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A B S T R A C T

Sixteen ferromanganese nodules collected from a large area in the Kara Sea were studied by optical and scanning
electron microscopy, X-ray powder diffraction, X-ray fluorescence analysis, inductively coupled plasma mass
spectrometry, and electron microprobe analysis. The geological setting, chemical and mineralogical features
suggest that Fe-Mn concretions of the Kara Sea mainly were formed by diagenetic process, while hydrogenetic
process is secondary if present. The studied nodules are characterized by the alternation of Mn- and Fe-P-en-
riched laminae. The Fe-P-rich laminae are almost completely composed of an amorphous phase under X-ray. We
consider that the phosphatization process did not occur during formation of the Fe-Mn crusts and nodules from
the Kara Sea. Several Mn-bearing phases are present in the studied samples (buserite-1, birnessite and X-ray
amorphous phase). All studied nodules have similar contents of the main chemical elements. In all cases, the
samples are depleted in light REE, enriched in heavy REE, and have negative Ce and Y anomalies. Our data
indicate that diagenetic crusts and nodules differ significantly in terms of chemical composition from other types
of Fe-Mn concretions. Based on their Co, Ni, Cu, Ce, Zr and Mo contents, we could differentiate diagenetic
concretions from hydrogenetic and hydrothermal (both high and low-temperature) concretions.

1. Introduction

Ferromanganese nodules and crusts (hereafter called Fe-Mn con-
cretions) were first discovered in the Kara Sea in 1878–1880 by the
expedition of A.E. Nordenskjold (Nordenskjold, 1881), but received no
further study for almost a century. Since the middle of the 20th century,
interest in the study of Fe-Mn concretions has increased significantly,
due to their ubiquitous occurrence in the World Ocean (Bonatti et al.,
1972; Calvert and Price, 1977; Aplin and Cronan, 1985; Halbach and
Puteanus, 1988; Cherkashov et al., 2017; Konstantinova et al., 2017),
and also the discovery of Mn-enriched hydrothermal mineralization
(Hein et al., 1997, 2008a,b). More recently, Fe-Mn concretions have
emerged as promising host deposits for polymetallic and rare earth
element ores, therefore their study has received heightened interest
from an economic perspective (e.g. Bau et al., 1996; Hein et al., 2013;
Hein and Koschinsky, 2013).

The variety of genetic types of Fe-Mn concretions from modern seas
and oceans and their spatial distribution are considered in a series of
reviews (Bonatti et al., 1972; Halbach and Puteanus, 1988; Hein et al.,

1997; Hein and Koschinsky, 2013; Bau et al., 2014; Josso et al., 2017).
Based on the geological settings and chemical composition of Fe-Mn
concretions, they can be subdivided into three main groups: hydro-
thermal, hydrogenetic and diagenetic (Bonatti et al., 1972; Hein et al.,
1997; Bau et al., 2014; Josso et al., 2017).

Hydrothermal concretions are formed by precipitation of Mn- and/
or Fe oxyhydroxides from hydrothermal fluids (Hein et al., 2008a,b).
The growth rate of hydrothermal crusts and nodules is relatively fast
and in some cases reaches a rate of ∼ 100 mm per million years (e.g.
González et al., 2012). Since hydrothermal crusts and nodules could be
formed under various conditions and temperature (e.g. Bonatti, 1975;
Hein et al., 2008a,b; Josso et al., 2017), the trace metals content and
Mn/Fe ratio can vary significantly (e.g. Josso et al., 2017; Kuhn et al.,
2017).

Hydrogenetic concretions are formed by direct precipitation of
colloidal hydrous metal oxides from oceanic water onto the solid sub-
strate (volcanic or sedimentary rocks) in the anoxic zone, which ap-
proximate depths of 1–2 km (Koschinsky and Halbach, 1995; Bau et al.,
1996; Koschinsky and Hein, 2003; Asavin et al., 2010; Kuhn et al.,
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2017). The growth rate of hydrogenetic layers is extremely slow and
typically of 1–6 mm per million years (Bau et al., 1996; Koschinsky and
Hein, 2003). Generally, hydrogenetic crusts from the global ocean are
strongly enriched in Co and Ni, and to a lesser extent in Cu (e.g.
Anikeeva et al., 2002; Hein and Koschinsky, 2013) and typically have
Mn/Fe ratios ≤5 (Halbach and Puteanus, 1988).

Diagenetic concretions are formed as a result of element precipita-
tion from suboxic pore water and their grow rate is considerably faster –
up to 250 mm per million years (Burns and Burns, 1978; Hein and
Koschinsky, 2013; von Stackelberg, 2000). Typical elements enriched in
diagenetic nodules are Ni, Cu, Ba, Zn, Mo, Li, and Ga (e.g. von
Stackelberg, 1997; Kuhn et al., 2017); they have Mn/Fe ratios ≥5
(Halbach and Puteanus, 1988).

Numerous studies have shown that in most cases Fe-Mn concretions
from modern seas and oceans have mixed nature. Hydrogenic and hy-
drothermal crusts can be altered as a result of diagenetic process.
Hydrothermal and diagenetic processes do not exclude the possibility of
hydrogenic sorption of elements from seawater.

The purpose of this work is to investigate the mineralogical, che-
mical and textural features of Fe-Mn concretions from the Kara Sea and
based on that determine their genesis. All collected samples originate
from Quaternary deposits in the north-eastern part of the Kara Sea. A
few studies on the Fe-Mn nodules of the Kara Sea have been carried out
on several samples (Chukhrov et al., 1976; Koshelev, 1984; Gurevich
and Yakovlev, 1993; Bogdanov et al., 1994; Baturin, 2011), however do
not offer an insight into their mineralogical, chemical and textural
variability in this area. Moreover, relationships between the miner-
alogical composition and distribution of the main and rare-earth ele-
ments to the geological settings of Fe-Mn concretions from the Kara Sea,
have been poorly studied to date.

2. Geological framework

The Kara Sea shelf comprises one of the broadest continental shelves
bounding the Arctic Ocean. Its geology and tectonic evolution were
recently summarized by Pease et al. (2014), Drachev (2016) and
Faleide et al. (2017). The Kara Sea shelf is sub-divided by the offshore
North Siberian Arch into two distinct tectonic domains: the South Kara
Basin and the North Kara Basin (Fig. 1). The North Siberian Arch has
been recognized and defined based on seismic profiling, and likely links
Late Triassic – Early Jurassic deformations in the Taimyr and Pai-Khoi –
Novaya Zemlya fold and thrust belts.

