growth layers
of Fe- and Mn-rich phases, while ferromanganese crust samples are
predominantly composed of Fe-rich phases (Fig. 2). The Mn-rich layers
primarily consist of phyllomanganates, mainly birnessite (Figs. 3 and 5).
These layers form columnar and dendritic growth patterns (Wasiljeff
et al., 2024a), aligning with microbially mediated precipitation pro-
cesses (Blothe et al., 2015; Heim et al., 2017; Scopelliti and Russo, 2021;
Sjoberg et al., 2021) and accelerated growth rates in relatively stagnant
hydrodynamic conditions (Josso et al., 2020b; Ren et al., 2023).
Although microbial involvement in concretion formation is well-
documented (Yli-Hemminki et al., 2014; Sujith and Gonsalves, 2021;
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Fig. 6. FE-SEM BSE images of (a) euhedral feldspar grain with few etch pits, (b) Fe-Mn matrix embedded Al-Si containing sub-angular detrital grains, and (c) element
map of Fe, Mn and Si showing alternating Fe- and Mn-rich layers with the Fe layers and Fe-Mn interfaces enriched with detrital Si-containing minerals.

Jiang et al., 2022; Shulga et al., 2022; Majamaki et al., 2025), the
columnar directional and dendritic branching growth, along with the
birnessite mineralogy, can arise not only from biomineralization but
also from indirect or direct microbial regulation. Abiotic, random, and
surface-normal growth processes can also explain the observed growth
patterns and composition (Sutherland et al., 2020). Nonetheless, it is
widely accepted that natural Mn oxides are largely biogenic in origin,
and biogenic birnessite is often the most common form of these oxides
(Tebo et al., 2004; Webb, 2005; Mayanna et al., 2015; Sjoberg et al.,
2021). The processes of metal sorption, ion exchange, and coprecipita-
tion by birnessite and other Mn oxides are influenced by various factors,
including crystallinity, surface area of the oxide particles, Eh, pH, and
the amount of competing ligands (e.g. Post, 1999; Tebo et al., 2004).
Generally, sorption capacity of birnessite is significantly higher for many
metal cations than that of Fe hydroxides (Li et al., 2020). This is reflected
in the positive correlation of Ba, Cd, Cu, Mo, Ni, Sb, and Sr (as well as the
nonmetallic S) with Mn and negative correlation with Fe in our data
(Fig. 8), underscoring the tendency of Mn oxides to readily sorb these
elements in their structure and surface (Tessier et al., 1996; Luo et al.,
2017; Qiao et al., 2020; Karimian et al., 2021; Hayles et al., 2021; Tani
et al., 2021; Ren et al., 2022, 2024a).

The Fe-rich mineral phase in the concretions is composed of poorly
crystalline ferrihydrite (Figs. 3 and 5), which together with the
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predominantly high Fe/Mn ratios observed in the samples, could indi-
cate abiotic hydrogenetic precipitation, involving surface and inorganic
colloidal reactions with oxic bottom seawater and/or porewater (Usui
et al., 1989; Koschinsky and Halbach, 1995; Heller et al., 2018). In
hydrogenetic oceanic ferromanganese concretions and polymetallic
nodules, Pb and high field strength (HFS) elements have been commonly
reported to be associated with the poorly-crystalline Fe oxide phases
(Koschinsky and Hein, 2003; Bau and Koschinsky, 2009; Schmidt et al.,
2014; Josso et al., 2017; Guan et al., 2019; Ren et al., 2024a), reflecting
hydrolytic release of terrigenous materials (Guan et al., 2019) and
concomitant formation of poorly-crystalline Fe oxide phases. High
positive correlations of Pb and REE + Y with Fe, but low positive cor-
relations with Al, and negative correlations with Mn (Fig. 8) suggest a
similar association of these elements to predominantly Fe phases in the
Baltic Sea concretions. Additionally, the poorly crystalline Fe-rich phase
readily scavenges anionic species of As, P and V from the surrounding
waters (Glasby, 2006), and this is highlighted by the association of these
elements to Fe also in our data. The relatively high Fe contents (and high
Fe/Mn ratios) observed here are a characteristic feature of concretions
found in continental shelf environments and have been explained to
reflect increased terrigenous influence and changes in hydrodynamic
conditions, where higher energy events and the consequent reworking of
underlying sediments leads to the increased Fe precipitation (e.g.
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Table 2

