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Abstract: In this study, we have compiled new and existing mineralogical and geochemical data
on Fe-Mn mineralization from the Aegean region [Attica (Grammatiko, Legrena, and Varnavas),
Evia and Milos islands], aiming to provide new insights on the genesis of Fe-Mn mineralization in
that region and its potential environmental implications. A common feature of those deposits is the
relatively low Cr, Co, V, Ni, Mo, and Cd content, whereas Ba, As, W, Cu, Pb, and Zn show remarkably
variable values. The Mn-Fe deposits from Milos exhibit the highest tungsten content, while a positive
trend between MnO and W, combined with a negative trend between MnO and Fe2O3 suggests the
preference of W to Mn-minerals. The occurrence of bacterio-morphic Fe-Mn-oxides/hydroxides
within Mn-Fe mineralizations in the studied region, indicates the important role of micro-organisms
into redox reactions. Moreover, the presence of micro-organisms in the Fe-Mn-deposits, reflecting the
presence of organic matter confirms a shallow marine environment for their deposition. A salient
feature of the Varnavas and Milos Mn-Fe ores is the presence of sodium chloride coated fossilized
micro-organisms, suggesting development from a solution containing relatively high Na and Cl
concentrations. Furthermore, from an environmental point of view, consideration is given to the
bioavailability of elements such as As, Pb, and W, related to the above-mentioned mineralizations.
The high bio-accumulation factor for W (Wplant/Wsoil × 100) recorded in the Neogene sedimentary
basins of Attica, related to the Grammatiko Fe-Mn mineralization, reflects the high W mobility
under alkaline conditions and the potential environmental impact of similar deposits with elevated
W content.

Keywords: Fe-Mn ores; fossilized micro-organisms; tungsten; Attic-Cycladic crystalline belt; Greece

1. Introduction

Our understanding of iron-oxide and manganese-oxide/hydroxide ore deposits is
based on a geological, geochemical, and geophysical database, such as within the Attic-
Cycladic metallogenic belt [Attic-Cycladic Massif or Attic-Cycladic crystalline belt (ACCB)],
related to both Mesozoic (e.g., Andros and Evia islands) and Pliocene-Pleistocene (Milos
and Santorini islands) submarine hydrothermal activity in the South Aegean Volcanic
Arc (SAVA) [1–11], (Figure 1). Most of the current Aegean submarine hydrothermal areas
on the SAVA are located at relatively shallow depths (less than 200 m water depth) and
are characterized by a large volume of gas released, both because of the degassing of the
subducted slab and the mantle wedge as well as the thermal and chemical breakdown of
the components of the marine sediments [2,3].

The role of micro-organisms in such mineralizations has been discussed by various
researchers (e.g., [2,12–14]). Manganese in nature mostly exists in the oxidation state
ranging from +2, +3, and +4 [15]. The existence of Mn oxidizing micro-organisms have
been reported since 1901 [16], and many authors have suggested Mn(Il) oxidation as it is
an energetically favorable process facilitated by different microbes, which are able to utilize
energy out [15,17,18]. Mn bio-recovery from low grade Mn ores is an attractive topic, and
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the bioleaching technique for recovery of Mn from lean grade ores is considered to be an
economic alternative to existing metallurgical processes that provides greater flexibility [19].
Micro-organisms, especially hyperthermophilic, have been isolated from Mediterranean
hydrothermal vents [2]. Specifically, bacteria populations along an environmental gradient
at a shallow submarine hydrothermal vent near Milos Island and fossil environmental
evidence for anoxygenic photoferrotrophic deposition in shallow marine waters on the
Milos Island have been suggested [12,14,20].
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Figure 1. Geological sketch map of Hellenides presenting the main geotectonic units and the loca-
tions of the studied Fe-Mn mineralizations in the Attic-Cycladic crystalline belt (Attic-Cycladic M.):
1: Grammatiko, Attica, 2: Varnavas, Attica, 3: Legrena, Attica, 4: Milos island.

The present study focuses on the mineralogical and geochemical characteristics of
Fe-Mn mineralization from Milos island, Grammatiko, Legrena and Varnavas Mn-deposit
in Attica (e.g., [21,22]). We present new major and trace elements analyses of bulk ore
and back scattered electron (BSE) images on unusually thin (a few mm, in thickness) of
hard dark brown-black Fe-Mn crusts, revealing the presence of Fe-Mn oxides/hydroxides,
forming flakes, tiny spheroid aggregates, micro-nodules or concretions, and fossilized
bacteria coated by a NaCl film. Those findings are combined with published geochemical
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characteristics, aiming to provide new insights on the genesis of Fe-Mn mineralization and
their environmental implications.

2. Geological Outline

The Attic-Cycladic crystalline belt (ACCB) has been described to be composed by
three main structural units with different tectono-metamorphic histories (e.g., [23–26]). The
Upper Unit (UU) represents the hanging-wall of the Cycladic extensional detachments. It
consists of a heterogeneous sequence of Permian to Tertiary sediments, Mesozoic ophiolites
and pre-Eocene metamorphic rocks and mélanges with metaigneous blocks and tectonic
slabs, transgressively covered by Late Cretaceous unmetamorphosed carbonates, as well as
Late Cretaceous medium-pressure/high-temperature rocks and granitoids (e.g., [27–30]).