The South Kara Basin is located to the south of the North Siberian
Arch and represents the offshore continuation of the West Siberian
Sedimentary Basin (Drachev, 2016; Faleide et al., 2017). The nature of
the basement is poorly constrained by the available data. Seismic stu-
dies reveal a series of SW–NE trending grabens in the basement, which
have been typically associated with Permo-Triassic extension described
from the onshore West Siberian Basin. However, there is indirect evi-
dence for Late Triassic – Early Jurassic deformation of the basement of
the South Kara Basin, suggesting that the rifts could be as young as
Early Jurassic (Drachev, 2016; Khudoley et al., 2018). The overlying
sedimentary cover consists of Mesozoic and Cenozoic terrigenous rocks
up to 15–16 km thick.

The North Kara Basin is located to the north of the North Siberian
Arch and is underlain by the Kara microcontinent, comprising a latest
Neoproterozoic – earliest Cambrian basement (Ershova et al., 2015).
The geology of the North Kara Basin is comparatively poorly studied
relative to the South Kara Basin, owing to its lower hydrocarbon pro-
spectivity and more remote location from infrastructure, and the off-
shore geology has been mainly extrapolated from the Severnaya Zemlya
archipelago and northern Taimyr. No wells have been drilled here and
the stratigraphy of the overlying sedimentary cover is based entirely
upon seismic data. A sedimentary infill of up to 12 km is inferred,
predominantly composed of Paleozoic carbonate and terrigenous rocks
capped with a much thinner succession of Mesozoic terrigenous rocks.

Studies of the mineralogical and chemical compositions of both the
modern and Holocene (post Last Glacial Maximum) seafloor sediments
show evidence for both glacial and fluvial sediment transport
throughout the Kara Sea during this time (Levitan et al., 2004; Lisitsin
et al., 2004; Rozanov, 2015; Rusakov et al., 2017). During the Qua-
ternary, major glacio-eustatic sea-level fluctuations strongly controlled
the distribution and volume of riverine sediment discharge onto the
Kara Sea shelf. Since approximately a half of the modern Kara Sea shelf
lies at a water depth of < 100 m, major sea-level regressions during
glacial periods allowed fluvial systems to extend hundreds of kilometers
northwards onto the Kara Shelf from their present estuaries. However,
during the Last Glacial Maximum, the drainage of the Ob and Yenisey
rivers was blocked by the southward expansion of vast ice sheets across
the Kara Sea shelf and northern Siberia (Polyak et al., 2002).

The highest accumulation rates were recorded in early Holocene in
the central Kara Sea when the sea level was about 40–50 m lower than
today and large parts of the inner Kara Sea were subaerial (Stein et al.,
2004; Hörner et al., 2018). During that time, terrigenous sediments
were transported much more to the north from the modern Ob and
Yenisey estuaries forming the main depocenter in the central Kara Sea.
The modern sea level conditions were established in the southern Kara
Sea, approximately 7.5 ka ago (Hörner et al., 2018). With increasing sea
level the main depocenter was shifted towards the south and sedi-
mentation in the central Kara Sea was greatly reduced. Towards the
north onto the shelf, late Holocene accumulation rates significantly
decreased, indicating the decrease in influence of riverine sediment
discharge. However, average Holocene values for linear sedimentation
rate are quite high throughout the Kara Sea varying from 2 to 45 cm/
kyr in the southern and central Kara Sea and from 2 to 32 cm/kyr in the
northern Kara Sea (Stein et al., 2004).

3. Samples and analytical methods

3.1. Samples

Samples of Fe-Mn concretions were collected from a large area
(Fig. 1) during the expeditions of 2008–2009 and 2014–2015 by the
Polar Marine Geological Exploration Expedition (Makariev, 2012). Fe-
Mn concretions were found at depths ranging from 43 to 158 m in the
Kara Sea (Table 1). In general, Fe-Mn concretions were found on the
seafloor at the sediment surface, although occasionally they were found
buried up to a depth of 20 cm.

Sixteen concretions (Table 1), represented by different morpholo-
gical types (Fig. 2), were selected for study. The morphology of the
nodules was deduced by optical and scanning electron microscopy
(SEM). Each sample was studied by X-ray powder diffraction (XRD) and
X-ray fluorescence analysis (XRF), inductively coupled plasma mass
spectrometry (ICP MS), and electron microprobe analysis (EMPA). In
addition, it was possible to separate the black inner part of samples FN-
46 k and FN-54 k and the clayey outer part of samples FN-54 k and FN-
56 k, which were studied individually by XRD.

3.2. Analytical methods

3.2.1. X-ray fluorescence and inductively coupled plasma mass
spectrometry

The bulk chemical composition of each sample was determined.
Samples were ground to a powder (90% of particles ≤ 80 μm) using an
agate pestle and mortar. Chemical analyses were carried out at the All
Russian Geological Research Institute (VSEGEI) in St. Petersburg.
Whole-rock major element concentrations were determined by the XRF
method using an ARL 9800 spectrometer. All measured concentrations
are significantly above detection limits, with relative standard devia-
tion of laboratory’s precision of less than 5%.

Trace elements and rare earth elements were analyzed by
Inductively Coupled Plasma–Mass Spectrometry using an Optima
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Fig. 1. (a) Map of the Arctic region showing the names and locations mentioned in the figures and text. (b) Simplified geological map of Kara Terrane (from Morozov
and Petrov, 2004; Makariev, 2012) with location of studied samples. (c) Sampling locations of ferromanganese nodules from Kara Sea.
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4300DV emission spectrometer and an ELAN 6100 DRC mass spectro-
meter. All measured concentrations are significantly above detection
limits, relative standard deviation of laboratory's precision varying
from 4 to 10% for most elements and 15% for Ni. The accuracy of both
XRF and ICP-MS analyses was controlled by OU-6 and SBC-1 standards
certified by International Association of Geoanalysts and USGS corre-
spondently.

Trace elements and rare earth elements were normalized to Post-
Archean Australian Shale (PAAS, Taylor and McLennan, 1985) to cal-
culate the Y/Ho ratio (Bau et al., 2014) and Ce anomaly (Josso et al.,
2017).

3.2.2. X-ray powder diffraction
X-ray powder diffraction analysis was carried out at the Research

Centre of Saint Petersburg State University for X-ray Diffraction Studies.
XRD patterns were recorded using a Rigaku Miniflex II, with a velocity
of 2°/min and a step size of 0.02°. Samples of Fe-Mn concretions were
studied with Cu Ka radiation (2-theta range 5–60°), and clay samples
with Co ka radiation (2-theta range 3–55°). The PDXL II software
(Rigaku) was used to identify the mineral phases, accessing The
International Centre for Diffraction Data (ICDD) database.