Elemental composition of the Baltic Sea ferromanganese concretion types.
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Crust (n = 19)

Discoidal (n = 15)

Spheroidal (n = 14)

Mean Median Min Max Mean Median Min Max Mean Median Min Max
Fe (wt%) 18.7 19.5 6.84 29.9 18.0 13.7 3.17 35.1 16.4 16.4 6.53 24.0
Mn 4.99 3.04 0.36 16.8 7.36 6.37 1.44 13.2 8.48 8.11 4.88 14.0
Fe/Mn 13.9 5.1 0.41 65.2 6.94 4.11 0.56 28.7 2.36 1.98 0.48 4.69
Mn# 0.21 0.16 0.02 0.71 0.30 0.20 0.03 0.64 0.36 0.34 0.18 0.67
Al 4.29 4.55 1.61 7.07 2.18 2.01 1.12 4.94 2.07 2.08 1.48 2.66
Ba 0.15 0.11 0.06 0.45 0.23 0.23 0.08 0.36 0.25 0.24 0.19 0.42
Ca 1.11 1.15 0.63 1.35 1.16 1.16 0.96 1.28 1.28 1.32 1.02 1.49
Mg 1.30 1.24 0.93 2.06 0.87 0.95 0.30 1.19 0.89 0.90 0.74 1.18
Na 1.05 1.02 0.73 1.56 1.02 0.96 0.58 2.83 0.95 0.95 0.76 1.17
K 1.92 2.00 1.06 3.04 1.34 1.33 0.57 3.04 1.20 1.19 0.91 1.83
Ti 0.24 0.23 0.05 0.47 0.08 0.05 0.03 0.22 0.06 0.06 0.03 0.08
P 1.03 0.94 0.22 2.21 1.11 0.91 0.16 1.98 1.24 1.32 0.43 1.85
S 0.06 0.05 0.02 0.12 0.07 0.08 0.03 0.11 0.08 0.07 0.04 0.12
As (ppm) 116 100 25 240 54 50 16 195 49 48 8 89
Be 2.3 2.3 0.8 3.3 1.9 1.9 1.0 2.9 1.4 1.4 0.9 1.7
Bi 0.2 0.1 <0.01 0.4 0.1 0.1 <0.01 0.4 0.1 0.1 <0.01 0.1
Cd 2.7 1.6 0.3 7.7 3.0 2.6 0.6 4.9 4.2 4.2 2.0 6.9
Co 83 79 24 185 111 94 43 277 93 98 55 122
Cr 54 52 <2 104 63 14 2.2 709 11 13 <2 17
Cu 38 33 20 72 29 30 14 45 34 32 20 57
Hf 2.3 2.4 0.9 4.2 1.5 1.2 0.6 4.0 1.6 1.7 0.9 2.4
Mo 24 16 2.2 134 31 27 3.3 108 12 9.5 5.0 27
Nb 8.8 9.2 0.7 18 2.3 0.8 0.5 7.9 1.0 1.0 0.3 2.1
Ni 146 92 48 336 178 167 64 378 144 149 68 206
Pb 20 18 2.4 43 23 17 5.1 64 18 13 2.6 41
Rb 101 105 36 201 55 42 22 112 44 40 29 87
Sb 2.0 1.4 0.8 7.6 1.3 1.3 0.5 2.4 1.8 2.1 0.6 2.8
Sc 9.2 10 2.7 19 3.8 3.2 1.8 7.9 3.8 3.8 2.8 4.7
Sn 1.9 2.0 <0.5 3.6 0.8 0.6 <0.5 2.1 0.3 0.3 <0.5 0.4
Sr 430 423 181 1280 679 709 303 1040 830 821 706 999
Th 9.7 9.6 3.0 21 4.6 3.3 3.0 12 4.9 4.8 2.7 7.0
U 9.9 10 5.5 14 12 12 3.5 17 9.8 9.3 6.4 15
A% 112 112 29 168 58 41 17 156 34 35 18 47
w 3.1 1.5 <0.2 15 151 2.5 <0.2 1770 1.0 0.5 <0.2 3.1
Y 32 32 17 52 35 34 11 58 30 31 22 36
Zn 243 208 105 624 229 200 91 405 347 266 133 669
Zr 87 86 39 152 66 54 30 152 69 72 38 106
>REE 214 213 87 314 205 212 920 381 193 207 111 271
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Fig. 7. PAAS (Pourmand et al., 2012) normalized REY patterns in (a) crust, (b) discoidal, and (c) spheroidal Baltic Sea ferromanganese concretions. REY normalized
to Baltic Sea surface sediment composition for the corresponding morphotypes (d—f). Bold line represents mean values, dashed line median and the shaded
area range.