The structurally intermediate unit is equivalent to the Cycladic Blueschist Unit (CBU)
that is the dominant tectonic unit in the Cyclades region. The “allochthonous” CBU consists
of remnants of pre-Alpine crystalline basement rocks and a stack of tectonic subunits com-
prised of a metamorphosed volcano–sedimentary succession [29]. The CBU has undergone
regional eclogite- and blueschist-facies metamorphism during Late Cretaceous to Eocene
compression (M1 metamorphic event) [29,31]. The Blueschist facies event was followed by
a late Oligocene–Miocene, mostly greenschist-facies overprint (M2) with peak conditions of
~450–500 °C and 4–9 kbar [25,28]. In the CBU, there are widespread tectonic slices of ultra-
mafic rocks, intercalated with marbles, metapelites, mafic volcanites and flysch [30]. These
exposures include the metamorphic rocks in Andros and in other Cycladic islands and,
further north, the Styra-Ochi unit of southern Evia [32], the Lavrion Blueschist Unit [33],
and the Hymittos Mountain, Attica [34]. Specifically, the eastern and southern parts of
Attica, where the metamorphic section of the ACCB occurs, have been metamorphosed
under high pressure and low temperature conditions [35–38]. The UU (equals to Pelagonian
geo-tectonic zone) is separated from the CBU by the Attica detachment fault that starts
from the eastern Evia in the east and extends into the Saronic Gulf in the west [39].

The structurally lower unit of the ACCB, the para-authochthonous Basal unit, mainly
consists of a thick series of Mesozoic marbles and schists with minor lenses of mafic and
ultramafic rocks, overlain by a metapelitic sequence. Mineralogical data suggest that the
Basal unit has undergone a pre- or early Miocene HP-metamorphism. The area of Lavrion
in south Attica constitutes the westernmost part of the ACCB where the allochthonous
CBU overthrusts the para-authochthonous Basal unit. The tectonic contact of these units
forms a crustal scale thrust zone which is the continuation of the Evia thrust.

In general, mineralization in the ACCB is associated with successive stages of tectono-
magmatic evolution and is closely related to extensional faulting [40]. Those magmatic-
hydrothermal deposits within ACCB have been investigated extensively by [1,3,41–46].
The widespread carbonate-hosted massive sulfide Pb–Zn–Ag mineralization in Lavrion
(south Attica) is spatially related to the detachment fault, shear bands within marbles, and
the contact between marbles and the intercalated metaclastics. Ascending hydrothermal
fluids deposited massive sulfide ore in carbonate rocks, while skarn-type mineralization is
associated with contact metamorphism and subsequent fluid infiltration around granitoid
intrusions [41–43]. The presence of the three depositional basins at the Vani area, Milos,
has been well established by the sequence of lithologies in each fault-bound unit of varying
thickness, which are not present within all the basins and have been interpreted as a
result of local syntectonic sediment formation, redox conditions, and/or post-depositional
erosion [20,47,48].

The Fe-Mn mineralization in ACCB (Grammatiko, Varnavas, Legrena and Hymittos in
Attica and Milos islands (Figure 1) represents a multistage remobilization and redeposition
of metals, during metamorphism, hydrothermal activity, and weathering of the whole
region. The iron-manganese mineralization in the Legrena (W. Lavrion) and Grammatiko
areas (Figure 1) is commonly hosted within carbonate rocks, close to the surface on the
detachment fault and the contacts between lower and upper marbles with the Kessariani
schist [49,50]. A typical iron-rich gossan formation, located at and close to the surface on the
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detachment fault, such as at the areas of Elafos and Thorikos (Lavrion), has been interpreted
to be formed during supergene processes by downward-penetrating water, oxidation of
hypogene sulfide mineralization, and mobilization of metals and re-precipitation, resulted
by the interaction of acidic water with marble [50]. Although any continuity between
the Grammatiko and the famous ancient massive sulfide Pb–Zn–Ag mines of Lavrion is
not obvious, underground mining at Grammatiko has revealed geological and structural
relationships between the host rocks and the Fe-Mn deposit that resemble those located at
the Lavrion mines [49,51].

The geology and Fe-Mn mineralization located on NW Milos island (Vani area) has
been described in detail by [4,7–11,52–56]. Two types of Mn-deposits in Vani have been de-
scribed: (a) a stratabound hydrothermal deposit of relatively high temperature that formed
by penetration of hydrothermal fluids through faults and fissures within a volcanoclastic
sandstone and (b) bedded hydrothermal deposits formed during a subsequent stage by
fluids migrated along bedding planes of the volcanoclastic sandstone (e.g., [8,10,11,55]).

3. Materials and Methods

Representative samples of massive Fe-Mn ore and of hard dark brown-black Fe-Mn
crust were collected from Grammatiko, Varnavas and Legrena valley (Attica), and Milos
islands, ACCB (Figure 1). Samples were collected during fieldwork from a depth of some
centimeters from each outcrop. After crushing, only the inner parts of each sample were
collected for our study.