To refine the phase composition of Fe-Mn concretions and to reveal
metastable water-containing phases, a series of four X-ray diffraction
patterns were taken for each sample following the method proposed by
Chukhrov et al. (1976, 1989). Samples were studied at room tem-
perature and after heating in air at 100, 350 and 550 °C. Samples were
heated up for 1 h, annealed at the prescribed temperature (100, 350 or
550 °C) for 3 h, and then cooled down to room temperature over a time
period of 12 h.

Both clay samples were studied three times by XRD. Clay minerals
were separated from quartz and other coarse minerals in two stages. At
first, samples were crushed to pass a 63 μm sieve and then filtered
through a 0.4 μm filter. Then, the resulting material was re-dispersed in
a small amount of purified water and the concentrated suspension was
placed on a glass slide and allowed to dry at room temperature (∼8 h)
to obtain the oriented film. Dried films were used for X-ray powder
diffraction. Firstly, air-dried sample was studied. Secondly, the same
sample was treated by ethylene glycol to identify smectite group mi-
nerals. Finally, the sample was heated (550 °C over 4 h) to identify
kaolinite group minerals.

3.2.3. Scanning electron microscopy with energy-dispersive x-ray
microanalysis

Nodules of different morphological types were fractured and carbon
coated. Their internal structure was examined by scanning electron
microscope using the secondary electron imaging with beam voltage of
20 kV using scanning electron microscope Hitachi S-3400N in
“Geomodel” research center of Saint-Petersburg State University.

Samples for element microprobe analysis, back-scatter electron
imaging and X-ray mapping were placed in epoxy resin and polished on
progressively smaller diamond powders. The elemental composition
was analyzed using scanning electron microscope Hitachi S-3400N
equipped with Oxford X-Max 20 energy dispersive X-ray spectrometer
(EDS) in “Geomodel” research center of Saint-Petersburg State
University. Due to the fact that the minerals composing the Fe-Mn
nodules contain a large number of pores and up to 25 wt% water in
their structure (Chukhrov et al., 1976, Drits et al., 1997), all analyzes
were normalized to 100%. The conditions of the experiment were:
20 kV accelerating voltage, 1 nA beam current, and 30 s data-collection
time (excluding dead time). All the acquired spectra were processed
automatically using Oxford AzTec EDX software’s True-Q procedure.
Rhodochrosite (Mn), pyrite (Fe, S), cobalt metal (Co), nickel metal (Ni),
cuprum metal (Cu), albite (Na), periclase (Mg), corundum (Al), quartz
(Si), sylvite (K, Cl), apatite (Ca, P), titanium metal (Ti), zinc metal (Zn),
barite (Ba), monazite (Ce), molybdenite (Mo), celestine (Sr), vanadium
metal (V) were used as standards.

4. Results

4.1. Morphology and texture

All of the studied morphological types of concretions (Fig. 2) are
characterized by a concentric-layered texture, which was generated by
fine-scale (0.2–1 mm) interbedding of brown and black laminae. These
laminae range from 5 to 20 mm in thickness under optical microscopy.
Under the SEM, it could be observed that these laminae are separated
into smaller zones ranging in thickness from 2 to 200 μm (Fig. 3). In
polished samples rosette-like structures that tend to encapsulate and
incorporate sediment particles are commonly present (Figs. 3 and 4a
and b).

The most common morphological type (Table 1) is disk-like flat-
tened concretions (length 3.5–7 cm, thickness 2–2.5 cm; Fig. 2). The
inner parts of the nodules are often composed of a clay substance or an
organogenic material (Ca, P-free and C-rich according to EMPA), with a
significant admixture of quartz. The second most abundant type of
concretions is represented by worm tubes (length 3–9 cm, diameter
0.5–2 cm; Fig. 2). The inner portion of the tubes can also be filled with

Table 1
Description and location of samples analyzed during this study.

No Sample Coordinates Water
depth, m

Description

Latitude Longitude

1 FN-23-k 75°59′32,2″N 80°30′16,3″W 54 disk
2 FN-69-k 75° 21′ 45,3″ N 79° 17′ 15,1″W 50 tube
3 FN-50-k 74°11′33,8″N 80°44′21,1″W 50 disk
4 FN-77-k2 74° 31′ 26,1′ N 80° 32′ 15,3″ W. 60 tube
5 FN-54-k1 74°52′48,2″N 83°45′36,4″W 40 spheroidal
6 FN-56-k1 75°12′44,1″N 85°23′58,4″W 46 tube
7 FN-46-k2 75°59′40,8″N 88°14′34,4″W 52 disk
8 FN-147-k2 75° 50′ 31,7″ N 89° 45′ 17,4″ W 41 spheroidal
9 H-138-k 75° 17′ 55,0″N 86° 22′ 28,9″W 63 disk
10 H-189-k 75° 42′ 45,7″N 88° 38′ 30,5″ W 125 disk
11 H-21-k 76° 07′ 0″ N. 93° 13′ 48″ W 43 disk
12 H-16-k 76°16′0″N 87°33′0″W 51 tube
13 H-226-k,t 79° 28′ 58,8″ N 84° 43′ 30″ W 158 disk
14 H-101-k 78° 46′ 30″ N 85° 38′ 30″ W 107 tube
15 H-41-k 77° 43′ 22,8″ N 101° 33′ 29,9″ W 123 tube
16 H-65-k 77° 45′ 18″ N 104° 18′ 18″ W 117 disk

Fig. 2. Photographs of different morphological types of Fe- Mn nodules used in
this study: A – tube (H-16-k), B – disk (H-65-k), C – spheroidal (FN-54-k1).
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clay or an organic material. Spheroidal nodules (diameter 2–3 cm) are
the least common morphological type.

4.2. Mineralogical composition

SEM (Figs. 3 and Fig. 5a–d), XRD (Table 2; Fig. 6a–c) and EMPA
(Figs. 4a and b and 7) data indicates the presence of several Mn- or/and

Fe-rich phases, which differ in morphology, crystallinity and chemical
composition (Fe/Mn ratio, P, Si, Al, Na, Ni contents).

According to XRD, a crystalline Fe-bearing phase, goethite, was
found in 1 sample (H-189-k; Table 2); in other cases, brown iron-en-
riched interlayers are composed of a material which is amorphous
under X-ray.

XRD studies (Table 2, Fig. 6a and b) revealed that in all cases the
peaks related to manganese-containing phases (10-Å and 7-Å) are dis-
appear at a temperature range of 350–550 °C, which unequivocally
indicates the absence of todorokite (Bish and Post, 1989; Post et al.,
2003), romanechite, hollandite, cryptomelane and pyrolusite (Bish and
Post, 1989).

