minerals

Review

Origin of Critical Metals in Fe-Ni Laterites from the Balkan
Peninsula: Opportunities and Environmental Risk

Maria Economou-Eliopoulos 1*(7, Magdalena Laskou !, Demetrios G. Eliopoulos %%, Ifigeneia Megremi !,

1

Sofia Kalatha ! and George D. Eliopoulos 3

check for

updates
Citation: Economou-Eliopoulos, M.;
Laskou, M.; Eliopoulos, D.G.;
Megremi, I.; Kalatha, S.; Eliopoulos,
G.D. Origin of Critical Metals in
Fe-Ni Laterites from the Balkan
Peninsula: Opportunities and
Environmental Risk. Minerals 2021,
11,1009. https://doi.org/10.3390/
min11091009

Academic Editors:
Cristina Domenech and

Cristina Villanova-de-Benavent

Received: 4 August 2021
Accepted: 13 September 2021
Published: 16 September 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Geology and Geoenvironment, National and Kapodistrian University of Athens, 15784 Athens,
Greece; laskou@geol.uoa.gr (M.L.); megremi@geol.uoa.gr (I.M.); spkalatha@gmail.com (S.K.)

Institute of Geology and Mineral Exploration (IGME), Olympic Village, 13677 Acharnae, Greece
Department of Chemistry, University of Crete, 70013 Heraklion, Greece; chem1723@edu.chemistry.uoc.gr
Correspondence: econom@geol.uoa.gr

1t  Demetrios passed away in April 2019.

Abstract: As the global energy sector is expected to experience a gradual shift towards renewable
energy sources, access to special metals in known resources is of growing concern within the EU and
at a worldwide scale. This is a review on the Fe-Ni + Co-laterite deposits in the Balkan Peninsula,
which are characterized by multistage weathering /redeposition and intense tectonic activities. The
ICP-MS analyses of those laterites indicated that they are major natural sources of Ni and Co, with
ore grading from 0.21 to 3.5 wt% Ni and 0.03 to 0.31 wt% Co, as well as a significant Sc content
(average 55 mg/kg). The SEM-EDS analyses revealed that fine Fe-, Ni-, Co-, and Mn-(hydr)oxides
are dominant host minerals and that the enrichment in these elements is probably controlled by the
post-formation evolution of initial ore redeposition. The paucity of rare earth element (REE) within
the typical Fe-Ni laterite ore and the preferential occurrence of Co (up to 0.31 wt%), REE content (up
to 6000 mg/kg XREE), and REE-minerals along with Ni, Co, and Mn (asbolane and silicates) towards
the lowermost part of the Lokris (C. Greece) laterite ore suggest that their deposition is controlled by
epigenetic processes. The platinum-group element (PGE) content in those Fe-Ni laterites, reaching
up to 88 pug/kg Pt and 26 pg/kg Pd (up to 186 pg/kg Pd in one sample), which is higher than those
in the majority of chromite deposits associated with ophiolites, may indicate important weathering
and PGE supergene accumulation. Therefore, the mineralogical and geochemical features of Fe-Ni
laterites from the Balkan Peninsula provide evidence for potential sources of certain critical metals
and insights to suitable processing and metallurgical methods. In addition, the contamination of
soil by heavy metals and irrigation groundwater by toxic Cr(VI), coupled with relatively high Cr(VI)
concentrations in water leachates for laterite samples, altered ultramafic rocks and soils neighboring
the mining areas and point to a potential human health risk and call for integrated water—soil—plant
investigations in the basins surrounding laterite mines.

Keywords: Fe-Ni—Co laterites; critical metals; REE; PGE; Cr(VI) contamination

1. Introduction

As gradual shift towards renewable energy sources on a global scale, access to partic-
ular raw materials or critical metals (CM), such as platinum-group elements (PGE), rare
earth elements (REE), and scandium (Sc), with potential presence in known resources is a
growing concern within the European Union (EU) and in a worldwide scale [1,2]. Although
the production for these metals is mostly derived from magmatic deposits, volcanogenic
massive sulfide (VMS) deposits, the black shale-hosted deposit in Finland and Sweden,
and deposits of supergene origin associated with the release of major and trace elements
from the alteration of related rocks [1,3-7], deposits of Fe-Ni + Co laterite may be a po-
tential resource for critical metals as well [8,9]. Ni laterites contain about 60-70% of the
world’s nickel resources and account for about 40% of the world’s nickel production, with
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the remainder coming from sulfide ores [10]. The Ni—Co laterite deposits provide one of
the two major natural sources of nickel and cobalt and became of economic importance
with the recent increasing industrialization of developing countries [11]. The type of Ni-
Co laterites developed by chemical weathering of ultramafic rocks with potential post
redeposition enrichment of weathering products may occur above weathered bedrock.
Among others, they have been described in the Philippines (Taganito/Adlay), in Western
Australia (The Murrin Murrin deposit), in New Caledonia, Indonesia, and the Dominican
Republic [11-13]. Recently, the Fe-Ni £ Co type of laterites is an attractive research topic
due to their large tonnage, easy exploitation (open pit mining), a significant development
of a Ni and Co demand, and the technological innovations implemented by exploration
companies [11,12]. With respect to known classifications, three mineralogical subtypes
of Fe-Ni £ Co laterite deposits are recognized: the oxide, hydrous Mg-silicate, and clay
types, with median Ni and Co grades, 1.14% and 0.09% of the oxide type, 1.44 and 0.06%
for the Mg type, and 1.27 and 0.06% for the clay type [11,13]. The Fe-Ni laterite deposits
in the Balkan Peninsula are associated with ophiolites, which represent a remnant of the
Tethyan oceanic lithosphere, located in the Mirdita—Sub-Pelagonian and Pelagonian geotec-
tonic zones [14]. They provide some 2-3% of the World’s total Ni and include deposits in
Serbia (Topola), in N. Macedonia, former FY.R.O.M. (Rzanovo), Albania (Bitincka, Gouri-
Perjuegjiun, and Katjeli) and Greece (Lokris, C. Evia, Kastoria, Vermion, Paleochori, Edessa,
Olympos) (Figure 1) [15-21].
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Figure 1. Sketch map showing the Pelagonian (A), Sub-Pelagonian (B), and Axios (C) geotectonic
zones in the Balkan Peninsula, and the distribution of ophiolites and the associated Fe-Ni + Co
laterite deposits.

Furthermore, the weathering/alteration of laterite deposits and parent ultramafic
rocks, mining, and large volumes of smelting residues (slag) are potential sources of envi-
ronmental hazards for terrestrial and aquatic ecosystems, food quality, and socioeconomic
problems [1-4,10,11]. An evaluation of the environmental risks associated with a possible
exploitation of the deposits may contribute to the potential ways forward to protect soil
and groundwater for human health and ecosystems. The present study focuses on the
combination of Ni-Co-Mn mineral chemistry with geochemical characteristics of laterites
from the Balkan Peninsula, which offer a variety of laterite types. The aim is the delineation
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of geochemical constraints as a contribution from the origin, genesis and exploration of
critical metals (REE, PGE, Co, Sc) in laterites to the environmental impact from mining and
plant processes of laterite ores.