Polished sections of all samples were examined under a reflected light microscope
and a scanning electron microscope (SEM), equipped with Energy Dispersive Spectroscopy
(EDS) for elemental micro-analyses. The SEM-EDS analyses were carried out at the De-
partment of Geology and Geoenvironment, University of Athens (NKUA), using a JEOL
JSM 5600 scanning electron microscope, equipped with an ISIS 300 OXFORD automated
energy dispersive analysis system. Analytical conditions were 20 kV accelerating voltage,
0.5 nA beam current, b2 µm beam diameter and 50 s count times. The following X-ray
lines were used: AsLa, FeKa, NiKa, CoKa, CuKa, CrKa AlKa, TiKa, CaKa, SiKa, MnKa,
MgKa, and ClKa. Pure metals standards were used for Cu, Ni, Co, and Cr and pyrite
was used for S and Fe. Standard indium arsenide and 300 s counting time were used
for As and the presence of arsenic was confirmed by the X-ray spectrum. In addition to
the well-polished, a few polished sections showing unpolished parts and revealing the
presence of goethite micro-textures resembling bacterial cell have been gold plated and
analyzed under SEM-EDS in order to identify any traces of carbon and other components
of organic material.

Major and trace elements in bulk samples were determined by ICP-MS analysis at
ACME Laboratories Ltd., Canada. The samples were dissolved using a strong multi-acid
(HNO3–HClO4–HF) digestion and the residues dissolved in concentrated HCl.

4. Results
4.1. Mineralogical Characteristics of Fe-Mn Mineralization
4.1.1. Iron-Manganese Mineralization at Grammatiko

At the Grammatiko area, Attica, (Figure 2), Fe-Mn mineralization is hosted within
brecciated and foliation zones of carbonate rocks, ranging in thinness from a few millimeters
to a few meters. The presence of unusually small (a few mm to cm, in thickness) hard
dark brown-black Fe-Mn crusts, within the carbonate rocks (Figure 3a,b) is a common
feature with those of the Legrena area (W. Lavrion, Attica), alongside their contact with
the Kessariani schist. The most abundant minerals in the Fe-Mn ore from the Grammatiko
mine are hematite, goethite, and pyrolusite. Veins of calcite cross-cutting the ore are
common (Figure 3a). Hematite often contains traces of Mn, Zn, Cu, and S (Table 1). Iron-
Mn oxides/hydroxides, with varying Fe/Mn ratio, form flakes, tiny spheroid aggregates,
micro-nodules, or concretions.
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Table 1. Representative SEM-EDS analyses from Fe-Mn mineralization in Attica and Milos Island.

Grammatiko Milos

Gsf1 GSf10 Gsf 1d Gsf2 Gsf4c Gsf5 Mil3 Mil4 Mil5
wt% Coronadite Hematite Malachite Hollandite Barite Pyrolusite

SiO2 n.d n.d n.d n.d n.d n.d n.d 0.1 n.d
Fe2O3 1.16 1.7 96.6 98.7 n.d n.d 12.1 0.2 4.1
Al2O3 0.5 0.7 0.2 0.3 0.5 n.d n.d n.d n.d
MnO 59.8 56.9 n.d n.d n.d n.d 58.4 1.7 89.3
BaO 1.2 n.d n.d n.d n.d n.d 14.1 63.1 4.4
MgO 0.4 n.d n.d n.d n.d n.d n.d 0.3 n.d
CaO 0.6 n.d n.d n.d n.d n.d n.d n.d n.d
ZnO n.d n.d n.d n.d n.d n.d 4.5 n.d 1.6
PbO 27.4 31.8 n.d n.d n.d n.d n.d n.d n.d
CuO 1.1 1.9 1.5 n.d 69.9 69.3 n.d n.d n.d

As2O3 n.d 1.4 n.d n.d 2.3 n.d n.d n.d n.d
K2O n.d n.d n.d n.d n.d 0.7 n.d n.d n.d
SO3 n.d n.d n.d n.d n.d n.d n.d 32.4 n.d
WO3 n.d n.d n.d n.d n.d n.d 1.6 3.1 1.4
P2O5 n.d 0.3 n.d n.d n.d n.d n.d n.d n.d

92.16 94.7 98.3 99.0 72.7 67.3 90.7 100.9 100.8
Cont

Varnavas

matrix matrix matrix matrix matrix
wt% Mn-mt Mn-mt Mn-mt Mn-mt mixed Epidote Epidote Pyroxene Pyroxene K-Feldspar Mg-Calcite

SiO2 6.9 3.5 0.9 2.2 40.9 31.7 32.6 34.6 37.2 63.8 n.d
Fe2O3 76.2 82.1 90.1 84.8 1.3 17.3 18.2 8.2 8.8 0.5 n.d
Al2O3 4.3 2.1 n.d 1.4 4.7 15.5 14.5 1.6 0.9 18.1 n.d
MnO 5.6 6.4 5.9 5.9 n.d 2.7 2.1 1.1 1.8 2.2 n.d
MgO 0.8 1.4 n.d 1.7 n.d n.d n.d 1.8 1.2 1.1 8.7
CaO 5.5 3.6 1.3 2.7 27.6 24.3 19.1 41.7 50.1 n.d 44.8