In nine samples (Table 2), a 10-Å phase was detected, which is most
likely represented by buserite-1 (Chukhrov et al., 1976; Manceau et al.,
1997; Bilinski et al., 2002). In 14 samples, a 7-Å phase, represented by
birnessite, was found. Birnessite is present in all samples containing
buserite but also occurs independently, suggesting it formed as a second
phase after buserite.

The inner part of sample FN-46 k was completely devoid of terri-
genous material, which allowed us to study in detail the thermal be-
havior of Mn phases (Fig. 6a). After heating in air at 100 °C, the 10-Å
phase transformed into the 7-Å phase and peaks disappear at 10 and
4.9 Å, whilst peaks at 7.1 and 3.5 Å were amplified. After a second
heating in air at 350 °C, we observe disappearance of the peaks of 7-Å

Fig. 3. Growth structures of nodules from the Kara Sea (BSE images).
Nanometer thin layers of Fe-, Mn-rich phases (H-101-k).

Fig. 4. Elemental maps in FeKα, MnKα, PKα and SiKα of studied samples: a –
FN-77-k2, b – H-101-k.

Fig. 5. Morphology of Fe-rich and Mn-rich phases in nodules from the Kara Sea
(BSE images): a – framboidal pyrite (bright spots on top left side of the picture)
and goethite (mid-gray grains in right side of the picture) in matrix of terri-
genous material (H-101-k), b – thin-tube crystals of Fe-bearing Mn-rich phase
(H-101-k), c – lamellar crystals of Fe-bearing Mn-rich phase (H-138-k), d –
pseudomorph of organic material (?) by Mn-rich phase (FN-46-k2).
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phase in the diffractogram. After heating in air at 550 °C (Fig. 6a and b)
all (even very small) peaks on diffractogram disappeared.

As many of Mn- and Fe oxides/hydroxides in Fe-Mn concretions
have nanometric grain size (e.g. Chukhrov et al., 1976, Drits et al.,
1997; Wegorzewski et al., 2015) it is almost impossible to analyze a
grain of single mineral by EMPA. Moreover, according to the IMA List
of Minerals some of Mn- and Fe oxides/hydroxides common for Fe-Mn
concretions have variable water content (e.g. asbolane), unclear che-
mical formulae (e.g. buserite) or even questionable minerals (e.g. ver-
nadite), which makes almost impossible to calculate chemical formulae
of single phase from EMPA. For this reasons the EMPA data for Mn-, Fe-
bearing phases were considered as a single set. Detrital material was
excluded from the set based on silica and aluminum content
(SiO2 > 30 wt%, Al2O3 > 20 wt%) taking into account SEM images.
Totally more than 600 EMPA analyses from all studied samples were
used to characterize Mn-, Fe-bearing phases.

EMPA data shows (Fig. 7) that there is a continuation between Fe-
rich and Mn-rich phases. We assume that such a continuation is a result
of nanoscale intergrowth of several Fe, Mn-bearing phases and do not
reflect a real isomorphic series. Most of the analysis plot in two separate
groups, in the studied samples: either Fe-rich or Mn-rich phases. Fe-rich
phases do not contain more than 5 wt% of MnO and Mn-rich phases do
not contain more than 15 wt% of Fe2O3.

According to EMPA, there are at least three different Fe-rich phases
in ferro-manganese nodules from the Kara Sea: goethite, pyrite (Fig. 5a)
and amorphous Fe-P phase (Fig. 4a and b). Goethite was found in one
sample (H-101-k) as aggregates of small grains (< 1 μm; Fig. 5a) in
interstices between detrital grains. Remarkably goethite contain up to
2 wt% of NiO. No over Ni-bearing phases were found in ferro-manga-
nese nodules from the Kara Sea. Framboidal pyrite was found in the
same sample (H-101-k) as goethite. The size of framboids does not
exceed 5 μm (with crystal size < < 1 μm; Fig. 5a). X-ray amorphous
Fe-rich phase have been found in all studied samples. In all cases,
phosphorus is associated with iron (Fig. 5b). Low-phosphorus Fe-
bearing phase (< 6 wt% P2O5) shows strong direct correlation with
total iron content (r2 ≈ 0.7), while high- phosphorus Fe-bearing phase
(6–13 wt% P2O5) shows weak correlation with total iron content. Al-
though all the studied samples are P-enriched, no P-bearing crystalline
phases were found.

According to EMPA, there are at least two different Mn-rich phases

(Fig. 7a). The most Mn-enriched phase (78–87 wt% MnO) is char-
acterized by absence of iron, relatively stable Na and Ca content
(5–8 wt% Na2O, 3–4 wt% CaO), small chlorine content (∼1 wt%) and
forms fine thin tubular intergrowing aggregates or lamellar crystals
(Fig. 5c and d). Another Mn-bearing phase is characterized by high
sodium contents (up to 11 wt% Na2O) and relatively high admixture of
iron (up to 15 wt% Fe2O3), forming thin-tube crystals (Fig. 5b). Both
phases were found in all studied samples.

According to XRD and microprobe analysis data, the clay substance
is composed of Mg-Fe-rich chlorite, smectite (nontronite), kaolinite and
Mg-Fe-rich mica (Fig. 6c).

The amount of sediment material in Fe-Mn concretions vary sig-
nificantly in different areas of the same sample (Figs. 3 and 4a and b).
Quartz, albite, and feldspars (microcline and plagioclase) were found in
all samples and form up to 1/3 of the sample volume (Fig. 4a and b).
Quartz grains are of irregular shape and range from 50 to 150 μm in
size. Feldspars are characterized by tabular crystals up to 100 μm in
size. Ilmenite, magnetite, monazite, zircon, rutile, epidote, Mg-Fe-rich
amphibole and chromite were found in subordinate quantities.

4.3. Chemical composition

All of the studied concretions have similar contents of the main
chemical elements (Table 3). The nodules show high variability in the
Mn/Fe ratio (from ∼0.1 to 3.2; Table 3), Al2O3 (∼10 to 30 wt%) and
SiO2 (∼19 to 51 wt%). Other major main elements in the Fe-Mn no-
dules are much less variable: Na2O (1.6–3.3 wt%), MgO (1.8–3.0 wt%),
K2O (1.2–2.0 wt%), CaO (0.9–2.4 wt%), TiO2 (0.2–0.5 wt%). All studied
nodules contain a significant amount of phosphorus (more than 1 wt%
P2O5). In all cases, the loss on ignition is higher than 10 wt%, which
indicates the presence of water-containing phases in the nodules.

Co, Ni, and Cu contents (Table 4) are relatively low
(Co + Ni + Cu < 400 ppm). EMPA studies reveal that goethite con-
centrate Ni. No Co- or Cu-bearing phases were found. Other trace ele-
ments vary significantly: Sr (179–619 ppm), Y (16–31 ppm), and Zr
(13–128 ppm). The studied nodules are characterized by U content of
3–6 ppm which is rather typical for Mn nodules all over the world
(Kuhn et al., 2017).