2. Geological Outline of Fe-Ni £ Co Deposits and Occurrences in the
Balkan Peninsula

Based on national mineral resource agencies, approximately 500 Co-bearing deposits
and occurrences have been identified in 25 countries in Europe [9]. The measured mineral
resources in Greece are 220,000,000 tons [9,11]. The RZzanovo deposit, located close to the
contact between the Axios zone and the Pelagonian massif, is one of the largest Fe-Ni
+ Co deposits in the Axios zone [20]. In general, large Fe-Ni—Co laterite deposits, which
have been exploited for many years, are mainly related to the extensive lateritization of
ultramafic ophiolites in the Balkan Peninsula (Shebenik-Pogradec Massif at the central
and southern part of the Mirdita ophiolites—Sub-Pelagonian and Pelagonian geotectonic
zones) into Greece and by extension the Anatolides zone of western Turkey [20,22]. Major
deposits show a complete weathering profile that comprises: (1) alower zone of saprolitized
peridotite with or without partially weathered core stones; (2) a transition zone which
may be dominated by quartz or smectite clays; (3) a ferruginous saprolitic limonite zone;
(4) a recrystallized and locally transported limonite zone; and (5) a goethite-hematite
zone [23]. Although Fe-Ni + Co laterites in the Balkan Peninsula, related to Upper
Jurassic-Lower Cretaceous serpentinized ultramafic ophiolites, may be partially preserved
in situ, they are mostly allochthonous, redeposited as marine sediments, and buried by
later sedimentary rocks [22]. The laterite ores have commonly been transported and
redeposited either onto peridotites, such as at Kastoria, W. Vermion, and Palaiochori
(Greece), Bitincka and Guri-Pergjegjum (Albania), or onto limestones, such as at Lokris
(Aghios Ioannis), Katjeli (Albania) (Figures 1 and 2A). Those laterite deposits are often
overlain by a sequence of mudstone, limestones, and organic carbon-rich mudstones,
which have been attributed to a stagnant reducing marine environment during tectonic
down warping [15]. In particular, the Katjeli Fe-Ni deposit lies on karstified Jurassic
limestone, and it is conformably overlain by a Tertiary series consisting of small beds of
lignite and sandstone intercalation and molasses. The exploited ores have been reworked
due to repeated marine transgression and regression, deposited in a shallow marine
environment, and affected by thrust faulting [15,17,22,24]. They can be divided into those
which are unconformably overlain by Early Eocene shallow marine sediments, such as the
Kastoria and Katjeli deposits in the Balkan Peninsula, and those overlain by Cretaceous
limestones, such as the Lokris [15,17]. Specifically, the Kastoria Fe-Ni deposit is located in
northern Greece (Figure 1), NNW of Kastoria town, is developed on Upper Jurassic-Lower
Cretaceous serpentinized ultramafic ophiolites of the Mirdita-Sub-Pelagonian zone, and is
overlain by Tertiary molasses. A goethite zone, 5-m thick, consisting mainly of goethite and
hematite overlies a weathering crust [18,25]. At the W. Vermion (Profitis Elias), ophiolites
are mainly comprised of large peridotite masses of harzburgite, dunite, and orthopyroxene-
dunite. The weathering crust is overlain by a highly silicified zone, while the ore is pelitic
at its lowest part and becomes pisolitic towards the top. The Fe-Ni ore is mainly composed
of goethite, hematite, Ni-bearing chlorite, quartz, calcite, and chromite. Talc is common
in the lowest part of the ore, while illite is dominant in its upper part. In a distance of
less than 1 km north of the Profitis Elias Ni laterite deposit, the Parhari deposit of bauxite
laterite is located in an area where mafic rocks (diabases) are the dominant rock types [18].
More attention is paid to the Lokris (Aghios Ioannis) Fe-Ni laterite deposits (Figure 2) of
allochthonous origin because of the association of Fe-Ni ore with the bauxite laterite at the
Nissi—Patitira location, and the relatively high contents of critical metals [22,24,26].
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Figure 2. (A) Schematic stratigraphic sections of the most representative laterite deposits in the Balkan Peninsula. (B) Sim-
plified geological map, after LARCO GMM (General Mining and metallurgical Company), cited in ProMine Project [27]
showing the location of the main Fe—Ni laterite deposits at Lokris (Aghios Ioannis).

Small (1 m x 15 m) lens-like Fe-Ni occurrences, metamorphosed to amphibolite
facies (probably erosional remnants of redeposited laterites), are found in the E. Vermion,
Edessa, Olympos, and Skyros islands of Greece (Figures 1 and 2A) and are overlain by
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Cretaceous limestones [19]. The dismembered ophiolite masses of Upper Jurassic-Lower
Cretaceous age, which consist of mainly serpentinized harzburgite and, to a lesser extent,
crustal magmatic rocks (pyroxenites and gabbros), outcrop along the eastern margin of the
Pelagonian massif [28]. Due to intense tectonism, the Fe—Ni laterite occurrences are often
entirely enclosed within serpentinized harzburgites [19].

3. Methods of Investigation

Due to the heterogeneous character of most Ni laterite deposits, samples of a mini-
mum 2 kg weight were collected from surface exposures. Although the analytical methods
applied for the determination of major and trace elements in rocks, laterite ores, groundwa-
ter, and water leachates, including Cr stable isotopes and As speciation, is provided in the
relative publications [29-31], a brief outline is given here. Two samples of metallurgical
residue (slag samples, Slag96 and Slag14) from the Larymna plant, kindly provided by
the mining company GMM LARCO (March 1996 and November 2014, respectively), and
representative samples of ultramafic altered rocks were analyzed. Major and trace elements
were determined by atomic absorption at the Institute of Geology and Mineral Exploration,
Greece, and minor and trace elements were obtained by Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) analysis, after multi-acid digestion (HNO3;-HCIO4—HF-HCI) at the
ACME Laboratories Ltd., Vancouver, BC, Canada. Platinum-group element (PGE) analyses
were carried out using the Ni-sulfide fire-assay pre-concentration technique, with the nickel
fire-assay technique from large (30 g) samples at Genalysis Laboratory Services, Perth,
Australia. This method allows for complete dissolution of samples. The detection limits
were 1 ppb for Pd, 10 ppb for Pt, and 5 ppb Au. CDN-PGMS-23 was used as standard.

Representative surface (up to 20 cm) soil samples from the rhizosphere of plants and
corresponding plants/crops covering some sites surrounding laterite deposits have been
analyzed by inductively coupled plasma mass spectroscopy (ICP/MS) after aqua regia
digestion at ACME Laboratories Ltd., Vancouver, BC, Canada.

A series of batch leaching experiments have been carried out, using natural water in
order to study the long-term leaching responses of Cr under atmospheric conditions [31].
For these experiments, 20 g of a crushed ore, metallurgical residue (slag), rock, or soil
sample and 150 mL of natural water were transferred in a 200 mL Erlenmeyer flask at
room temperature. The reaction flask was shaken at approximately 120 rpm by a reciprocal
shaker for 5 weeks. After the period of shaking, the slurries were filtered through a 0.45 pm
polyamide membrane filter. Furthermore, following the same methodology, except the
shaker time, which was 24 h in this case, water leaching experiments were carried out in
the present study.

Since oxidative weathering of Cr-bearing ultramafic rocks facilitate the oxidation of
Cr(III) into water-soluble Cr(VI) and back again, the chromium isotopes have been applied
in the investigation of contaminated groundwater and water leachates. Water and water
leachates in an appropriate amount to have approximately 1 ug of Cryy,) were used for
the determination of the Cr isotope composition following the method described by [29].
Both Cr concentrations and isotope ratios were analyzed using an IsotopX/GV IsoProbe
T thermal ionization mass spectrometer (TIMS) equipped with eight Faraday cups at the
University of Copenhagen, Denmark. Four Cr beams (*%Cr+, 52Cr+, 8Cr+, and %*Cr+)
were analyzed simultaneously with OTi+, 51V+, and %°Fe+ beams, which were used to
monitor interfering ions. The final isotope composition of a sample was determined as the
average of the repeated analyses and reported relative to the certified SRM 979 standard as
follows: 5°3Cr(%o) = [(3*Cr/ 52Crsamp1e /23Cr/52CrSRMgyg) — 1] x 1000. The raw data were
corrected for naturally and instrumentally induced isotope fractionation using the double
spike routine. To assess the precision of the analyses, a double spike-treated, certified
standard reference material (NIST SRMgy9) was used.

A representative ore sample from the Nissi (Lokris) bauxite laterite deposit with
remarkably high As content (350 mg/kg in bulk) was investigated by Synchrotron Radia-
tion (SR). The SR micro-X-ray Fluorescence (u-XRF) elemental mapping and micro-X-ray
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Absorption Fine Structure (u—XAFS) spectra were both obtained in the X-ray beamline of
the Laboratory for Environmental Studies (SUL-X) of the ANKA Synchrotron Radiation
Facility (Karlsruhe Institute of Technology/KIT, Karlsruhe, Germany). For this purpose,
solid fragments of the ore were embedded into resin and polished, whereas powders of
reference minerals and compounds were pressed with cellulose to pellets. The SR p-XRF
elemental maps and the As K-edge of the u—XAFS spectra revealed that As is exclusively
correlated to Fe, occurring as As®* in the form of arsenate anions (AsO43~) [30].

Thin polished sections of Fe-Ni laterites were investigated using a reflected light
microscope, a scanning electron microscope (SEM), and energy dispersive spectroscopy
(EDS). The SEM-EDS semi-quantitative analyses were carried out at the Department of
Geology and Geoenvironmemt, National and Kapodistrian University of Athens (NKUA),
using a JEOL JSM 5600 SEM (JEOL, Tokyo, Japan), equipped with the ISIS 300 OXFORD
automated energy dispersive X-ray analysis system. Analytical conditions were 20 kV
accelerating voltage, 0.5 nA beam current.