As2O3 1.2 n.d n.d n.d 20.1 n.d 1.3 n.d 0.8 n.d n.d
K2O 0.6 0.3 n.d n.d n.d 5.2 9.5 0.5 0.4 14.5 n.d

Total 101.1 99.4 98.2 98.7 94.6 96.7 97.3 89.5 101.2 100.2 53.5
Cont

Milos Varnavas

Si n.d n.d n.d 0.9 0.6 0.6
Na 38.9 36.7 39.3 38.2 40.2 40.6
Cl 58.3 57.7 53.5 59.1 57.4 56.7
Pb 2.2 1.2 n.d n.d n.d n.d
Mn 0.6 1.6 2.5 2.6 2.1 2.1
Fe n.d 0.5 0.7 0.4 n.d n.d
W n.d 1.2 n.d n.d n.d n.d
K n.d n.d n.d 0.3 n.d n.d

100.00 98.9 96 101.5 100.3 100.00

n.d: not detected.

4.1.2. Supergene Mineralization at Grammatiko

At the area of Grammatiko, there have been also identified dominant supergene min-
erals in small, oxidized sulphide ore (Figure 4a), mainly oxides, hydroxides, sulfates, and
carbonates/hydroxycarbonates, such as goethite, coronadite, malachite, and plumbojarosite
(Table 1; Figure 4). This supergene mineralization may be analogous to the supergene
mineralization of the Lavrion mines (south Attica) where the massive sulfide ore is intensely
oxidized as a result of uplift of the ACCB, the development of fractures under extensional
conditions, and subsequently weathering [50].

4.1.3. Legrena (Western Lavrion Area)

The dominant Fe-hydroxide mineral at the Legrena valley mineralization is goethite.
Calcite as gangue mineral is almost pure, with Mg and Fe in its crystals being insignif-
icant. Iron-Al-Silicates are common as a component in the matrix. A replacement of
Fe-oxides/hydroxides (light grey) by dark grey Mn-Fe hydroxides is a common feature
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(Figure 5). A peculiar feature of goethite is its spheroidal, bacterio-morphic shape, in an
open space filling case (Figure 5c). Representative back scattered images from spherical
Fe-Mn porous ore show a consortium of bacteria fossils (white arrows), including abun-
dant sphere or coccus and filaments within a fine-grained matrix. Although the chemical
composition of those fossilized bacteria was not determined exactly, due to their very small
size, they exhibit a wide chemical composition, comparable to that of Mn-Fe-hydroxides,
containing significant amounts of K, Na, P, S, Ca, Mg, As, Ba and Cl (Table 1).
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Figure 2. (a) Aerial view of the Grammatiko mines (Google Map) showing the positions of the
trenches (red arrows). (b,c) Fe-Mn mineralization is hosted within brecciated and foliation zones
of carbonate rocks, ranging in thinness from a few millimeters to a few meters, in ancient mines of
Grammatiko (Attica).

Supergene impregnations with Fe-Mn oxides/hydroxides have been observed in
hydrothermally altered marbles, presenting a red-brown to yellow-brown color in an
abandoned mine located at northern Hymittos Mountain (central Attica), exhibiting a
spatial association with unusual silver-rich galena ore (up to 1500 ppm Ag), and As-rich
pyrite (up to 3.9 wt% As) in the core of zoned pyrites. This mineralization is hosted in
mylonitic marbles that have been affected by brittle-ductile deformation which is associated
with the West Cycladic Detachment System [34]. These authors provided isotope data and
concluded similarity to the low-temperature carbonate replacement style mineralization
in Kamariza, Lavrion mine. Specifically, the isotopically light (−11.2 to −12.2‰) values
for δ34S from galena suggest a sedimentary component to the ore fluid, derived probably
from leaching of the meta-sedimentary (calc-mica schists) wall rocks. In addition, the C
and O isotopic composition of the carbonate wall rock distal to the orebody is typical of
marine carbonates, whereas hydrothermal brown calcite and dolomite are dominated by
an external, light C source [34].
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Figure 3. (a) Photograph of massive Fe-Mn ore hosted in limestone, cross-cutting by a carbonate vein,
and (b) Fe-Mn mineralization appears as irregular, hard dark brown-black crust, on the carbonate
surface. (c–g) Representative back scattered (BSE) images from the Grammatiko mine showing
hematite (He, light grey) mostly of fine-grained fossilized bacterio-morphic and large crystals (c,d,f),
goethite (goeth) (e), pyrolusite (pyr) (d), and calcite cal (c–g).