The content of rare-earth elements (REE) is similar in all studied
nodules and does not exceed 160 ppm. The PAAS-normalized REE dis-
tribution in all nodules is also very similar (Fig. 8). All samples are
depleted in light REE and enriched in heavy REE (HREEPAAS/LREEPAAS

3.3–5.0). A negative Ce anomaly was found as well (Ce/Ce* 0.7–0.9). In
most nodules (except samples FN-50-k, FN-147 k2, H-21 k, H-41-k, H-
65-k), a negative Y anomaly was also identified. The YPAAS/HoPAAS ratio
varies slightly (0.9–1.1), which indicates that Y/Ho ratio is similar to
shale.

The minor and trace elements of the studied Fe-Mn concretions are
generally low compared to other hydrothermal and hydrogenetic Fe-Mn
nodules and crusts (Kuhn et al., 2017). This is probably due to a sig-
nificant dilution of the Fe-Mn oxides by detrital phases (mainly by
quartz and feldspars). This dilution might also be the reason for the low
minor and trace element concentrations. However, such a content of the
minor and trace elements is typical for diagenetic concretions from
epicontinental seas (e.g. Baturin and Dubinchuk, 2009; Baturin et al.,
2011).

5. Discussion

5.1. Genesis

Samples of Fe-Mn concretions were collected over a large geo-
graphic area but are characterized by similar mineralogical and geo-
chemical properties, indicating comparable formation conditions.
Based on their geological settings Fe-Mn concretions of the Kara Sea (no
evidence of recent magmatic and tectonic events in the study region)

Table 2
Results of XRD study.

No Sample Minerals

Mn-bearing Fe-bearing

25 °C 100 °C

10-Å 7-Å 10-Å 7-Å Goethite

1 FN-23-k + +
2 FN-69-k
3 FN-50-k + +
4 FN-77-k2 + + +
5 FN-54-k1-bulk + + +
6 FN-54-k1-center + +
7 FN-56-k1 + + +
8 FN-46-k2-bulk + + +
9 FN-46-k2-center + + +
10 FN-147-k2 + + +
11 H-138-k + + +
12 H-189-k +
13 H-21-k + +
14 H-16-k + + +
15 H-226-k,t + +
16 H-101-k + +
17 H-41-k + +
18 H-65-k + +
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Fig. 6. XRD patterns of studied samples: a - FN-46 k2, b –FN-23-k, c - FN-54-k1.
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should be considered as either diagenetic or hydrogenetic or a mixture
of both (Hein et al., 2013).

Hydrogenetic crusts (Fe-Mn crusts) form by direct precipitation of
colloidal hydrated metal oxides from the water column onto hard-rock
substrates (e.g. Muiños et al., 2013). Sea water is undersaturated by
several orders of magnitude by MnO2 (e.g. Crerar and Barnes, 1974;

Baturin, 1988). Therefore, manganese can not precipitated from water
onto substrates by itself. Based on that, hydrogenic crusts formation
should be limited by specific conditions. It is supposed that oxygen
limited layer, which occur in 1–2 km depth and enriched in Mn is one of
the main factors controlling their formation (e.g. Emelyanov, 2005).
Studied nodules were found in the Kara Sea at the depth of 43–158 m
(Table 1). The Kara Sea is relatively well ventilated (e.g. Falkner et al.,
2004), which means that no oxygen limited layer is present in this case.

According to Stein et al. (2004) Holocene values for linear sedi-
mentation rate are quite high (> > 2 cm/kyr) throughout the Kara
Sea. As Fe-Mn concretions of the Kara Sea were found mostly on the
seafloor (and not buried deep into sediments) studied concretions
should have relatively (to sedimentation rate) height growing rate.

Most nodules are confined to depths ranging from 40 to 60 m in-
dicating that Fe-Mn concretions of the Kara Sea were formed after Last
Glacial Maximum. The size of concretions varies between 0.5 and 7 cm
(Fig. 2), which also suggest their height growing rate (> > 100 mm
per million years). As growth rate of hydrogenetic layers is extremely
slow (typically of 1–6 mm per million years; Bau et al., 1996;
Koschinsky and Hein 2003), Fe-Mn concretions of the Kara Sea should
be formed mainly by diagenetic process. Very limited influence of hy-
drogenic factor on formation of Fe-Mn concretions of the Kara Sea
might be present.

The mineralogical and textural features of Fe-Mn concretions of the
Kara Sea also reflect their formation environment. Internal growth
structures of Fe-Mn concretions of the Kara Sea are typical for diage-
netic concretions as they have isolated, rosette-like structures (Figs. 3
and 4). The presence of buserite-1 and birnessite is typical for diage-
netic concretions. No vernadite (∂-MnO2) (typical mineral of hydro-
genetic concretions; Lei and Boström, 1995) or todorokite (typical mi-
neral of hydrothermal mineral concretions; Burns and Burns, 1978)
were found. Our study underscores the importance of studying the
thermal behavior of mineral phases to accurately differentiate between
the different Fe-Mn concretion groups.

The studied nodules display an alternation of Mn- and Fe-P-enriched
laminae (Fig. 4a and b). Two spatially separated mineral associations
(Mn-rich and Fe-P-rich) indicates dramatic alternating shifts in the
environmental conditions for concentrating ore components in the
concretions. According to Bogdanov et al. (1994), the formation of
manganese interbeds could occur under low-energy conditions at the
seafloor, with silt comprising the upper oxidized layer. Iron-enriched
sediments could be formed as the energy levels at the seafloor in-
tensified and mixing of the upper silt layer occurred. This suggests that
the Fe oxide phases could be formed by hydrogenetic processes. How-
ever, it is difficult to explain relatively big Fe-rich layers (up to 0.5 mm;
Fig. 4b) by hydrogenetic processes only as the growth rate of hydro-
genetic layers supposed to be extremely slow.

Fig. 7. Chemical variability of Fe-rich and Mn-rich phases: a - MnOtot con-
centration vs Fe2O3tot concentration; a – P2O5 concentration vs Fe2O3tot con-
centration. Note: n - number of EMPA analysis.

Table 3
Bulk chemical composition of studied samples from Kara Sea (XRF data; wt. %).