4. Mineralogical Characteristic Features

The texture characteristics of Fe-Ni + Co ores from the Balkan Peninsula reflect
a multistage evolution of the mineralogy and mineral chemistry of the mineralization.
Specifically, the Lokris Fe-Ni £ Co laterite deposits are mostly composed of goethite,
limonite, hematite, Ni-bearing chlorite, Fe-chlorite, rutile, quartz, calcite, and chromite,
while AIOOH polymorphs boehmite and diaspore are dominant minerals in the bauxite la-
terite; gibbsite, illite, kaolinite, montmorillonite, smectite, takovite, and Ni-Co lithiophorite
(13 wt% Ni and 9.2 wt% Co) replaced commonly by asbolane, manganomelane (6.2 wt%
Ni and 4.9 wt% Co), halloysite, and Al-Ni—-Co-Mn silicates are more abundant towards
fractures and the lowest parts of the deposit [15,17,18,24-26]. A characteristic feature of
the transitional zone between the overlying sequence of limestones and the carbonate
basement of the laterite ores and organic carbon-rich mudstones is the presence of organic
matter (Figure 3c,d) [24]. In addition, the lowermost part of the Lokris bauxite laterite
deposit lying on karstified Jurassic limestone is characterized by the presence of abun-
dant rare earth minerals (Figure 3e,f), such as authigenic (hydroxyl)bastnaesite-(Nd) and
(La,Nd,Y)-bastnaesite, [26,29]. The Kastoria laterites, overlying a weathering crust, are com-
posed of a pelitic matrix (goethite, hematite), clastic grains of quartz and chromite, as well
as silicates (Fe—serpentine, talc), carbonates (calcite, siderite) and Mn-oxides (pyrolusite,
lithiophorite), occurring as more than one type: rounded fragments of goethite occur in a
subsequently formed matrix of (Fe, Mn, Ni)-hydrous oxides associated with detrital quartz
and chromite, while siderite and calcite cross-cut all previous formations (Figure 3g,h).
Fine-grained goethite, growing over the vestiges of microorganism cells (Figure 3i) suggests
the involvement of microorganisms in the deposition of goethite [24,26].
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Figure 3. Selected back scattered electron (BSE) images from the Lokris and Kastoria laterites. A
general overview from Lokris (a); the transitional zone between ore and overlying limestone showing
neoformed clusters of framboidal pyrite with fine crystals at the contour of early framboidal pyrite
(b); isolated and aggregates of bacteriomorphic goethite (goe) associated with quartz (qtz) (c,d) and
REE-minerals (e,f) from the contact of the lowest part of the Nissi—Patitira deposit with the carbonate
basement. Similarly, from the Kastoria Fe-Ni laterites showing different morphologies: Rounded
fragments of goethite in a matrix of (Mn,Ni)-goethite with goethite fragments of an earlier stage,
detrital quartz, and chromite (g); close-up view of morphology of fine-grained hematite crosscutting
earlier mineral phases (h); Mn-bearing siderite cutting all previous phases (h) and neo—formed
goethite growing over microorganism cells (i). Abbreviations: goe = goethite; chr = chromite;
py = pyrite; qtz = quartz; cal = calcite; sd = siderite; hem = hematite; REE = Rare Earth Elements.

In addition, a salient feature of the Nissi-Patitira deposit at Lokris is the existence
of transitional zones between a typical brown-red laterite ore, gradually grading to grey-
white, grey-black, pinkish-white, and pale green zones (Figure 4a), as well as different
goethite morphologies, with sub-micron spherulitic aggregates being the dominant micro-
textures (Figure 4b—f). The occurrence of As-bearing bacteriomorphic goethite in samples
with significant organic matter and the presence of C, N, Fe, Al, K, Si, Ca, Mn, and Ni
in goethite, probably due to the presence of microorganisms, has been emphasized in
previous studies [24,26].
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Figure 4. Field photograph (a) and BSE images (b—f) from unpolished parts of the Nissi—Patitira
bauxite laterite ore. Highly tectonized reddish to deep red laterite gradually grading to gray, pinkish
white, and pale green laterite ores along fractures and towards the carbonate basement limestones
(a); goethite (goe) of different morphologies, with sub-micron spherulitic aggregates being the
dominant microtextures (b—f); close-up view morphology of goethite (c,e) of the (b,d) corresponding,
resembling bacterial cells coated by goethite (black and white arrows).

The groundmass of pisolitic and pelitomorphic ore in the Palaiochori and Katjeli
deposits is fine grained, and it is mainly composed of iron oxides (goethite, magnetite, and
hematite), clastic grains of chromite, quartz, Fe-chlorite (chamosite), calcite, Mn-bearing
siderite, and Mn-oxides (pyrolusite) (Figure 4) [19]. Chromite grains are present in a
relatively small proportion, whereas the pisolitic ore overlies the pelitomorphic ore [32].
The occurrence of fossilized organic matter and different morphologies of goethite and/or
carbonate minerals (siderite) are common in the Lokris, Kastoria, Palaiochori, Katjeli, and
other deposits (Figures 3 and 5). The occurrence of chromite grains, inherited from the
parent ophiolitic rocks, is a common feature of all Fe-Ni laterite ores and bauxite-laterites.
They usually show a cataclastic texture, cemented by magnetite, or occur as chromite cores
surrounded by a zone of Fe chromite, showing a gradual decrease of Cr, Al, and Mg as
Fe increases outward from the core [33,34]. However, the alteration zone along cracks
and peripheral parts of chromite from the Palaiochori and Katjeli deposits is very limited,
and it is commonly darker in the BSE images (Figure 5c,e,f). A small amount of apatite is
also present in the ores from Edessa (Figure 5g), while the presence of organic matter is
common in Palaiochori and Katjeli deposits (Figure 5a,b,d).

The Fe—Ni ore in the W. Vermion is mainly comprised of goethite, hematite, Ni-bearing
chlorite, quartz, calcite, and chromite. Talc is common in the lowest part of the deposit,
while illite is dominant in its upper parts. Although the majority of the W. Vermion laterites
are classified as Fe-Ni—Co laterites, bauxite-laterite has been located lying on serpentinized
peridotites, at the Parchari area, in a distance of less than 1 km north of the Profitis Ilias
Ni laterite deposit [18]. The bauxite laterite ore is mainly comprised of goethite, hematite,
boehmite, Ni-Fe chlorite, illite, quartz, calcite, chromite, rutile, and small amounts of
pyrite [18]. Apart from the dominant peridotites, mafic rocks (diabases) are also present in
the Parchari area.
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Figure 5. Selected BSE images showing fossilized organic matter and different morphological forms
of goethite and/or siderite in Fe-Ni laterite ore from the Palaiochori and Katjeli deposits (a,b,d);
very limited alteration zone along cracks and peripheral parts of chromite from the Palaiochori and
Katjeli deposits (c,e,f); apatite in the ores from Edessa (g); magnetite and Fe-chromite surrounding
chromite cores (g h); a negative correlation between (MnO + CoO + ZnO) content versus (FeO + MgO)
content (i) data from [19]. Abbreviations: ap = apatite; Fe-chl = Fe-chlorite; O.M. = organic matter;
mt = magnetite; as in Figure 3.

Most Fe-Ni £ Co deposits are dominated by Fe-oxyhydroxides as the main nickel
carrier, while the Mn-oxides are commonly enriched in Co and Ni, and zoned chromite
grains may contain Mn, Co, and Zn as well [19]. A common feature of the E. Vermion,
Olympos, Edessa, and Skyros small laterite occurrences, which are found on serpentinized
harzburgites, is the gradual increase of Mn, Co, and Zn outwards of the chromite, attaining
the greatest values at the periphery of chromite cores and in the Fe-chromite, reaching
values up to 13.0, 4.1 and 2.1 wt%, respectively, and dropping off to negligible values
in magnetite, as is exemplified by the plot of (MnO + CoO + ZnO) versus (MgO + FeO)
content and the strong negative correlation between them (Figure 5i) [19].

At the area of E. Vermio, there is abundant garnet (grossular) and calcite, while Ni is
mainly hosted in chlorite, serpentine, and theophrastite (Figure 6a), the latter containing
80 wt% NiO [35]. A (Co,Mn,Ni)-hydroxide with a wide compositional range occurs in
a spatial association with theophrastite and organic matter (Figure 6a,b,c). Hydroxides
dominated by Co, occur towards the central parts of the concentring development, while
the peripheral parts are dominated by Mn (Figures 6¢c—f and 7, Table 1). The association of
(Co,Mn,Ni)(OH); and theophrastite with silicate minerals (mostly Ni-serpentine), garnet,
and magnetite, all cross-cutting earlier deformation events (Figure 6), may have a common
origin in space. The theophrastite coexists with magnetite and frequently encloses tiny
grains of magnetite, both showing an orientation parallel to the general direction of the
schistosity (Figure 6a).
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Figure 6. BSE images of metamorphosed Fe-Ni laterites from E. Vermion. Theophrastite associated
with magnetite and garnet, in the form of crosscutting veinlets (a); the (Co-Mn-Ni)(OH), associated
with organic matter (O.M.) in a matrix dominated by garnet, well observed in unpolished parts
of the studied sections (b,c); close-up view morphology of (Co-Mn-Ni)(OH); (d-h), showing suc-
cessive thin layers, composed by fine fibrous crystals (h). Abbreviations O.M. = organic matter;
mt = magnetite; grt = garnet; chl = chlorite; Ni-srp = Ni-serpentine.
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Figure 7. Plots CoO versus MnO, NiO, (a,b) and (CoO + NiO) versus MnO (c). Data from Table 1.
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Table 1. Representative SEM-EDS analyses of (Co-Mn-Ni)-hydroxides from metamorphosed Fe—Ni laterites from E.