4.1.4. Varnavas

Manganese-nodules and Mn-Fe crusts at the Varnavas area, NE Attica (Figure 6),
are associated with calcareous schists and quartz-mica schists and have been metamor-
phosed (greenschist facies) [57]. The dominant minerals in the Mn-Fe ore, which often
fill open spaces, are fine-grained Mn-oxide (pyrolusite Mn-rich nodules of Mn-magnetite
and hematite in a matrix, mainly consisting of Mn-bearing garnet (grossular-andradite),
diopside, epidote, chlorite, K-Feldspar, Mg-calcite, and quartz. A significant feature is the
presence of fossilized bacterio-morphic Mn-Fe oxides/hydroxides (Figure 6c,d) coated by a
film composed of Na and Cl in a ratio close to that of sodium chloride (NaCl) (Table 1).
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Figure 5. (a,b) Photograph of Fe-Mn ore sample hosted in limestone, from the Legrena area, W.
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of pyrolusite (pyr) are remarkable.
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4.1.5. Milos

The Mn-Fe ore deposits of Milos Island are associated with a sequence of calc-alkaline
volcanic-sedimentary rocks that evolved from Middle-Late Pliocene to Late Pleistocene
have been extensively studied by previous authors [4,8–11,58]. The present study focuses
on the Vani (Milos Island) manganese deposit which is characterized by the presence of
botryoidal surfaces of the ore (Figure 7a). The dominant minerals of the studied samples
are hematite, hollandite, barite, and pyrolusite. The most salient feature is the presence
of fossilized bacteriomorphic Mn-Fe oxides/hydroxides (Figure 7c,d) coated by a film
composed by Na and Cl in a proportion close to that of sodium chloride (NaCl) (Table 1).
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Figure 6. (a) Photograph of massive hydrothermal Mn-Fe ore from the area of Varnavas. (b–d) Back
scattered images showing the dominant minerals, Mn-magnetite (Mn-mt) within a matrix consisting
mostly of fine-grained Mn-bearing garnet (grt), diopside (di), and epidote (epid) (5b) The presence of
fossilized bacterio-morphic Mn-Fe oxides/hydroxides (5(c,d); white arrows) coated by a Na and Cl
composed film, resembling NaCl (Table 1) is remarkable.

4.2. Geochemical Characteristics

In Table 2, the presented chemical composition of the deposits from Attica (Gram-
matiko, Legrena of W. Lavion) discriminates them from the Fe-Mn type of ore, whereas
those from Evia, Varnavas, and Milos are of Mn-Fe ore type, exhibiting higher Ba content,
compared to the former. In general, the Cr, Co, V, Ni, Mo, and Cd content is relatively low,
while Ba, As, W, Cu, Pb, and Zn present remarkable variable content (Table 1). The “high
temperature” Mn-ores exhibit relatively high Mn, Ba, and Pb values, while the bedded-type
show elevated Al, Fe, Ti, Zn, K, Na, Ca, Mg, and Th values (Table 2), [11]. The Mn-Fe ore
samples from Milos presented the highest tungsten (W) content (Table 2) which is in good
agreement with published geochemical data [10], but any relation to the other elements is
not clear.
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Table 2. Representative bulk analyses of iron-manganese mineralizations from the Aegean Sea.

Grammatiko Lavrion Varnavas S. Evia Milos Milos * D. Limit

Figure 2 Figure 3 Figure 4 Figure 5 Figure 6

Massive
Mn-Ore

Super-Gene
Ore

Fe-Mn
Crust

Massive
Fe-Mn Ore

Massive
Mn-Ore

Mn-
Ore

Massive
Mn-Ore

Volcanclastic
Sandstone

Mn-Ore
n = 25

ppm G108C G101A G108A LV1 LV2 Var.1 Evia1 Evia2 ** Mil.V1 Mil.V2 Mil.V3

Mo 20 0.7 14 6 4.5 26 12.0 0.7 0.5
Cu 1600 1.2 >10,000 6.2 19.2 290 710 750 410 7.0 3.5 870 0.5
Ni 12 1.6 2.6 24 140 3.9 48 39 6 6.9 2.2 0.5
Co 15 2.4 0.9 15 15 15 180 90 40 6 22 1.0
Pb 2850 21 7200 55 5.1 1590 30 1170 9200 14 21 9300 0.5
Zn 3300 150 900 102 17 4090 140 110 6800 37 36 3200 5.0
Cr 1 <1 <1 2 1.4 2 30 14 <1 4 7 1.0
Mn >10,000 >10,000 1650 2750 6500 >10,000 375,000 170,000 360,900 150 55 300,000 5.0
As 900 58 1600 100 13 1170 2 9 1500 60 240 1100 5.0
Sr 120 110 19 110 18 640 690 1140 1140 160 70 1100 5.0
Cd 12 1.6 61 0.4 0.5 4 3 1.5 6.8 <0.5 >0.5 0.5
Sb 1300 15 400 2.2 10 33 30 6 33 4.5 15 260 0.5
V 3 <2 <2 <2 2 36 110 11 35 84 90 10
La <1 <1 1 5.1 5 35 36 18 36 14 12 22 0.5
Ba 880 36 9 130 27 9900 620 21,600 90,600 320 910 5.0
W 12 8.4 0.2 65 55 70 20 38 110 23 190 580 0.5
Zr <0.5 <0.5 <0.5 <0.5 <.5 <5 11 21 21 110 60 34 0.5
Y 17 20 60 57 21,600 15 8.5 8.1 20 0.5
%
Fe 26.17 >40.00 5.26 5.8 55 2.21 1.0 1.0 1.58 2.43 5.16 1.7 0.01
Al <0.01 0.01 0.15 0.02 0.2 0.11 1.0 1.0 1.82 8.15 7.08 3.1 0.01
Ti <0.001 <0.001 <0.001 <0.001 <.001 0.03 0.07 0.14 0.07 0.12 0.18 0.01 0.001