No Sample SiO2 Al2O3 TiO2 Fe2O3tot MnOtot Mn/Fe MgO CaO Na2O K2O P2O5 LOI

1 FN-23-k 32.99 4.81 0.35 20.02 16.00 0.89 2.58 2.27 2.42 1.33 2.42 15.0
2 FN-69-k 51.88 4.85 0.17 18.65 5.74 0.34 1.96 1.46 1.83 1.33 2.18 10.4
3 FN-50-k 33.66 4.87 0.32 15.06 20.57 1.51 2.83 2.44 2.08 1.33 2.00 15.0
4 FN-77-k2 43.02 4.97 0.23 15.71 13.57 0.96 2.31 1.70 2.22 1.40 2.14 13.0
5 FN-54-k1 26.47 4.73 0.29 15.08 26.55 1.95 2.98 2.09 2.49 1.25 1.88 16.3
6 FN-56-k1 37.60 5.68 0.32 10.08 23.64 2.60 2.61 1.92 2.55 1.50 1.23 13.0
7 FN-46-k2 19.36 4.38 0.26 10.59 30.55 3.19 2.83 2.29 2.81 1.21 1.19 24.5
8 FN-147-k2 27.26 5.16 0.33 17.62 23.41 1.47 2.71 1.81 2.31 1.46 2.08 16.0
9 H-138-k 46.64 8.81 0.28 17.59 6.69 0.42 2.08 1.77 2.83 2.03 1.78 9.9
10 H-189-k 41.51 7.51 0.46 29.79 2.57 0.10 2.24 0.87 1.64 1.62 1.57 10.6
11 H-21-k 29.59 6.67 0.36 16.83 23.98 1.58 2.42 1.66 2.99 1.53 1.80 12.3
12 H-16-k 22.82 5.20 0.35 14.11 32.93 2.58 2.40 1.89 3.18 1.44 1.77 13.7
13 H-226-k,t 26.74 6.47 0.31 18.52 25.18 1.51 2.18 1.71 3.34 1.50 1.45 12.7
14 H-101-k 28.67 5.84 0.30 13.69 29.18 2.36 1.95 1.66 3.32 1.54 1.23 12.5
15 H-41-k 32.78 6.88 0.34 23.67 15.68 0.73 2.04 1.36 3.10 1.56 1.73 11.2
16 H-65-k 35.55 5.55 0.34 23.09 15.52 0.74 1.83 1.57 2.78 1.41 1.87 10.7
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The Fe-P-rich layers are almost completely composed of an amor-
phous phase under X-ray, with only one sample containing trace
amounts of goethite. No phosphates were detected. Despite the high
phosphorus content (> > 0.5 wt%; Table 2), the studied Fe-Mn no-
dules from the Kara Sea are characterized by negative Ce and Y
anomalies (Fig. 8), which might indicate the absence of the phosphor-
ization process and/or several sources (i.e., marine and fluvial) of se-
diment matter during formation of the concretions. Probably, P2O5

contents of the Kara Sea concretions was taken up during the primary
formation of the Fe-rich phases.

According to Bau et al. (2014) the diagenetic Fe–Mn nodules display
negative Y anomalies and negative Ce anomalies, while hydrogenetic
crusts and nodules show negative Y anomalies and positive Ce
anomalies. Ferro-manganese nodules from the Kara Sea show negative

Y anomalies and negative Ce anomalies (Fig. 8), which could be the
geochemical signature of their diagenetic origin. Ferro-manganese no-
dules from the Kara Sea also show chemical features of diagenetic type
of concretions according to Ce/Ce* ratio vs Nd concentration plot
(Fig. 9) proposed by Bau et al. (2014).

However, Mn/Fe ratios of ferro-manganese nodules from the Kara
Sea is ≤5, which is according to Halbach and Puteanus (1988) could be
a signature of hydrogenetic process.

Based on the above (geological settings, growth rate, mineralogical,
textural and chemical features) we can assume that ferro-manganese
nodules from the Kara Sea were formed mainly by diagenetic process,
while hydrogenetic process is auxiliary if present.

Table 4
Geochemical data for samples from Kara Sea (ICP-MS data; ppm).

No Sample Co Ni Cu Mo V Cr Rb Sr Nb Y Zr

1 FN-23-k 132 128 19 252 271 14 25 462 3.77 24 38
2 FN-69-k 75 63 18 43 251 18 24 346 1.96 27 30
3 FN-50-k 107 80 29 90 210 20 22 605 1.73 27 26
4 FN-77-k2 73 79 29 100 208 13 25 403 2.68 27 31
5 FN-54-k1 132 111 43 58 183 14 23 619 < 0.5 31 13
6 FN-56-k1 75 101 40 114 186 16 28 493 0.70 26 27
7 FN-46-k2 87 230 51 313 221 14 19 419 1.23 20 23
8 FN-147-k2 142 151 46 183 238 21 23 509 3.29 26 34
9 H-138-k 90 63 15 35 179 5 40 455 4.09 18 40
10 H-189-k 68 68 12 51 304 45 40 179 5.09 20 58
11 H-21-k 105 131 70 149 236 25 35 495 3.24 22 72
12 H-16-k 104 104 52 209 246 25 26 487 2.99 20 50
13 H-226-k,t 91.4 179 50 264 342 26 30 340 3.75 18 56
14 H-101-k 118 221 30 278 296 29 30 370 3.54 16 100
15 H-41-k 130 119 68 110 514 35 32 349 3.67 27 66
16 H-65-k 118 130 47 136 296 27 28 377 3.50 24 128

No Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho

1 FN-23-k 19.1 28.9 4.44 18.2 3.98 1.01 4.55 0.75 4.48 0.97
2 FN-69-k 20.5 29.3 4.70 19.3 4.35 1.16 5.06 0.83 5.01 1.06
3 FN-50-k 21.0 33.7 4.87 20.1 4.47 1.12 4.99 0.82 4.89 1.05
4 FN-77-k2 20.5 31.8 4.71 19.7 4.38 1.11 4.84 0.80 4.76 1.02
5 FN-54-k1 24.6 44.7 5.80 23.6 5.22 1.35 5.95 0.99 5.85 1.24
6 FN-56-k1 25.1 47.6 5.94 23.8 5.09 1.22 5.34 0.85 4.85 1.02
7 FN-46-k2 15.4 22.9 3.61 14.8 3.33 0.85 3.79 0.63 3.73 0.81
8 FN-147-k2 20.7 32.8 4.79 19.7 4.43 1.12 5.02 0.83 4.91 1.06
9 H-138-k 20.0 33.9 4.46 17.3 3.50 0.97 3.68 0.61 3.44 0.72
10 H-189-k 21.9 43.0 5.22 20.4 4.26 1.02 4.34 0.71 4.08 0.86
11 H-21-k 20.5 32.7 4.27 18.1 4.00 0.92 4.12 0.60 3.68 0.72
12 H-16-k 18.2 30.8 3.81 16.2 3.90 1.00 4.00 0.55 3.57 0.70
13 H-226-k,t 19.1 31.2 4.15 17.1 4.00 0.83 3.85 0.54 3.38 0.71
14 H-101-k 16.3 28.2 3.49 15.2 3.28 0.81 3.42 0.48 2.82 0.57
15 H-41-k 24.5 34.5 5.10 21.7 4.89 1.13 5.27 0.74 4.65 0.87
16 H-65-k 27.7 46.5 5.73 24.4 5.00 0.98 5.08 0.72 4.18 0.84