Winterhalter, 2004; Vereshchagin et al., 2019 and references therein;
Shulga et al., 2022). However, notably thick (several hundreds of mi-
crons) Fe-rich growth zones observed in the shallow water concretions
render purely hydrogenetic precipitation improbable (Vereshchagin
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et al., 2019), as this process is conventionally understood to occur at a
very slow rate (Cowen et al., 1993; Koschinsky and Hein, 2003). In the
Baltic Sea, the growth rates are considered to be exceptionally high even
in the realm of continental shelf Fe-Mn precipitates, comparable with
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Fig. 8. Pearson correlation coefficient plot for the analyzed element concentrations of Baltic Sea ferromanganese concretion samples.

those found in freshwater lake concretions (Krishnaswami and Moore,
1973; Moore et al., 1980; Asikainen and Werle, 2007). The trace element
composition of Baltic Sea ferromanganese concretions also aligns with
previously published data on lake and other shelfal concretions and can
be distinguished from oceanic hydrogenetic and diagenetic crusts and
polymetallic nodules using a ternary diagram of Co-Cu-Zn (Fig. 12). The
overall contents of the three elements are lower in shelfal and freshwater
precipitates (cf. Baturin, 2019), which is due to their higher growth
rates, reducing the time available for metal accumulation. Cobalt (Co) is
the dominant trace element in hydrogenetic oceanic precipitates and Cu
is dominant in diagenetic oceanic nodules. In contrast, the higher pro-
portion of Zn in shelfal and freshwater concretions, as compared to the
deep sea concretions, seems to associate with the higher Zn concentra-
tions in the waters of coastal sea areas, estuaries, and freshwater systems
compared to the deep ocean (Neff, 2002; de Souza Machado et al.,
2016). This increase is attributed to greater terrestrial influx, higher
biological productivity, and anthropogenic inputs (Moore et al., 1980;
Hlawatsch et al., 2002; Verstijnen et al., 2024). The proportionally high
contents of As and P in the Baltic Sea concretions and their association to
ferrihydrite (Fe-rich phase) further highlights the genetic similarity to
lacustrine concretions, which are considered to precipitate in varying
proportions through diagenetic (porewater) and hydrogenetic (water
column) processes (Couture et al., 2018; Hayles et al., 2021). Employing
the ternary Fe-Mn-(Ni + Cu)*10 diagram proposed by Halbach et al.
(1981), the data scatter is consistent with the high Fe and lower Ni and
Cu contents relative to oceanic precipitates (Fig. 13a). This is evident as
the data plots closely parallel to the Fe/Mn axis within the hydrogenetic
field. However, the data appears to be plotted along a mixing line be-
tween the hydrogenetic and diagenetic fields, likely reflecting the
differing hydrodynamic and redox conditions in the near-bottom envi-
ronment where the concretions form that affects the Fe/Mn ratio.