Mg 0.08 0.1 0.04 3.4 0.04 0.05 0.32 0.44 0.1 0.57 0.03 0.24 0.01
Ca 12.55 5.36 19.7 27.3 0.05 0.16 0.89 0.83 0.29 1.5 0.07 0.2 0.01
P <0.01 <0.01 0.03 0.02 0.03 0.02 0.2 <0.01 0.02 <0.01 <0.01 0.01

Na 0.02 0.01 0.01 0.01 0.02 0.17 0.1 0.01 0.31 2.36 0.21 1 0.01
K 0.16 <0.01 0.02 0.01 0.2 0.71 0.9 0.15 3.03 1.12 6.41 1.4 0.01
S <0.05 <0.05 <0.05 0.06 0.05 <0.1 0.09 <0.05 0.13 <0.05 1.46 0.05

Symbols: * = Glasby et al (2005) [10]; ** = Gkikas (2014) [62]
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The bivariate statistics (correlation coefficient) of published analytical data for the
“High-temperature” and “Bedded” hydrothermal Mn deposits [10,11] have not revealed
any significant correlation between the elements.

The most well pronounced positive correlation (r = >0.9) is that between MnO and
As, in particular that of high-temperature hydrothermal Mn deposits (Figure 8a) for the
majority of the samples. Only a few samples present a separate positive correlation as well
(Figure 8a). However, there is also a good positive correlation (r = 0.68) for the Mn-ores of
bedded-type deposits (Figure 8b).
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Figure 8. (a,b) Plots of As vs. MnO for Mn-Fe ores of the profile No 4a and 4b, both of “High-
temperature hydrothermal Mn deposits” (Figure 5a) and “Bedded hydrothermal Mn deposits”
(Figure 5b). Data from [10,11].

The compositions of almost all studied samples are plotted in the field of hydrothermal
deposits of the ternary discrimination diagram [Mn-Fe-10 × (Ni + Cu + Co)], except from
the Grammatiko supergene ore (Figure 9; Table 2).
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5. Discussion
5.1. Metallogenetic Signatures

Generally, manganese oxides occur in a wide range of environmental settings and
exhibit a wide compositional variation in the Fe-Mn ores. This, may reflect factors affecting
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the present features of each mineralization, including the composition of the ore-forming
system during the precipitation of Fe and Mn, along with the incorporated minor and trace
elements and post depositional changes (diagenesis and meta-diagenesis processes).

The higher Mn and Ba content is a common feature of the Mn-Fe deposits at the
areas of Varnavas, S. Evia and Milos compared to the Fe-Mn deposits from Grammatiko,
Lavrion (Legrena) and Hymittos (Table 1; [34]). Furthermore, a characteristic feature of
the “high temperature” Mn-Fe deposits of Milos island (Vani) is their higher Ba, As, W,
Cu, Pb, and Zn content compared to those of bedded Mn-deposits, forming discrete layers
within volcanoclastic sandstones of the Milos island (bedded Mn) that exhibit elevated
Fe, Ti, Al, K, Mg, and Ca content (Tables 1 and 2; [5,10]). Systematic patterns, on the
basis of the available analytical data, are not obvious. However, plots of these data along
profiles from previous publications [10] reveal a very good positive correlation (r > 0.9)
between MnO and As content for a profile (No4) concerning a large number of samples of
“high-temperature” Mn-ores, except only a few samples (Figure 5a). In addition, there is a
good correlation (r = 0.68) for “Bedded hydrothermal Mn deposits” (Figure 5b), coupled
with the variation of Fe, Ti, and Mn in the above two types of Mn mineralization that may
suggest a fractionation and evolution in the ore forming system (Table 2). In addition,
the Mn-Fe mineralization at Milos island is characterized by elevated W values (up to
2870 ppm W) for the Vani manganese deposit, which is considered to be a feature of
High-T deposits [10]. Thus, the ore-forming system, suggesting the formation of the Milos
Mn deposit during the first stage of boiling of the hydrothermal fluid resulting in the
deposition of mainly pyrolusite and ramsdellite, may be followed by the precipitation of
sulfides and the replacement of the primary manganese oxide minerals by cryptomelane,
hollandite, coronadite, and hydrohaeterolite as well as the enrichment of minerals in K,
Ba, Pb, and Zn [7,10,11]. Furthermore, the higher As content in Mn-Fe ores from the Milos
and Varnavas mineralization (Table 2) may suggest a stronger oxidation capacity for As(III)
in Mn deposits with a high Mn:Fe ratio and increasing pH from 6 to 7.9, while As(III)
adsorption efficiency of the ores are increased with increasing Fe content. The Mn-bearing
fine-grained magnetite showing 5.5 to 6.4 wt.% MnO and 1.2 to 4.9 wt.% MnO, in the Mn-Fe
deposits from Varnavas and S. Evia, respectively (Table 1; [62]), is a salient mineralogical
feature, too. Magnetite with significant Mn content has been described as a result of post
deposition processes, during low metamorphism and multistage deformation events [63].