No Sample Er Tm Yb Lu Hf Ta Th U Ce/Ce* YPAAS/HoPAAS

1 FN-23-k 2.72 0.37 2.44 0.36 1.01 0.29 2.29 3.30 0.7 0.9
2 FN-69-k 2.90 0.41 2.65 0.39 0.73 0.16 1.85 2.94 0.7 0.9
3 FN-50-k 2.85 0.41 2.61 0.40 0.73 < 0.1 2.08 4.87 0.8 0.9
4 FN-77-k2 2.85 0.40 2.58 0.38 0.91 0.22 2.10 3.67 0.7 1.0
5 FN-54-k1 3.39 0.48 3.10 0.46 0.62 < 0.1 1.99 6.44 0.9 0.9
6 FN-56-k1 2.72 0.38 2.49 0.38 0.81 < 0.1 3.10 4.21 0.9 0.9
7 FN-46-k2 2.21 0.31 2.03 0.31 0.63 < 0.1 1.70 5.14 0.7 0.9
8 FN-147-k2 2.94 0.42 2.74 0.45 0.95 0.30 2.43 6.05 0.8 0.9
9 H-138-k 2.00 0.28 1.86 0.28 1.06 0.37 3.00 4.98 0.8 0.9
10 H-189-k 2.32 0.34 2.22 0.37 1.51 0.36 4.05 5.67 0.9 0.9
11 H-21-k 2.06 0.27 1.80 0.29 2.08 0.29 3.38 6.06 0.8 1.1
12 H-16-k 1.96 0.27 1.52 0.28 1.37 0.21 2.30 5.34 0.9 1.0
13 H-226-k,t 1.92 0.24 1.71 0.22 1.22 0.27 2.80 3.89 0.8 0.9
14 H-101-k 1.53 0.23 1.56 0.22 2.59 0.29 2.46 4.33 0.9 1.0
15 H-41-k 2.60 0.40 2.40 0.35 1.65 0.28 2.78 4.56 0.7 1.1
16 H-65-k 2.32 0.32 2.29 0.32 3.38 0.34 6.51 3.04 0.9 1.1

Note: Ce/Ce* = ,CePAAS
LaPAAS PAASPr where CePAAS, LaPAAS and PrPAAS are normalized to PAAS values.
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5.2. Relation to other types of Fe-Mn concretions

There are a wide variety of methods to date which allow us to
classify Fe-Mn concretions based on their chemical composition (e.g.
Bonatti et al., 1972, Bau et al., 2014, Josso et al., 2017). Commonly
used ternary diagrams (e.g. Fe – Mn – (Cu + Ni + Co) × 10, Fe – Mn –
Co × 100 (e.g. Bonatti et al., 1972; Toth, 1980; Usui and Nishimura,
1992; Prakash et al., 2012)) does not clearly discriminate Fe-Mn de-
posits formed by mixed genetic processes such as nodules with various
hydrogenetic/diagenetic proportions, hydrothermally derived particles
incorporated during hydrogenetic crust growth, and some hydro-
thermal samples (e.g. Josso et al., 2017). Accurate determination of the
concentrations of Ce (Ce, Ce/Ce*), Y, Ho, Nd and Zr has become the
main tool for elucidating the genesis of nodules and crusts (Bau et al.,
2014, Josso et al., 2017).

To identify similarities and differences, we selected several typical
examples of diagenetic (Baturin, 2009; Baturin, 2011; Baturin and
Dubinchuk, 2009), hydrogenetic (Hein et al., 2015), and hydrothermal
Fe-Mn crusts and nodules (Zeng et al., 2012; Josso et al, 2017).

Fe-Mn nodules from the Kara Sea (our data; Baturin, 2011), along
with concretions from the Gulf of Riga (Baturin and Dubinchuk, 2009)
and the Gulf of Finland (Baturin, 2009), plot in the field of diagenetic
concretions on the diagram (Fig. 9) proposed by Bau et al. (2014). All
diagenetic Fe-Mn crusts and nodules form a common group, char-
acterized by a Ce/Ce* ratio of < 1 (0.7–0.9) and an Nd content of > 10

(17–24 ppm). Diagenetic Fe-Mn crusts and nodules (our data, Baturin,
2009; Baturin, 2011; Baturin and Dubinchuk, 2009) differ greatly from
the high-temperature hydrothermal Fe-Mn crusts and nodules from the
PACMANUS hydrothermal field, Eastern Manus Basin (Ce/Ce* ratio of
0.7–1.8; Nd content of 0.5–3.5; Zeng et al., 2012), low-temperature
hydrothermal Fe-Mn crusts and nodules from Wallis and Futuna (Ce/
Ce* ratio of 0.1–1.4, Nd content of 1.5–25.3; Josso et al, 2017), as well
as hydrogenetic Fe-Mn crusts and nodules from the Cook Islands EEZ
(Ce/Ce* ratio of 1.5–3.3; Nd content of 79.3–323.0; Hein et al., 2015).

Since trace element contents in diagenetic concretions (our data;
Baturin, 2009; Baturin and Dubinchuk, 2009; Baturin, 2011) are low
(which is probably caused by dilution of detrital material) we suggest to
use not only element content (Figs. 10 and 11), but also elemental ratios
(Fig. 12) to distinguish different genetic types of concretions.

If we assume that the source of aluminum in the concretions was
only terrigenous material, then one can estimate the degree of enrich-
ment of concretions with certain elements relative to the background
detrital substance (Ci

N = (Ci/CAl)sample/(Ci/CAl)shale; Li and
Schoonmaker, 2003).

On the Zr vs Ce diagram (Fig. 10), the diagenetic nodules (our data,
Baturin, 2009, Baturin, 2011, Baturin and Dubinchuk, 2009) are
characterized by Zr and Ce contents of 13–156 and 29–157 ppm, re-
spectively. Hydrothermal nodules (Zeng et al., 2012; Josso et al, 2017)
are characterized by low Zr (< 25 ppm) and Ce (< 10 ppm) contents.

Fig. 8. REYSN patterns of Fe-Mn nodules of Kara Sea.