The Ce/Ce* ratio is another common metric to differentiate ferro-
manganese precipitates of hydrogenetic and diagenetic origins in the
oceanic setting (Hein et al., 2020). Upon oxidation, which is limited by
the concretion growth rate, Ce becomes immobilized and ceases to react
with the surrounding seawater or porewater (Bau et al., 2014; Heller
et al., 2018). When coupled to Nd contents, the slightly negative to in-
termediate Ce anomaly values observed in the Baltic Sea concretions
(Fig. 13b), which are close to one, may indicate early diagenetic for-
mation (Bau et al., 2014). Diagenetic precipitation commonly occurs
from porewaters due to sudden changes in redox conditions within
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suboxic sediments or at the sediment-water interface, leading to the
oxidation of Mn(II)-rich porewater and subsequent precipitation of 7 A
and 10 A phyllomanganates (Glasby, 2006; Hein and Koschinsky, 2014;
Wegorzewski and Kuhn, 2014; Koschinsky and Hein, 2017). The distinct
clusters of data from crusts and discoids, as opposed to the data from
spheroidal concretions in the diagram (Fig. 13b), likely reflect different
formation processes and diagenetic conditions (Zhang et al., 2025).
These processes are influenced by various factors, including variations
in benthic efflux and groundwater seepage (Johannesson et al., 2011;
Abbott et al., 2016), as indicated by the Nd contents. In our data,
increasing Fe/Mn ratios are also positively correlated with higher Ce/
Ce* values and an increase in the total contents of REEs and other Fe-
associated elements. These relationships are observed for all morpho-
types but are most prominent in the spheroidal concretions, which may
be related either to their relatively fast growth rate or differing growth
environment that is reflected in the Fe/Mn ratio and thus the distribu-
tion of elements across the binding phases (Takahashi et al., 2007). In
contrast to the spheroidal morphotype, this correlation is not equally
evident in the crust and discoidal concretions, indicating that some other
mechanism(s) unrelated to the Fe/Mn ratios may overprint changes in
the apparent growth rate in relation to the Fe phase associated element
contents and Ce anomaly values.

4.2. Terrigenous influence and detrital material

The results indicate that the crust concretions have the highest
abundance of terrigenous detrital material, followed by the discoidal
and spheroidal morphotypes, respectively. The elevated levels of Ti and
Al in the crust concretions (Figs. 9a and 11b; Table 2) suggest a stronger
terrigenous influence, possibly under more dynamic and higher-energy
conditions. This is further supported by the magnetic properties, which
show higher amounts of detrital magnetic phases in the crust morpho-
type (Wasiljeff et al., 2024a).

Titanium (Ti) and Zr are known to be resistant to weathering and are
predominantly found in recalcitrant silicate minerals like rutile and
zircon, respectively (Dypvik and Harris, 2001; Kylander et al., 2013).
Previous research suggests that Ti levels may reflect the quantity of
detrital sediments transported into coastal or lacustrine systems via
rivers and surface runoff (Biskaborn et al., 2012), whereby the elevated
Ti/Zr ratio observed in the crust concretions could indicate either an
increase in clay and silt fraction or a depletion in coarser particles (Liu
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concretions.

et al., 2022). Furthermore, variations in Ti and Zr concentrations can act
as qualitative or semi-quantitative markers for the presence of total
detrital material (Francke et al., 2020). Similarly, Al indicates the
overall proportion of lithogenic particles and may be less affected by
hydrodynamic conditions, making it useful for estimating changes in the
energy dynamics of terrestrial material supply (Bertrand et al., 2012).
These findings align with XRD results, which show a higher clay fraction
in crust concretions (Figs. 4 and 5), suggesting they are formed in en-
vironments with a stronger terrigenous flux.

On the other hand, the detrital material in the spheroidal and dis-
coidal concretions appears to be more mature (Figs. 4 and 5) and has
undergone significant transport and reworking (Fig. 9b) before incor-
poration into the concretions. This could imply that the material in these
morphotypes originates from more distant sources. Additionally, the
significant negative correlation between water depth and the CIA/WIP
ratio or CIQ in discoidal and spheroidal concretions (Fig. 9¢) suggests
that greater depths lead to increased quartz dilution and reworking of
the detrital fraction.