Vermion.
Content in wt%

No. MnO CoO NiO Total No. MnO CoO NiO Total
\'All 25.0 38.0 17.4 80.4 V.12 34.0 25.7 19.6 79.3
V.2 40.0 14.5 26.0 80.5 V.13 14.6 53.9 10.9 79.4
V.3 14.0 54.3 11.2 79.5 V.14 20.0 443 15.4 79.7
V4 15.4 52.5 11.4 79.3 V.15 35.0 16.2 29.1 80.3
V.5 15.3 51.3 13.1 79.7 V.16 32.0 24.6 22.0 78.6
V.6 17.3 49.7 12.8 79.8 V17 33.0 24.6 22.0 79.6
V.7 17.1 494 12.9 79.4 V.18 34.0 25.0 21.0 80.0
V.8 19.2 46.9 13.3 79.4 V.19 53.0 9.5 18.0 80.5
V.9 21.2 444 13.9 79.5 V.20 42.0 17.6 20.0 79.6
V.10 25.0 37.3 17.3 79.6 V.21 41.0 21.7 17.0 79.7
Vi1 35.0 23.4 21.3 79.7 V.22 50.0 10.4 19.2 79.6

4.1. Chemical Composition of Fe-Ni £ Co Laterite Ores

Detailed studies on major Fe-Ni laterite deposits of Greece, in the frame of the Euro-
pean GeoNickel project, reported several typical bulk compositions for major and trace
elements [36]. Representative analyses of various Fe-Ni laterite deposits and occurrences
from Greece, as well as Albania, Serbia, and N. Macedonia (former FY.R.O.M.), completed
for some critical element contents are shown in the Tables 2-5. Cobalt contents in laterite
samples from Fe-Ni laterite deposits of Greece (Lokris, Kastoria, Palaiochori, W, Vermion,
Olympos, Edessa, E. Vermion, and Skyros), Albania (Bitincka, Guri Pergjegjum, and Kat-
jeli), Serbia (Topola), and N. Macedonia, former FY.R.O.M. (Rzanovo), range from 180
to 1600 mg/kg, reaching values over 3100 mg/kg Co at the lowest contact of the Lokris
bauxite laterite deposit with the carbonate basement (Table 2). In addition, it is clear that
the REE, U, and Th are mostly associated with bauxite-laterites and to a lesser degree with
Fe-Ni laterites of karstic-type, whereas in Fe-Ni laterites with in situ features, such as the
Kastoria and Bitincka, the XREE content is <10 mg/kg, which appears to be consistent
with their mineralogical composition (Figure 3e,f). In particular, the lowest part of the
deposit lying on karstified Jurassic limestone is accompanied by an enrichment in ZREE,
reaching values over 6000 mg/kg YREE, 66 mg/kg U, 25 mg/kg Th, and 1800 mg/kg As
(Table 2). In general, the Co grades in the Balkan Peninsula range between 0.02 and 0.16%
wt% Co and show a positive correlation with Ni and Mn (Figure 8). The majority of the Sc
contents of lanthanides were 32-90 mg/kg in the Lokris deposits; 41-77 mg/kg Sc in the
Kastoria, Palaiochori, and W. Vermion deposits; 30-82 mg/kg Sc in the Olympos, Edessa,
E. Vermion, and Skyros Fe-Ni laterite occurrences; and 12-96 mg/kg Sc in the Albania,
Serbia, and N. Macedonia, former FEY.R.O.M., deposits (Tables 2—4). Increasing Fe contents
are accompanied by elevated Sc, the best positive correlation between Sc and Fe being
evidenced in the Lokris deposit and W. Vermion (Tables 2-5 and Figure 9).
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Table 2. Major and trace element contents in representative Fe-Ni & Co laterite and bauxite laterite samples from the Lokris and Evia deposits.

LOKRIS LOKRIS LOKRIS EVIA
Profile from top to underlying base of carbonates Bauxitic laterite Fe-Ni laterite Fe-Ni laterite
wt% N-3H N-3D N-3C N-3Ba  N-3Bb N-2B N-1Ba N-1Bb | LAR4 N-18 N-20 N-22 N-32 N-36 N-11 N-14 N-15 N1l6 N-17 Ev.l Ev.2
SiO, 1.85 24.2 23.1 115 19.6 15.9 19.5 20.2 11.6 5.1 74 5.8 5.6 20.9 34.0 24.1 23.8 31.2 19.5 26.8 159
Al O3 441 20.3 18.8 43.8 224 16.1 23.6 24,1 36.4 33.6 40.5 29.9 31.2 25.2 8.6 6.7 16.9 7.1 6.25 5.8 7.1
Fe, O3 40.6 35.3 34.6 1.6 21.1 39.8 19.1 20.1 30.1 46.1 34.8 50.6 47.1 359 423 53.9 33.6 42.8 61.8 45.1 57.3
TiO, 2.7 1.1 1.25 0.03 0.55 0.35 04 0.38 1.9 2.25 2.6 1.95 1.95 1.25 04 0.3 1.2 0.37 0.3 0.13 0.12
CaO 0.15 0.2 041 3.3 1.6 0.95 0.55 0.6 2.8 0.6 0.15 0.1 0.2 0.3 0.35 0.5 3.1 2.2 0.3 14 0.5
MgO 0.25 3.6 34 0.25 2.14 1.25 1.2 1.6 24 0.7 0.85 0.95 1.2 3.7 34 2.8 3.8 44 2.3 0.03 0.1
MnO 0.17 0.3 0.1 0.8 0.4 0.55 0.75 0.69 0.2 0.17 0.12 0.15 0.25 0.22 0.4 0.2 0.18 0.3 0.32 0.12 0.4
mg/kg
Ni 800 18,000 16,000 35,000 28,000 21,000 30,000 35,000 | 25,000 2700 2700 4600 4300 9700 4700 5500 22,000 5900 4400 8100 12,000
Cr 4900 11,000 13,000 340 5700 3500 3800 3900 9100 7000 8700 8300 5300 4400 19,000 16,000 10,000 23,000 17,000 | 20,000 22,000
Co 57 2200 430 3100 1400 1400 2200 2200 580 280 230 300 560 1400 510 470 750 520 410 590 830
As 230 140 200 12 790 1800 680 130 140 240 130 250 300 2600 2.0 2.0 6.0 12 5.0 2.0 2.0
Sc 90 58 49 13 34 32 45 44 45 74 69 79 76 68 46 56 47 41 55 60 67
La 56 144 172 2510 1570 2740 2420 2370 73 115 72 79 176 129 15 9.0 39 8.0 19 4.0 5.0
Ce 207 126 84 401 242 292 351 348 107 164 132 128 313 1030 50 25 72 44 67 57 40
Nd <10 110 160 2040 1460 2740 2250 2690 50 70 60 50 80 140 10 <10 30 <10 10 <10 <10
Sm 3.6 24 34 401 233 404 391 385 9.9 12 11 9.7 11 30 2.7 1.2 5.6 1 1.8 0.9 0.8
Eu 1.2 6.5 9.2 89 54 91 97 95 2.4 3.6 3.9 4.1 2.8 8.7 0.7 0.3 1.2 0.5 0.5 0.4 0.3
Tb 1.0 4.0 49 33 30 38 35 32 0.9 1.8 1.8 1.0 2.1 4.5 <0.5 <0.5 <0.5 0.6 <0.5 <0.5 <0.5
Yb 3.7 20.5 14.1 27 24 27 33 33 5.5 8.8 8.7 6.4 9.7 21 1.8 0.9 3.6 0.7 1.3 0.5 0.5
Lu 0.86 3.3 2.2 4.6 4.2 49 4.1 49 0.9 1.6 1.6 1.1 1.6 2.9 0.3 0.18 0.6 0.11 0.19 0.07 0.09
Th 25 12 <10 <10 <10 <10 <10 <10 9.5 28 31 21 15 10 2.2 1.1 7.0 1.0 2.2 1.7 1.2
U 6.9 13 18 66 41 46 58 58.4 5.6 15 14 17 12 7 <0.5 <0.5 4.2 <0.5 2.3 <0.5 <0.5
>REE 273 438 480 5506 3617 6337 5581 5958 265 377 291 279 596 1366 81 37 152 55 100 63 47
ug/k
gPt & <10 22 23 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 12 17 20 15 86 <10 19 13
Pd 1 19 9 5 5 5 3 3 <1 <1 <1 <1 <1 1 3 4 2 6 1 17 1
Au 18 14 36 <5 <5 <5 <5 <5 <5 <5 <5 <5 25 <5 <5 <5 <5 <5 <5 <5
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Table 3. Major and trace element contents in representative Fe-Ni & Co laterite and bauxite laterite samples from deposits of northern Greece.