Fig. 9. Different genetic types of Fe–Mn crusts and nodules in Ce/Ce* ratio vs
Nd concentration (after Bau et al., 2014).

Fig. 10. Different genetic types of Fe–Mn crusts and nodules in graphs of Ce
concentration vs Zr concentration.

Fig. 11. Different genetic types of Fe–Mn crusts and nodules in graphs of Ce
concentration vs (Co + Ni + Cu)/1000 ratio.
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One sample from Josso et al, (2017) falls into the field of digenetic Fe-
Mn crusts and nodules, which may be due to the mixed nature of the
nodules studied by the authors. High Zr (> 350 ppm) and Ce
(> 420 ppm) contents characterize hydrogenetic concretions (Hein
et al., 2015).

On the ((Co + Ni + Cu)/1000 vs Ce diagram (Fig. 11), diagenetic
concretions (our data, Baturin, 2009, Baturin, 2011, Baturin and
Dubinchuk, 2009) are characterized by low Co, Ni and Cu contents
((Co + Ni + Cu)/1000 < 1) and a high (> 10 ppm) Ce content. Hy-
drogenetic concretions (Hein et al., 2015) are characterized by high Co,
Ni and Cu contents ((Co + Ni + Cu)/1000 > 1) and a high
(> 10 ppm) Ce content. High-temperature and low-temperature hy-
drothermal concretions have different chemical features. High-tem-
perature hydrothermal concretions (Zeng et al., 2012) are characterized
by low Co, Ni and Cu contents ((Co + Ni + Cu)/1000 < 1) and a low
(< 10 ppm) Ce content. By contrast, low-temperature hydrothermal
concretions (Josso et al., 2017) are characterized by high Co, Ni, and Cu
contents ((Co + Ni + Cu)/1000 > 1) and a low (< 10 ppm) Ce con-
tent.

Elemental ratios also shows that diagenetic concretions are differ
from other genetic types of concretions. On the CuN vs CeN diagram
(Fig. 12), diagenetic concretions (our data, Baturin, 2009; Baturin,
2011; Baturin and Dubinchuk, 2009) are characterized by relatively
low Cu contents (CuN < 10) and a Ce content (CeN < 50). Hydro-
genetic concretions (Hein et al., 2015) are characterized by relatively
high Cu contents (CuN > 10) and a Ce content (CeN > 50). Diagenetic
and hydrogetic concretions form separate point cloud, only one sample
(Baturin, 2009) show intermediate value, which could be a sign of its
mixed nature. High-temperature and low-temperature hydrothermal
concretions are characterized by relatively high Cu contents
(CuN > 10) and a relatively low Ce content (CeN < 50).

The different genetic types of nodules also differ in their Mo content
(Fig. 13), which varies by more than 4 orders of magnitude. High-
temperature hydrothermal concretions (Zeng et al., 2012) are char-
acterized by the lowest Mo content (< 1 ppm), diagenetic concretions
(our data, Baturin, 2009; Baturin, 2011; Baturin and Dubinchuk, 2009)
by an intermediate Mo content (∼50 to 150 ppm), and hydrogenetic
concretions (Hein et al., 2015) by the highest Mo content
(> 1000 ppm).

We can draw the following conclusions based on our comparison of
the Fe-Mn concretions of the Kara Sea with other diagenetic Fe-Mn
concretions, and also with hydrogenetic and hydrothermal Fe-Mn
concretions. Firstly, all considered diagenetic concretions have a similar
chemical composition that characterizes comparable formation

conditions. Secondly, the considered diagenetic concretions have a
significantly different chemical composition to the hydrogenetic and
hydrothermal concretions, allowing the three groups of Fe-Mn concre-
tions to be differentiated based on a study of their chemical composi-
tion. Lastly, diagenetic crusts and nodules can be identified by their Co,
Ni, Cu, Ce, Zr and Mo contents.

6. Conclusions

Fe-Mn concretions from the Kara Sea were studied by optical and
scanning electron microscopy, X-ray powder diffraction, X-ray fluor-
escence analysis, inductively coupled plasma mass spectrometry, and
electron microprobe analysis.

The geological setting, mineralogy and geochemistry of ferro-man-
ganese nodules from the Kara Sea show that they were formed mainly
by diagenetic process, while hydrogenetic process is auxiliary if pre-
sent.

All studied nodules have similar contents of the main chemical
elements, except for variability in the Mn/Fe ratio and silica content,
and contain a significant amount of phosphorus (> 1 wt% P2O5).

The content of rare-earth elements for all studied samples is com-
parable and does not exceed 160 ppm. PAAS-normalized rare earth
element contents in the nodules suggest a similar geochemical origin. In
all cases, the samples are depleted in light REE, enriched in heavy REE,
and strong negative Ce and Y anomalies were observed.

The studied nodules are characterized by the alternation of Mn- and
Fe-P-enriched laminae. The Fe-P-rich laminae are almost completely
composed of an amorphous phase under X-ray, with only one sample
containing trace amounts of goethite. The P2O5 contents, an absence of
crystalline P phases and absence of Ca-P correlation indicate that P is
bound to the Fe (hydro)oxide phase and the P enrichment thus is a
primary process during the Fe oxide formation.

In all cases, the manganese-containing phases (10-Å and 7-Å) are
destroyed at a temperature range of 350–550 °C during lab experi-
ments, which unequivocally indicates the absence of todorokite (Bish
and Post, 1989; Post et al., 2003). At least two different Mn-bearing
phases, which differ in morphology and chemical composition, are
present in the studied samples. Based on our data, the Mn-rich laminae
are predominantly composed of crystalline phases (buserite-1, birnes-
site) and, to a lesser extent, by the phase which is amorphous under X-
ray. Quartz, albite, and feldspars (microcline and plagioclase) were
found in all samples. Clays are composed of Mg-Fe-rich chlorite,
smectite, kaolinite and Mg-Fe-rich mica. Ilmenite, monazite, zircon,
rutile, epidote, Mg-Fe-rich amphibole and chromite were found in
subordinate quantities.

Fig. 12. Different genetic types of Fe–Mn crusts and nodules in graphs of CeN

concentration vs CuN ratio. Note: CeN = (CCe/CAl)sample/(CCe/CAl)shale;
CuN = (CCu/CAl)sample/(CCu/CAl)shale.

Fig. 13. Different genetic types of Fe–Mn crusts and nodules in graphs of Ni
concentration vs Mo concentration.
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Our data indicate that diagenetic crusts and nodules differ sig-
nificantly in terms of chemical composition from the other types of Fe-
Mn concretions. Based on their Co, Ni and Cu, Ce, Zr and Mo contents,
we could differentiate diagenetic concretions from hydrogenetic and
hydrothermal (both high and low-temperature) concretions.
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