These differences in the detrital material and weathering indicators
between the morphotypes may reflect varying depositional environ-
ments and sedimentary processes in the Baltic Sea, with crust concre-
tions forming closer to shorelines in higher-energy conditions compared
to spheroidal and discoidal morphotypes, which are more influenced by
reworking and transport from distant sources.

4.3. Pb isotope ratios: indications of ferromanganese material sources

The high Fe/Mn ratios and distribution of Pb in association with the
higher Fe contents indicate a major terrigenous Fe component in the
Baltic Sea concretions (Winterhalter, 2004; Ling et al., 2005; Baturin
and Dubinchuk, 2011; Hein et al., 2017; Guan et al., 2019). Given that
the input of Pb (alongside the matrix-forming Fe and Mn) into the shelf
environment is primarily controlled by riverine transport and is influ-
enced by scavenging through ferromanganese precipitates, the stable Pb
isotope composition of the concretions reflects the origin of catchment-
derived, concretion-forming materials (Frank, 2002). The Pb isotopic
signatures of the concretions are more radiogenic in the northern and
north-eastern sampled locations (the Gulf of Bothnia and the Gulf of
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Finland) in comparison to south-western Baltic Sea (Mecklenburg
Bight). The sample from the Mecklenburg Bight (Blink-2020-1a) has Pb
isotopic composition that is close to the Upper Continental Crust values
whereas the other samples (MGBC-2021-4-1 and Levy2) are consistent
with more radiogenic felsic igneous rock compositions (Doucet et al.,
2023). The Gulf of Bothnia sample (Levy2) shows the most internal
variation in its Pb isotopic composition and is also the only one that
shows a clear trend over time: the younger growth layers tend to have
slightly more radiogenic Pb than the older ones. The increase in radio-
genic Pb content in the younger parts of the concretion could reflect
changes in provenance and increased weathering and erosion of the
granitic bedrock of the catchment area. The latter is due to rising pre-
cipitation and riverine flow volumes, earlier snowmelt and overall ef-
fects of climate change that has impacted the riverine transport patterns
in certain parts of the northern coastal areas of the Gulf of Bothnia
(Lintunen et al., 2024). In contrast to the Levy2 sample, the samples
from the Gulf of Finland (MGBC-2021-4-1) and Mecklenburg Bight
(Blink-2020-1a) show subtler changes in the isotopic composition
without systematic temporal variation. When plotted in a ternary dia-
gram of 2°6pb, 2°7pb and 2%8pb, the compositions largely follow those of
European agricultural soils (Fig. 14), which, in turn, predominantly
reflect the isotopic signatures of the underlying bedrock (Reimann et al.,
2012, 2014a,b). The isotopic composition of the two samples from the
northern and north-eastern parts of the Baltic Sea (MGBC-2021-4-1 and
Levy2) are roughly coincident with those of the Precambrian Craton of
NE Europe (Fennoscandian Shield), whereas the sample from Meck-
lenburg Bight (Blink-2020-1a) has values commonly obtained in the
region of Paleozoic platform in western Europe. The partial overlap of
isotopic values with those of European Pb deposits and Mississippi
Valley (Sangster et al., 2000; Tomczyk, 2022) in the ternary plot aligns
with a putative pollution Pb component in the concretions, but the
observed compositions can be explained with variations in the local
source of catchment-derived material.

4.4. Implications for growth and diagenetic evolution of shelfal
ferromanganese concretions: a case study from the Baltic Sea