5.2. Bio-Mineralization

Apart from supergene processes, which may be superimposed over hydrothermal
phases, present mineralogical, mineral chemistry and geochemical data (Figures 3–8;
Tables 1 and 2) provide evidence for the involvement of micro-organisms during a mul-
tistage evolution of Lavrion (Legrena) Fe-Mn deposit, as well as in the Varnavas Mn-Fe
deposit, similar to those from the Vani (Milos Island) (Figures 5–7; [1–10]). It has been
referred that micro-organisms are widespread everywhere on and under the surface of Earth
even some km depth, the submarine action of micro-organisms is known to occur some hun-
dreds of meters below the seafloor, under survive boiling water, they are tolerate at extreme
cold snow surfaces on Antarctica and extreme salt concentration, extreme radiation, acidic
conditions (pH ~ 3.6) and metal concentrations (e.g., some 1000 ppm As) [13,15,64–68] and
references therein. A consortium of micro-organism fossils (pointed by white and black
arrows) including rods, sphere or coccus, filament-type, exhibiting a variation in their
chemical composition were found in Fe-Mn deposits in Varnavas, Grammatiko, Legrena
and Milos (Figures 3, 5, 6 and 8; Table 1), suggesting that bio-geochemical processes may
be a driving force for bio-mineralization. It has been accepted that bio-minerals may be
formed as a by-product of metabolic activity or organic matter–metal interaction, being
a powerful catalyst that catalyzes redox reactions [15,69]. Negatively charged surfaces of
bacteria cells offer extensive surfaces for biosorption of metals where elements with a higher
positive charge are preferentially adsorbed [13,70–74]. Such Fe-Mn oxides precipitated by
micro-organism mediation may play an important role in scavenging elements from the



Minerals 2022, 12, 1303 13 of 19

environment of their precipitation. Recently, many authors proposed that micro-organisms
are a driving force for the precipitation of manganese minerals via complicated biochem-
ical and geo-biological processes [64–68,75]. Micro-organism-mediated Mn ore-forming
systems have been widely reported in the global manganese deposits [76]. The biogenic
hydrothermal Mn oxide mineralization in the Mn-ores on Milos (Vani) Island, Greece has
been well established on the basis of combined petrographic micro-texture, scanning elec-
tron microscopy (SEM), transmission electron microscopy (TEM), organic (lipid) analyses
and bulk and lipid specific stable Corganic isotope composition of matter and fluid inclusion
data [13,67,75]. Those authors concluded that geothermal metalliferous fluids that vent
into the shallow environments may interplay with microbial mat colonization, during pre-
burial curing/diagenesis, in a mineralizing environment that favors biologically-mediated
Mn2+(aq) oxidation into Mn(III/IV) oxides.

5.3. Genetic Significance of Fossilized Micro-Organisms Coated by Sodium Chloride

There is still debate on whether such Mn minerals are of direct organic or inorganic
origin. Laboratory studies have demonstrated that framboidal and botryoidal can occur in
abiotic laboratory systems where supersaturating conditions appear to be the overriding
factor controlling their formation [77]. However, the laboratory experiments were con-
ducted at temperatures above 60 ◦C, which is much higher than the ambient temperature
of most sedimentary environments [77] and recent studies of the internal structure of
framboid within a microbial biofilm suggest that the organic matrix may play a prominent
role in the nucleation of microcrystals that form framboids [9,13,20,55,56,67].

The most significant feature of fossilized bacteria in the Varnavas and Milos Mn-Fe
mineralizations, is the coating by a film composed of Na and Cl in a proportion close to
that of sodium chloride (NaCl) (Table 1), while bacterio-morphic oxides/hydroxides from
the Legrena valley (Lavrion) contain significant amounts of Na and Cl as well (Table 1; [78].
High concentrations of salt occur in natural environments (in the Dead Sea and the Great
Salt Lake) and salt-loving (halophilic) micro-organisms are known to be grown in salt
solutions above seawater salinity (~3.5% salt) up to saturation ranges of approximately 35%
salt in Utah [69–82]. Thus, the fossilized NaCl coated bacteria in the Varnavas and Milos
may have been formed when the environment of their growth lost most of its water though
evaporation and became an extremely saline water/brine. A chemoautotrophic way of life
described earlier [83] has been suggested for these organisms, as no prominent coloration
was found in accumulations of these cells. However, the presence of photosynthetic
pigments and the possibility of a phototrophic way of life cannot be strictly excluded [84].

5.4. Implications of Micro-Organisms to the Mn Recovery

As Mn is a crucial element in many activities in the energy transition era, steel, glass,
battery, and chemical industry [85,86] exploitation of low-grade Mn ores has become a
challenge in dealing with the exhaustion of high-grade ore reserves and the increasing
demand of Mn [19,86,87].