KASTORIA PALAIOCHORI W. VERMION
Goethite zone \ Pisolitic zone Fe-Ni laterite Saprolite \ Fe-Ni laterite Saprolite Bauxitic laterite
wt% Ka-4a Ka-4b Ka-5 Ka-6 Ka-7 Ka-8 P.G.2 PG.3 PR1 PR2 PR5 PR6 WV4 WV5 WV6 UR. PV1 PV2 PV3 PW4 PW5
5i0, 36.6 22.0 3.8 3.8 4.5 4.05 12.1 17.8 45 30 9.0 16.5 38 39 15.2 37 17.5 14.5 13 14 13
AlO3 1.2 22 3 51 1.8 3.4 47 54 0.5 0.2 3.34 13 3.6 1.8 12.5 1.0 29 32 31.9 32 37.4
Fe;03 441 54.8 77.6 77.6 62.3 78.2 67.5 62.6 18.6 7 65.2 78 428 31.6 58.9 11 36 36.8 324 39.6 33.5
CaO 525 0.56 0.2 0.3 0.6 0.1 3.6 54 0.3 18 0.5 0.4 0.3 0.7 0.38 0.5 0.8 0.8 0.6 0.9 0.9
TiO, 0.01 0.02 0.03 0.03 0.03 0.1 0.18 0.21 0.1 0.1 0.2 0.4 0.1 0.1 0.11 0.1 1.28 17 1.65 1.69 1.15
MgO 1.1 3.25 0.6 0.55 0.8 0.6 2.86 5.11 259 23.2 1.7 1.9 7.4 20 4.65 37 3.6 2.4 2.1 2.7 2.1
MnO 0.95 0.88 0.25 1.7 0.79 0.3 0.25 0.42 0.24 0.11 0.97 0.61 0.41 0.33 0.62 0.1 0.37 0.41 0.24 0.36 0.26
P,05 _ _ _ _ _ _ _ _ 0.01 0.01 0.01 0.1 0.05 0.01 0.01 0.06 0.48 0.31 0.27 0.32 0.2
mg/kg
Ni 8500 10,500 8000 9100 6800 4400 9000 17,800 5500 2200 15,000 6900 10,200 9500 7800 3100 5200 5200 6400 6400 4200
Cr 16,000 23,000 20,000 15,000 23,000 17,000 | 13,000 10,500 5800 2500 22,000 12900 11,500 11,400 11,000 3800 5500 4400 3800 4100 3600
Co 1100 1200 330 820 420 330 800 790 300 200 1300 700 500 400 820 340 400 320 400 400 400
Sc 23 41 66 65 55 42 77 75 2.0 5.0 68 60 50 56 58 6 29 64 68 65 70
As <2 <2 3 15 14 13 4 3 <2 <2 7 6 10 8 6 <2 7 11 12 8 10
La <1 <1 <1 <1 3.0 <1 19 10 2.0 3.0 18 29 19 15 170 2.0 103 115 114 117 212
Ce <3 <3 <3 <3 <3 <3 32 3 3 4 31 62 38 20 15 4 140 145 145 150 230
Nd <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 10 20 10 10 38 <10 33 35 36 33 75
Sm <0.5 <0.5 <0.5 <0.5 <10 <0.5 1.9 <0.5 <0.5 11 3.8 0.4 29 0.9 20 <0.5 12 14 17 18 29
Eu 0.4 0.5 0.3 0.3 0.3 <0.2 0.8 <0.2 <0.2 0.3 0.2 2.1 0.8 1.6 6.5 <0.2 1.8 22 2.8 34 4.7
Tb <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 0 <0.5 <0.5 14 0.7 <0.5 <0.5 <0.5 29 6.3
Yb <0.2 <0.2 <0.2 <0.2 <0.5 <0.2 1.5 <0.2 <0.5 0.6 2.5 42 3.3 24 14 <0.5 6 7 8 9 16
Lu <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 0.15 <0.05 <0.05 0.1 0.45 0.65 0.37 0.45 5.5 <0.05 1.1 1.3 15 1.6 2.5
Th <1 <1 <1 <1 <1 <1 6.3 <1 0.7 0.8 3.1 5.6 3.1 1.9 14 <0.5 19 20 17 18 28
U <1 <1 <1 <1 1.3 <1 <1 <1 0.9 0.9 3.6 4.8 1.6 1.6 3.2 <0.5 4.2 4.0 3.9 42 5.0
ng/kg
Pt 12 12 15 88 40 10 25 25 11 <10 82 56 34 28 39 <10 25 26 54 48 29
Pd 3 6 <1 <1 <1 <1 <1 6 5 <1 45 38 8 8 186 <1 5 4 10 7 5
Au <5 <5 <5 <5 9 <5 <5 <5 <5 <5 5 5 4 5 17 <5 5 5 15 16 7
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Table 4. Major and trace element contents from metamorphosed laterite occurrences of northern Greece.
OLYMPOS E. VERMION EDESSA SKYROS
wt% OL.1 OL3 OL.5x AK10 AL2 ST.B Ed.P10 Ed.P11 Ed.P3 Sk.3 Sk.4
510, 42 3.9 7.0 22.3 10.1 15.1 17.5 22.7 14.2 11 11.1
Al,O3 3.4 2.85 5.8 55 11.1 7.5 8.65 9.5 1.4 7.4 9.4
Fe, O3 58.34 59.7 65.64 44.4 67.8 54.8 59.5 52.2 67.65 63.52 59.63
TiO, 0.07 0.09 0.06 1.28 1.8 0.15 0.27 0.31 0.2 0.21 0.27
CaO 0.07 0.05 0.05 7.0 0.05 1.9 0.46 2.4 0.1 <1 <1
MgO 3.4 2.87 435 3.6 1.05 11.5 3.25 3.5 7.05 24 2.05
MnO 1.05 0.77 0.27 0.37 0.05 0.49 0.58 0.38 11 0.36 0.16
P,0s5 0.21 0.15 0.17 0.31 0.26 0.28 0.45 0.38 0.41 _ _
mg/kg
Ni 8600 9300 16,000 5200 1600 8900 9500 6300 11,000 9800 10,000
Cr 91,000 82,000 20,000 10,000 25,000 17,000 9600 7400 39,000 22,000 23,000
Co 300 320 1200 400 180 1100 800 430 1200 360 320
Zn 340 430 850 500 89 500 60 70 290 60 110
Sc 31 30 28 57 67 59 82 80 30 64 61
As 7.0 8.0 19 57 16 22 4.0 2.0 17 2.0 24
La 1.0 1.0 10 11 44 18 75 40 13 6.0 8.0
Ce 3.0 3.0 19 32 95 28 70 76 40 14 23
Nd <10 <10 <10 10 40 10 49 30 10 <10 <10
Sm <0.5 <0.5 1.5 29 8.2 44 7.8 55 4 1.1 1.2
Eu 0.6 0.9 0.6 0.5 3.0 0.8 0.3 1.5 0.5 <0.2 0.6
Tb <0.5 <0.5 <0.5 0.6 1.1 35 0.5 0.6 0.6 <0.5 <0.5
Yp 1 0.5 0.9 1.3 3.7 9.0 1.8 1.6 0.6 0.9 11
Lu 0.19 0.05 0.05 0.18 0.6 1.22 0.22 0.23 0.05 0.16 0.15
Th 0.6 <0.5 1.0 19 20 <0.5 4.0 3.7 2.6 3.6 2.8
U 0.5 23 0.6 4.2 3.9 2.8 21 2.6 1.8 1.0 1.0
ug/kg
Pt <10 59 38 58 33 10 10 10 48 <10 48
Pd 1.0 2.0 2.0 9.0 1.0 6.0 26 23 22 25 22
Au 2.0 8.0 19 11 13 20 3.0 3.0 15 5.0 15
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Table 5. Major and trace element contents in representative Fe—-Ni & Co laterite deposits from Albania, Serbia, and N. Macedonia (former F.Y.R.O.M.).
ALBANIA SERBIA N. MACEDONIA
Bitincka Gouri-Perjuegjiun | Kajeli [ Katjeli [ Topola Topola | former EYR.O.M,,
Ser. Hartz. Fe—Ni ore Ser. Hartz. Fe—Ni ore Fe—Ni ore Fe—Ni ore Rzanovo Rzanovo
Bi.52 Bi.46 Bi.45 Bi.44 Bi.43 G.P42 G.P.39 G.P40 G.P41 K.01 ‘ K.02 Yu3 Yu4 RZ1 RZ2
wt%
SiO, 37.8 17 5.9 7.9 6.0 37.5 3.5 4.0 4.0 28.44 26.32 19.5 20.8 29.6 12.8
ApOs 0.7 2.25 6.1 6.75 6.5 0.15 2.75 4.0 29 7.15 6.05 5.4 52 54 44
CaO 1.65 2.15 0.3 0.35 0.4 0.2 0.55 0.15 0.15 3.57 8.92 0.05 0.1 0.4 0.3
Fe, O3 7.8 56.6 71 66.5 69.8 7.6 80 77.3 81.4 44.62 42.66 51.77 61.65 41.3 58.9
TiO, 0.01 0.03 0.08 0.05 0.05 0.01 0.15 0.1 0.13 0.18 0.21 0.1 0.3 0.4 0.15
MgO 34.1 5.56 1.15 1.45 1.35 37.2 1.0 0.7 0.75 2.08 1.27 5.7 3.8 8.8 10.2
MnO 0.1 0.19 0.17 0.81 0.27 0.1 0.36 0.26 0.29 0.45 0.27 0.05 0.1 0.2 0.45
mg/kg
Ni 2000 16,000 7200 13,000 9800 2000 13,000 8600 6600 11,000 9100 5500 9200 5100 8200
Cr 3100 26,000 17,000 19,000 21,000 2500 22,000 35,000 26,000 22,500 20,000 21,000 17,000 25,000 15,000
Co 120 960 650 800 410 100 570 550 390 600 600 250 250 260 990
Zn 70 650 310 680 410 100 510 400 180 370 350 330 90 150 430
Sc 12 14 52 70 89 8.0 71 96 68 41 31 60 57 30 56
As 2.0 11 10 5.0 3.0 <2 32 31 25 4.0 5.0 12 2.0 3.0 2.0
La <1 5.0 3.0 1.0 1.0 <1 5.0 1.0 1.0 9.0 6.0 6.0 4.0 6.0 3.0
Ce <3 28 27 <3 <3 <3 53 <3 <3 7.0 9.0 9.0 5.0 12 4.0
Nd <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10
Sm <0.5 <0.5 0.6 <0.5 <0.5 <5 1.2 <0.5 <0.5 1.5 1.1 0.6 0.7 1.1 0.5
Eu 0.3 0.3 0.4 <0.2 <0.2 <2 0.6 0.6 1.0 <0.2 <0.2 <0.2 <0.2 0.3 <0.2
Tb <0.5 <0.5 <0.5 <0.5 <0.5 <2 0.7 0.3 1.0 0.9 0.6 <0.5 <0.5 <0.5 <0.5
Yb <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 0.7 0.3 <0.2 0.9 0.6 0.5 0.6 0.3 0.3
Lu <0.05 <0.05 0.13 <0.05 <0.05 <0.05 0.11 0.09 0.05 0.08 0.12 0.06 0.07 0.1 0.08
Hf <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 1 0.5
Th <0.5 <0.5 <0.5 1.9 <0.5 <0.5 1.6 <0.5 <0.5 24 2.3 0.7 0.6 0.9 <0.5
U <0.5 41 5.0 <0.5 <0.5 <0.5 1.6 47 <0.5 <0.5 <0.5 <0.5 0.8 0.5 <0.5
ug/kg
bt <10 26 31 41 27 <10 28 41 40 16 31 76 81 16 19
Pd 3.0 14 8.0 16 12 <1 <1 <1 <1 9.0 13 25.0 23 12 10
Au <5 <5 <5 <5 <5 11 <5 <5 <5 7.0 6.0 10 10 <5 5.0
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Figure 8. Plots of Co versus Ni and MnO from the Lokris (a,b), and other Fe-Ni laterite deposits
from Greece, Albania, Serbia, and N. Macedonia, former FEY.R.O.M. (c,d), revealed the pronounced