Shelfal ferromanganese concretions form primarily through early
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diagenetic processes and their growth is controlled by the interplay of
hydrodynamic conditions, terrigenous material input, and redox fluc-
tuations (Zhamoida et al., 1996; Glasby et al., 1997; Baturin, 2010;
Vereshchagin et al., 2019; Wasiljeff et al., 2024a; this study). Across
various shelf regions, such as the Kara Sea, Black Sea, and Baltic Sea,
these factors contribute to the development of distinct concretion mor-
photypes (in the Baltic Sea recognized as crust, discoidal, and sphe-
roidal), each linked to specific environmental conditions. While these
broad processes are common across shelf seas, the Baltic Sea provides a
case study highlighting key interactions that drive the formation and
diagenetic evolution of shelfal ferromanganese concretions.
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Higher-energy and/or shallower environments are characterized by
the formation of Fe-rich concretions, mainly the crust morphotype. In
these settings, near-bottom flows facilitate the mixing of terrigenous
detrital material into the growing ferromanganese matrix (Fig. 15).
Previous studies have documented that ferromanganese concretions on
the Baltic Sea floor, as well as other shelf sea areas, may occasionally be
covered by a transient layer of very organic-rich fluffy mud (Fig. 15;
Hlawatsch et al., 2002; Winterhalter, 2004; Zhamoida et al., 2017;
Shulga et al., 2022; Wasiljeff et al., 2024a). Intermittent coverage by the
organic-rich fluffy mud can create mildly reducing conditions, where the
mobility of Fe and Mn are controlled by seasonally fluctuating oxygen
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Table 3
Descriptive statistics of Pb isotope ratios in three ferromanganese concretions from the Baltic Sea.
Sample Location n Mean Median SD Min Max
Blink-2020-1a MB 39 206pp, /204ph 18.852 18.917 0.351 18.155 20.237
207pp,/204ph 15.704 15.745 0.308 14.999 16.267
208pt,,/204ph 38.666 38.583 0.488 37.629 39.638
MGBC-2021-4-1-B GoF 40 206pt, /204p, 23.312 23.384 0.445 22.055 24.031
207pp /204ph 16.456 16.464 0.191 16.033 16.808
208p}, /204ppy 41.364 41.408 0.648 40.211 43.063
Levy2 GoB 40 206pp, /204ph 21.989 21.769 1.264 20.109 25.538
207pp, /204pp 15.440 15.450 0.443 14.073 16.345
208pt, /204py 39.085 38.884 1.779 35.346 46.954
MB = Mecklenburg Bight, GoF = Gulf of Finland, GoB = Gulf of Bothnia.
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distribution in the fluffy layer (Hlawatsch et al., 2002), leading to the
partial dissolution and etching of concretions (Fig. 15a). Mn phases are
preferentially dissolved under these conditions (Davison, 1993; Man-
ceau et al., 2014), while Fe-rich phases precipitate (or are retained)
(Miiller et al., 1988; Stumm and Morgan, 1996), forming thick,
hydrogenetic-like layers (Fig. 15b). The removal of the fluffy layer by
near-bottom currents can promote Mn transfer to the water column and
enhance the formation of Fe-rich phases (Fig. 15b; Shulga et al., 2022).
Furthermore, the fluffy mud transports detrital minerals (Loffler et al.,
2000) that are incorporated, and based on our findings, diagenetically
redistributed in the concretions (Fig. 15a and b) due to the preferential
dissolution of Mn phases. This process is highlighted by SEM observa-
tions, showing accumulations of terrigenous material at the interfaces of
Fe-Mn-rich zones, and altered or etched detrital mineral grains
(Fig. 6a—c), and is also consistent with the propensity of Fe oxy-
hydroxides to nucleate around detritus unlike Mn oxides (Hein et al.,

Zn

Fig. 12. Ternary diagram of Cu, Co, and Zn contents of Baltic Sea concretions (our data), other shelfal concretions (Baturin and Dubinchuk, 2009; Zhamoida et al.,
2017; Baturin, 2019), freshwater concretions (Moore et al., 1980; Williams and Owen, 1992; Baturin, 2019; Hayles et al., 2021) as well as oceanic hydrogenetic (Hein
et al., 2015; Ren et al., 2024a) and diagenetic (Dekov et al., 2021) concretions.
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2017). Therefore, the admixing of accessory detrital minerals further
contributes to the characteristic Fe-enrichment observed in these
concretions.