High grade Mn ores (>40%) are conventionally processed into manganese metal
and its alloys by the pyro-metallurgical processes. However, the rapid growing demand
for manganese metal attention has shifted to the low-grade manganese ores (<40%). As
conventional pyro-metallurgy cannot be applied for processing those low-grade manganese
ores [88], other processes are being investigated for this purpose. The reductive acid
leaching process has been proposed as a cost-effective method, based on the conversion of
the insoluble MnO2 of manganese ores into soluble MnO and further to MnSO4 by an acid
solution without pre-calcination of manganese ores [89]. However, bioleaching has been
proposed as a low-cost and environmentally friendly, alternative method for Mn metal
extraction from the low grade manganese ores. Micro-organisms capable of metal recovery
from those low-grade manganese ores have been well investigated and many such bacteria
have been reported (e.g., [19,90,91]. Furthermore, in laboratory experiments mixed culture
bioleaching has been found to be a more rapid and extensive process than that with pure
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cultures [19]. Such a method could be applied to the ores investigated in this study, serving
a two-tier benefit of both metal recovery and environmental beneficiation.

5.5. Environmental Implications

As presented in Tables 1 and 2, manganese iron mineralizations in ACCB contains
a number of elements that, by the environmental point of view, may be assumed toxic
or potentially toxic for plants, animals, and humans. Even some heavy metal ions that
are essential micronutrients for plant or animal metabolism, when present in excess, can
become extremely toxic [92,93]. One of the main concerns related to the potentially toxic
elements present in the human environment is their predisposition to bio-accumulate.
Bio-accumulation means an increase in the concentration of a chemical in a biological
organism over time, compared to the chemical’s concentration in the environment [94].
For example, in the Neogene basins of Attica (ACCB), the bio-accumulation factor for As
(Asplant/Assoil × 100) ranges from 0.02 to 9.0% [22]; the combination with the mineralogical
and geochemical data may provide evidence for their contribution of detrital and chem-
ical components from the erosion of Grammatiko and Lavrion Fe-Mn deposits and host
rocks [41,42,50,51,93]. Moreover, the presence of Fe and manganese oxides increases As
mobility and its availability in soil [95]. It should be noted that the content of Mn and Fe
along with Pb, Zn, Cu, in soils from the neighborhood of the idle mining area of Lavrion
(Attica) have been reported to range up to several thousand ppm, comprising a severe
environmental thread, because of the leachability and potential bioavailability of these
elements [93].

Furthermore, the Mn-Fe samples from Milos (Table 2) exhibit the highest tungsten
content, while those from Varnavas present high values as well. The positive correlation
between MnO and W, combined with a negative correlation between MnO and Fe2O3 sug-
gests the preference of W to Mn-minerals. The geochemical properties of W are similar to
those of Mo and in several minerals the substitution of W for Mo is observed. Predominate
minerals contain the anionic form of the metal, (WO4)2−. Tungsten is potentially a very im-
portant environmental pollutant; thus, when high concentrations of tungsten are exposed
in the environment, the route of dispersion, fate, and bioaccumulation through trophic
levels, should be given thorough attention. Typical transformation processes for tungsten
in soil include precipitation, complexation, and anion exchange. Important factors affecting
the transformation of tungsten in soils and sediments include pH, ionic strength (i.e., salin-
ity), redox potential, concentration and distribution of species, composition of the mineral
matrix, organic matter, and temperature [96]. The bio-accumulation factor for tungsten
(Wplant/Wsoil × 100) in the Neogene basins of Attica, ranges from 58 to 3100% [12,19,42].
High concentration of W in the contaminated soils generally elevated the concentration
of W in wild land plants such as trees, shrubs, and grasses [97–103]. Therefore, W is more
readily mobilized under alkaline conditions [101,103]. Plants growing in a mineralized
zone contained up to 18 times the background W value of 2.7 mg/kg without showing
toxicity symptoms [104].

Despite the fact that arsenic, lead, and tungsten content appear to be elevated in green
vegetables and plants grown in the most contaminated soils of the above-mentioned basins,
it is noted that there have not been regulated limits for As, Pb, W, and other possibly toxic
metals for plants.

6. Conclusions

The compilation of the presented geological, mineralogical, and geochemical data with
literature on Mn-Fe deposits in the Aegean Sea (ACCB) may lead us to the following conclusions:

• The presented chemical composition of ores from Attica (Grammatiko, Legrena of W.
Lavrion) belongs to the Fe-Mn type of deposit, whereas those from Evia and Milos are
Mn-Fe ores and contain higher Ba content;
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• The studied deposits have exhibit low Cr, Co, V, Ni, Mo, and Cd values, while Ba,
As, W, Cu, Pb, and Zn content are remarkably variable. The Mn-Fe deposits of Milos
exhibited the highest tungsten (W) content;

• The positive trend between MnO and W coupled with the negative trend between
MnO and Fe2O3 suggest the preference of W to Mn-minerals;

• The occurrence of abundant bacterio-morphic Fe-Mn-oxides/hydroxides is a common
feature within Mn-Fe deposits in the areas of Varnavas and Milos Island and in Fe-Mn
deposits in Legrena valley, which may reflect the catalytic role of micro-organisms in
redox reactions that govern the formation of those Mn-Fe and Fe-Mn mineral phases;

• The presence of micro-organisms in Fe-Mn mineralization, reflecting the presence of
organic matter, suggests a shallow environment for their deposition.
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