positive correlation between Co and Ni, Mn at the lowest parts of the Lokris deposit, near the contact
with the carbonate basement. Data from Tables 2-5.
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Figure 9. Plots of Sc versus Fe,O3 for Fe-Ni laterites and bauxite laterites from the Balkan Peninsula. The best posi-
tive correlation between Sc and Fe is observed in the Fe-Ni laterite deposits of Lokris (a) and W. Vermion (b). Data

from Tables 2-5.

Assuming that values >1 and <1 are called positive and negative anomalies, respec-
tively, chondrite normalized REE patterns show in general negative slopes from La-Eu and
slight positive slopes from Tb-Lu for the Fe-Ni laterites and bauxite laterite samples from
the Lokris and Evia (Figure 10a) and W. Vermion (Figure 10b), except the samples from the
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lowest part of the Lokris deposit, showing a negative Ce anomaly (Figure 10a). In addition,
a positive Nd anomaly in the later samples is observed that seems to be consistent with the
occurrence of (hydroxyl)bastnaesite-(Nd) and (La,Nd,Y)-bastnaesite (Figure 3e,f) [26,29,30].
Laterites from W. Vermion are characterized by positive Ce and Eu anomalies. In general,
negative slopes are a common feature of the chondrite normalized REE patterns of laterites
from northern Greece (Figure 10c), Albania, Serbia, and N. Macedonia, former EY.R.O.M.
(Figure 10d), with varying positive and negative anomalies.
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Figure 10. Chondrite normalized REE-patterns for average values of samples from Fe-Ni laterites and bauxite laterites,
from the Lokris and Evia (a), Palaiochori and W. Vermion (b), Olympos, E. Vermion, Edessa, and Skyros (c) and Albania,
Serbia and N. Macedonia (former F.Y.R.O.M.) (d). Data from Tables 2-5.
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In general, the PGE content, reaching up to 88 ng/kg Pt and 45 pg/kg Pd (up to
186 ng/kg Pd in one sample), is higher in Fe-Ni £ Co laterites than in bauxite laterites
(Tables 2-5 and Figure 11d-f) and bauxites [37]. A common feature of the studied deposits
from the Balkan Peninsula, including two Fe-Ni laterite profiles from the Gouri-Perjuegjiun
and Bitincka deposits of Albania, the Kastoria, and W. Vermion laterites, is the higher
Pt than Pd contents in ores compared to parent peridotites, their concentration mostly
occuring in the pelitomorphic and pisolitic—oolitic types (Tables 2-5) [16,18].
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Figure 11. Plots of Pt and Pd versus MnO (a-c) and chondrite normalized PGE patterns for Fe-Ni laterites and bauxite from
W. Vermion and Lokris (d—f). Data from Tables 2-5.

Any relationship between Sc and Pt or Pd is not clear, but there is a positive trend
in the laterite samples from W. Vermion (Figure 12a,b), whereas both Pt and Pd exhibit a
negative trend with the REE (Figure 12b). In contrast, there is a positive trend between
the XREE and Th, U, and P,0Os contents (Figure 12c—e), as well as between Sc-P>05
contents (Figure 12f).
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Figure 12. Plots of Pt versus Sc and REE (a,b); Th and U versus ZREE (c,d), and ZREE, Sc versus P,Os (e,f). Data

from Tables 2-5.
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4.2. Environmental Impact from Mining and Smelting of Fe—Ni Laterites

Integrated approaches to the soil-groundwater—plant/crops compositional variations
related to the weathering of rocks/ores, mining, and smelting of laterites and the prelim-
inary results of leaching experiments of Fe-INi laterite have been presented in previous
publications and will be discussed. Furthermore, BSE images from the unpolished parts of
the Nissi (Lokris) bauxite laterite ore are given in the present study (Figure 4) in order to
discuss the role of organic matter into heavy metal biomobilization and biomineralization
in soil and the contamination of groundwater affected by rock/ore weathering and mining
of laterite deposits.

4.2.1. Metallurgical Residues (Slag)

The result of the reductive smelting of the laterite is the formation of two separate
phases, the metallic Fe-Ni and the slag residue. Bulk chemical analyses of representative
samples of pyro-metallurgical residue (slag96 and slag14 samples) from the Larymna plant,
indicated a significant Cr content (Table 6).

Table 6. Chemical composition of slag (smelting residue) from Fe-Ni—Co laterites, Larymna plant, Lokris.

Detection Detection
mg/kg Slag96 Slag14 limit mg/kg Slag96 Slagl4 limit
Cu 16 15 0.5 Yb 1.0 1.1 0.5
Pb 5.0 6.2 0.5 Lu 0.5 0.5 0.5
Zn 180 92 5 Nb 4.3 4.1 0.5
Ni 2400 930 0.5 Y 16 15 0.5
Co 210 110 1 Hf 1.3 14 0.5
Mn 2700 2820 5 ug/kg
Cr 19,000 20,600 1 Pt <10 <10 10
As 12 6 5 Pd <1 <1 1
U 3.1 2.6 0.5 Au <5 <5 5
Th 5.8 5.3 0.5 wt%
A% 250 260 10 Si 15.6 14.5 0.01
Zr 39 43 0.5 Fe 29.60 27.88 0.01
Sc 51 50 1 Al 2.81 3.97 0.01
La 20 16 0.5 Ti 0.07 0.17 0.001
Ce 39 27 5 Mg 3.70 5.15 0.01
Nd 10 10 10 Ca 2.58 3.97 0.01
Sm 2.3 3.3 0.5 Na 0.08 0.07 0.01
Eu 1.0 1.3 0.05 K 0.30 0.29 0.01
Tb <0.5 <0.5 0.5 S 0.16 0.17 0.05

However, preliminary results have shown that the Cr(VI) concentrations in water
leachates from the metallurgical residue (slag) of Fe-Ni laterite samples from Lokris were
very low (below 1 pg/L) [31].

4.2.2. Concentrations of Cr(VI) in Water Leachates for Fe-Ni Laterites and Bauxite Laterites

Preliminary results of the water leaching experiments for Fe-Ni laterite ores have
shown very low Cr(VI) concentrations in the samples from Lokris and up to 1200 pg/L
Cr(VI) in samples from the Kastoria deposit [31]. Further leaching experiments carried
out in the present study for Fe-Ni laterite deposits from the Balkan Peninsula showed
significant Cr(VI) concentrations in certain laterites from W. Vermion, the Bitincka, and
Guri- Pergjegjum (Albania) deposits and bauxite laterite samples from the lowest parts of
the Nissi deposit at Lokris (Table 7).
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Table 7. Concentrations of Cr(VI) in water leachates for Fe-Ni laterites and bauxite laterites from the Balkan Peninsula.

Present study and [31]. Symbol * = samples analyzed in a previous study.