In contrast, concretions in lower-energy environments (Fig. 15c¢), are
dominated by Mn-rich morphotypes, mainly spheroidal and occasion-
ally discoidal (Fig. 15d). These concretions develop primarily under the
influence of suboxic to anoxic conditions, where Mn is diagenetically
remobilized from sediments and incorporated into the concretions
through microbial processes (Fig. 15d; Wasiljeff et al., 2024a), with the
associated trace element intake influenced by sediment porewaters
(Dekov et al., 2021) and remineralization of bioparticles (Verlaan and
Cronan, 2022; Ren et al., 2024a,b) in the fluffy layer. In these lower-
energy environments, contrasting the higher-energy regime, the inter-
mittent fluffy mud cover may act as a barrier that prevents Mn from
diffusing into the seawater (Fig. 15c; Shulga et al., 2022), likely pro-
moting in-situ microbial and biomineralization processes (Wasiljeff
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et al., 2024a). This results in relatively continuous concretion growth,
often characterized by poorly crystalline birnessite-like mineralogy with
porous, columnar and branched dendritic growth patterns (Sjoberg
et al., 2018, 2021).

In shelf seas with relatively large catchment areas, such as the Baltic
Sea, input from rivers contributes additional trace elements and detrital
minerals to concretions. The fluffy mud layer frequently covering the
seafloor in these areas not only serves as a barrier that controls Mn
cycling but also transports the terrestrial material that becomes incor-
porated into the concretions and influences their trace element
composition spatially. Most of the organic matter in the fluffy mud
originates from seasonal primary production in the surface waters, later
transported along the seafloor as thin, transient layers (Ksenia et al.,
2001; Leipe et al., 2011). This fluffy layer exhibits both seasonal and
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spatial variations in trace element composition (Pempkowiak et al.,
2005), which is reflected also in the geographically differing concretion
bulk geochemistry and stable Pb isotope compositions (Figs. 11 and 14),
highlighting the importance of terrestrial input from catchment sources
as well as local near-bottom conditions. These findings suggest that the
combined effects of hydrodynamics, redox fluctuations, and terrigenous
input from catchment sources govern both the rate of shelfal concretion
growth and the geochemical signatures preserved within them.

5. Conclusions

Ferromanganese concretions from the Baltic Sea provide important
insights into the formation mechanisms and diagenetic evolution of
shelfal ferromanganese concretions. The Baltic Sea concretions are pri-
marily composed of Fe and Mn mineral phases, with Fe-rich growth
zones dominated by 2-line ferrihydrite, while Mn-rich layers are pre-
dominantly composed of birnessite, likely of biogenic origin. The Nd
contents and slightly negative to intermediate Ce anomaly values
observed in the concretions suggest early diagenetic formation condi-
tions. An important factor controlling the concretion morphology and
composition may be the intermittent occurrence of a very organic-rich
fluffy mud cover layer, which is controlled by the near-bottom flows,
transports detrital minerals, and impacts the redox conditions and
potentially microbial activity in the concretions. The preferential
reductive dissolution of Mn-phases results in the diagenetic redistribu-
tion of detrital minerals on the interfaces to Fe-phase dominated zones,
as well as the precipitation of thick Fe-rich growth layers.

Crust concretions exhibit high concentrations of Al and Ti, along
with an elevated Zr/Ti ratio, reflecting the incorporation of a greater
proportion of terrigenous detrital minerals and the concretion formation
under high-energy conditions, typically in shallow waters. In contrast,
the detrital fraction of spheroidal concretions is characterized by high
CIQ values and the lowest Zr/Ti ratio, indicating a higher degree of
sediment recycling and hydrodynamic sorting and the concretion for-
mation in low-energy environments, typically in deeper waters. Finally,
discoidal concretions show intermediate values, suggesting they form in
varied environmental conditions.

Furthermore, the geographic distribution of ferromanganese con-
cretions within the Baltic Sea shows that regional environmental con-
ditions, including proximity to terrestrial inputs and flow regime,
influence their bulk geochemistry and stable Pb isotope composition.

The morphology and composition of ferromanganese concretions in
shelf sea regions, including the Baltic Sea, are primarily governed by
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environments.

hydrodynamic conditions, redox fluctuations, and terrigenous inputs.
These factors not only control concretion growth but also have impor-
tant implications for resource exploration and paleoenvironmental re-
constructions, as they influence the concretion composition and
geochemical signatures that are preserved over time.
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