Location Sample Cr(VD) Location Sample Cr(VID)
I.D. (ug/L) I.D. (ug/L)
Kastoria Guri-Pergjegium
Pisolitic z. Ka-7 * 750 Pisolitic z. G.P40 40
Ka-6 460 G.P41 50
Ka-5 500
Goethite z. Ka-4 * 1200 Goethite z. G.P.39 60
W. Vermion Lokris
Pisolitic z. W.V5 7 Laterite LT-18 * 1.8
W.V.6 26 LN-12* 1.3
W.V.P2 12 LN-15* 0.6
Goethite z. W.v4 <4 LN-1* 0.7
Bitincka Bauxite laterite LARA4 140
Pisolitic z. Bi43 27 N3A 10
Bi44 90 N3B 21
Bi45 17 N-9A 200
N-9B 60
Goethite z. Bid7 4 N-P1 24
N-P2 66

5. Discussion

The development of critical elements” production from local sources is considered to
be crucial in view of the future needs of industry in the EU [1]. The investigation of critical
metals in the frame of research projects, including the ProMine databases and EURARE
provide geological information and mineral resources for mineral deposits, mines, and
mining wastes and their assessment in relation to the importance of laterites for the EU
economy [1-8,27]. Although the production of Co in Europe is derived from magmatic
sulfide deposits, volcanogenic massive sulfides (VMS), hydrothermal deposits, and the
black shale-hosted deposit in Finland and Sweden, the Fe-Ni—Co laterite deposits may be
a potential resource for Co as well [6,9,11].

5.1. Cobalt Potential in Fe—Ni Laterites and Genesis of Co-Bearing Minerals

In hydrous Mg silicate type of deposits Ni and Co are higher in the lower part of the
saprolite, where nickel is hosted by Ni-bearing layer silicates, often referred to as garnierite
and Al-Ni-Co-Mn silicates [23,38]. The best-known example of this sub-type is the Goro
deposit in New Caledonia, which has a resource of 323 million tons, grading 0.11% Co
and 1.48% Ni [11]. In the clay silicate sub-type of laterites, Ni and Co are enriched in clay
minerals such as saponite and smectite in the mid to transition zone between the saprolite
and the limonite zone. Murrin Murrin in Western Australia is a good example of a large
Ni—Co deposit of this type. It has a combined resource of 231 million tons, grading 1.01% Ni
and 0.08% Co [39]. However, in the Balkan Peninsula and Turkey, Co grades and tonnages
are low compared to other deposits in New Caledonia, Australia, and Cuba [9].

The Fe—Ni laterite deposits in Greece account for about 80% of the nickel production
in the the Balkan Peninsula [40], while the Co reserves reported for the Fe-Ni—Co laterite
deposits in Greece contain almost 50,000 tons, including the Lokris, Evia, and Kastoria
deposits [22,41]. The cobalt contents in Fe-Ni laterite deposits of the Balkan Peninsula
rane from 180 to 1600 mg/kg Co and reach values over 3100 mg/kg Co at the lowest
contact of the Lokris bauxite laterite deposit with the carbonate basement, which also
yield the highest (0.8 wt%) Mn content (Table 2). In the Kastoria laterite deposit and at
the lowermost parts of the Lokris Fe-Ni laterite and bauxite laterite deposits, the highest
Co, Mn, and Ni contents (Table 2 and Figure 7) are mostly hosted in Ni—Co lithiophorite
replaced commonly by asbolane and manganomelane, which are more abundant towards
fractures [15,17,18,24,29].
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The presence of fragmented (Co, Mn, Ni)-hydroxides cemented by secondary silicates
at E. Vermion and the replacement of serpentine by Ni serpentine (Figure 6) suggest that
the Ni enrichment event post-dated that of the (Co, Ni, Mn)(OH), fragmentation. There
is a wide compositional variation in the (Co, Mn, Ni)(OH); and an excellent negative
correlation between MnO and the sum (CoO + NiO) (Table 1; Figure 7) with the highest Co
content (54 wt% CoO) of an unknown Co-hydroxide occurring towards the central parts of
the concentric aggregates (Figure 6). Those (Co, Mn, Ni)-hydroxides appear clearly post-
dated the transformation (schistosity) of main Fe-Ni laterite ore (Figure 6). The occurrence
of the nickel hydroxides [Ni(OH);] in nature is rare. Theophrastite and Ni(OH), were
discovered in the metamorphosed laterites of the E. Vermion [35], and subsequently, it was
described in chromitites from the Hagdale Quarry, Unst, Shetland Islands [42]; in nickel
ores of the Lord Brassey mine, Tasmania, Australia [43]; and elsewhere [44]. Although a
significant mutual substitution of Mn?2*, Ni%*, and Co?* is facilitated in those hydroxides,
due to the similarity in their ionic radius, Co?* (0.72 A), Ni2* (0.69 A), and Mn?* (0.80 A),
they are very rare in nature [45]. The association of (Co, Mn, Ni)(OH), and Ni(OH); in
the studied deposits may reflect a common origin, subsequently of a strong late tectonic
evolution, which obscures earlier deformation events. The formation processes of the
Ni-hydroxide have been attributed to alkaline (in the pH region of 7 to 8) conditions due
to the neighboring limestone and to the low temperature (<200 °C) [46]. However, the
extremely tiny crystal size of these hydroxides and the unnamed Co-dominant hydroxide
require further research and interpretation.

5.2. The Co, Mn—Zn-Bearing Fe Chromite

A (Mn, Zn, Co) enrichment in the Fe chromite of zoned chromite grains (Figure 5g,h),
due to the substitution of Mg?* and Fe?* by Mn, Zn, and Co in the chromite lattice
(Figure 4i), has been recorded only in certain Ni laterite deposits and has been attributed
to the availability of Mn?2*, Zn?*, and Co?* in solution and to the Eh and pH conditions,
probably during diagenetic and meta-diagenetic stages of the laterite ore [19]. The lack of
any significant Mn, Zn, or Co enrichment and Fe chromite along cracks or peripheral parts
(Figure 5c,e) of chromite hosted in laterite ores from the Palaochori and Katjeli deposits,
hosting abundant fossilized organic matter (Figure 5a,b,d) may reflect a significant role of
the organic matter in the reduction of metals (Figure 5i). Nevertheless, the small portion
of chromite grains or fragments in Fe—Ni laterites and the occurrence of elevated Co in
small Fe-chromite zones of certain laterite occurrences only (E. Vermion, Olympos, Edessa,
Skyros Island) suggest that they must be considered a negligible source for Co production.

5.3. REE and Sc Potential and Their Genetic Significance

The highest productive potential of REE in the EU is recognized for alkaline igneous
rock deposits (Sweden, Greenland /Denmark), while a smaller potential is known for skarn
hydrothermal deposits and iron oxide-apatite deposits (in Sweden). Small carbonatite
deposits are known in Finland and Germany, while small placer deposits are located in
Spain [1,8]. In general, karst-type Fe-Ni laterites display REE contents ranging from a few
tens to thousands of mg/kg, depending on the site of the Ni laterite samples along vertical
profiles and on the post-deposition processes that affect their composition. Specifically, the
Fe-Ni laterites lying on peridotites such as the Kastoria, Bitincka, and Guri-Pergjegjum
(Albania) deposits show a low REE content, in contrast to the lowest part of the Lokris
deposit lying on karstified Jurassic limestone, exhibiting an enrichment in ~REE, reaching
values over 6000 mg/kg ~REE, 66 mg/kg U, 25 mg/kg Th, and 1800 mg/kg As (Table 2).
Such elevated REE content, along with Co, Mn, and Ni, may indicate the mobilization of
these metals under reducing and acidic conditions, and subsequently, redeposition under
alkaline conditions at the lowest parts at the contacts between laterites and carbonate rocks,
which is supported by the presence of the authigenic REE minerals (hydroxyl)bastnaesite-
(Nd) and (La, Nd, Y) bastnaesite at the Lokris deposit (Figure 3e,f); [26,30].
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The difference between the REE patterns of the laterite samples from the lowest part
with a negative Ce anomaly and the upper parts of the Lokris deposit with positive Ce
anomalies (Figure 10a) may reflect the oxidation of Ce>* to Ce** and its incorporation into
other Ce-rich minerals [26]. In addition, a good positive correlation between the ZREE
and P,Os content (Figure 12e) may suggest the existence of secondary phosphate minerals
in the Vermion laterites, which have a significant PoOs content (Tables 3 and 4). Thus,
Fe-Ni + Co laterites in the Balkan Peninsula may contain a significant REE potential, but
it is probably controlled by the redox and pH conditions during the mobilization and
reprecipitation processes that caused metal leaching and residual enrichment throughout
deposit profiles and REE concentration at the lowest parts of the deposits [26,30,47].

Scandium, another critical element, is classified as a rare earth element by the Interna-
tional Union of Pure and Applied Chemistry, but although all the other REEs are present
in certain deposits, the Sc content may be insignificant [48]. Due to the similarity of the
Sc ionic radius with that of Mg?* and Fe?*, which is smaller than that of any other REE, it
is mainly hosted in clinopyroxenes, in contrast to the REE-minerals [48]. After pyroxene
breakdown, Sc is released into percolating water where it is transported and exhibits a
positive correlation with Fe,Os (Figure 9), suggesting its association with the Fe-oxides
in laterites. It is low (0.6 to 12 mg/kg) in weathered peridotites and saprolite zones, but
in laterite ores, it varies from 41 to 79 mg/kg (average 60 mg/kg) (Tables 2-5) [16,18,49].
Higher Sc contents, about 120 mg/kg (average approximately 70-80 mg/kg Sc) have been
recorded in the Fe-Ni laterites from Cuba and the Dominican Republic [12]. Thus, assum-
ing that Sc can be produced as a by-product of metallurgical processes or from tailings
and residues [49,50], resources with more than 20 mg/kg, such as Fe-Ni laterites from the
Balkan Peninsula can be considered as a Sc source.

5.4. Genetic and Economic Significance of PGE

The total PGE contents in Fe-Ni laterites around the world are in the range of less than
100 ug/kg to up to a few hundred pg/kg [51,52]. However, lateritic crust with 2 mg/kg
PGE over the Ora Banda Sill in Western Australia has been reported [53], as well as
more than 4 mg/kg PGE from Burundi [54]. In general, the platinum-group element (PGE)
content, reaching up to 88 pug/kg Pt and 186 ug/kg Pd is higher in Fe-Ni + Co laterites than
in bauxite laterites (Tables 2-5 and Figure 11d—f), bauxites [37], and chromite concentrates
from ultramafic rocks [55]. A common feature of the studied deposits from the Balkan
Peninsula, including two Fe-Ni laterite profiles from the Gouri-Perjuegjiun and Bitincka
deposits of Albania, the Kastoria, and W. Vermion, is the higher Pt than Pd contents, higher
(Pt + Pd) contents in ores compared to parent peridotites, and their concentration mostly in
the pelitomorphic and pisolitic—oolitic types (Tables 2-5) [16,18]. Although PGE-bearing
or PGE minerals were not identified yet in laterites of the Balkan Peninsula, the elevated
PGE content in those laterites, and the presence of PGE-bearing mineral compounds at the
border of secondary Fe oxide(s) grains elsewhere [12] support the PGEs’ mobility during
weathering [56-60]. The higher solubility and mobility of Pd compared to that of Pt [61]
may be reflected in the observed decoupling between Pt and Pd in the allochthonous
laterites, as is exemplified by the higher value of the Pt/Pd ratio in the laterite deposits
than in the lowermost part of the Lokris deposit (Table 2). In addition, it has been suggested
that high Eh (0.3-1.11 V) and low pH (3-5) conditions caused the mobility of PGEs with
subsequently incorporation into Fe oxides in laterites of southeast Cameroon [52]. The
occurrence of secondary PGM in laterite profiles support the mobilization of PGEs during
weathering, lateritization, and post-depositional processes [12,18]. Thus, the existence of
high Pt and Pd (up to 88 ug/kg Pt and 186 pg/kg Pd) in laterite samples from the Balkan
Peninsula, which are much higher compared to those in typical chromitites [62], may be
related to the mobilization of PGEs during weathering, lateritization, and post-depositional
processes. In addition, the chromium isotope data for laterite are limited, laterite samples
from the Lokris and Kastoria deposits have shown highly variable §>3Cr values ranging
from —0.2 in the former to 1.08 %o in the latter, while the average (1 = 3) of the §°*Cr values
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in water leachates was 0.79 %o for weathered ultramafic rocks [31], showing a negative
correlation with the Pt content (Figure 13).
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Figure 13. Plot of Pt versus 8%3Cr values for Fe-Ni + Co laterites, chromitites, and weathered
ultramafic rocks from Greece and the Dominican Republic. Data from [12,31,63].

Therefore, the redox processes have a significant effect on the Cr isotope fractionation
and the Pt distribution in laterites. The low Pt contents and the low §>Cr values in
chromitites may reflect mostly magmatic conditions (less redistribution), while the low
§°3Cr values and the relatively high Pt content in the Kastoria laterites suggest oxidation
of Cr to Cr(VI) during the redeposition of the laterite ore, the adsorption on goethite, and
the limited back-reduction to Cr(III). Assuming that during the reduction of the Cr(VI) to
Cr(ITI) the lighter chromium isotopes (*>Cr) are preferentially reduced, an enrichment of
53Cr relative to the values of °2Cr is recorded [29]. Thus, the lower Pt content and higher
§%Cr values in the Lokris deposits may indicate that Cr released from parent ultramafic
rocks and oxidized to Cr(VI) due to the presence of Mn-oxides [64] was subsequently
back-reduced to Cr(III) under more reductive conditions [29,65].

6. Environmental Risk from Laterite Ores

The environmental impact from metals/metalloids may be related to the mineralogical
and geochemical characteristics of the ore, the effect during mining, pre-concentration, and
smelting processes of Fe—Ni laterite ores. High Co concentrations have been reported in
mine waters and groundwater related to the weathering and dissolution of Co-bearing
sulfide ores and secondary minerals in regions of acidic pH, while in water flowing from
the leach plant at pH 2.9 may occur up to 34,400 mg/L Cr(VI) [66]. With exception of the
Bou Azzer deposit, where Co is the chief commodity [66], Co is almost always mined as
a by-product, including the Fe—Ni laterite deposits, the main product being Ni and Cu,
depending on the deposit type [66,67]. Cobalt’s aqueous geochemistry is dominated by +2
and +3 oxidation states, with Co®* being thermodynamically unstable and changing under
Eh—pH conditions [67]. Mining activity and the associated Co-bearing wastes are potential
sources of contamination by Co. However, knowledge gaps include the mechanism
and kinetics of secondary Co-bearing mineral transformation, the extent at which such
environmental cycling is facilitated by microbial activity, the nature of Co speciation across
different Eh—pH conditions and Co toxicity for human/ecosystems [66-68].
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6.1. Environmental Impact from Mining/Smelting Processes

The soil contamination by heavy metals (Cr, Fe, Mn, and Co) due to the weather-
ing/alteration of laterite deposits and parent ultramafic rocks, mining, and large volumes
of smelting residues (slag) and their transfer into groundwater and plants/crops is common
in many countries of the world [31,51,63-65,69].

Available data on the bioavailability and bioaccumulation of metal in C. Evia and the
Assopos-Thiva Basins contaminated by weathered ophiolites/laterite mining, agricultural,
and industrial activities have shown that the Cr content in plants/crops (dry weight)
ranges from <1 to tens of mg/kg, and it is higher in the roots compared to being poorly
transported to the shoots [69]. Another threat from the exploitation of Fe-Ni laterites may
be fine particles with a diameter of less than 10 microns (PM10) and of 2.5 microns or less
(2.5 PM), which are considered to be among the greatest health risk since they are deposited
and remain within the respiratory system [70]. The measuring and monitoring of PM10
and PM2.5 particles with distance from the dust source is required for the establishment of
background particulate levels to be used in the air quality modelling and health protection.
The processing for the production of Fe-Ni alloys at the Larymna plant is accompanied
by the production of millions of tons of slag and the emission of tons of fly ash and fine
dust collected in the anti-pollution systems [40]. The detailed investigation of slag and
fly ash from laterite smelting (Niquelandia, Brazil) has shown that leaching was highly
pH-dependent for both slag and fly ash, the highest releases of harmful elements occurred
between pH 3 and 7, and the fly ash was significantly more reactive, suggesting that the
disposal sites for the fly ash can represent a significant source of local pollution [70,71].

6.2. The Cr(VI) Concentrations in Water Leachates from Fe—Ni &= Co Laterites

Although Cr(IIl) is a required nutrient, the form of oxidized Cr(VI) is highly toxic,
very soluble, and causes serious health problems [72]. Thus, further Cr(VI) concentrations
in water leachates for the majority of Fe-Ni laterites were determined. The groundwater
from Neogene shallow aquifers (10-100 m) throughout C. Evia (Messapia), characterized
by the extensive presence of ultramafic rocks and F-Ni laterite deposits, contains over the
maximum acceptable level for Cryy,) in drinking water (50 pug/L), reaching up to 360 ug/L
Cr(VI) in irrigation water [63,69]. In addition, relatively high Cr(VI) concentrations are
known in the leachates of Fe-Ni laterites from the Kastoria deposit [31]. The present
study revealed significant Cr(VI) concentrations in leachates from the Gouri-Perjuegjiun
and Bitincka deposits of Albania and the W. Vermion laterites, all lying on weathered
peridotites, as well as in bauxite laterites from the Nissi—Patitira deposit (Table 7). The
latter bauxite laterite samples come from highly tectonized zones, towards the contact of
the deposit with carbonate basement, commonly grading from red to a gray, pinkish-white
color (Figure 4a). They are characterized by hundreds of mg/kg of As, elevated contents of
REE and Co (Table 2), while in laterites from Kasroria, W. Vermion, Gouri-Perjuegjiun, and
Bitincka deposits, the REE and As contents are relatively low (Tables 3 and 5). Since As in
soil, plant/crops, and drinking water is a crucial contaminant for human health and ecosys-
tems [72-74], the As oxidation state was studied in a bauxite laterite sample, by Synchrotron
Radiation (SR) spectroscopic techniques, and it was found to be adsorbed exclusively onto
goethite-type phases, occurring in the form of arsenate anions (AsO,>~) [30]. Although
there is still debate on whether the mineral is of direct organic or inorganic origin [75,76],
recent studies of the internal structure of framboids within a microbial biofilm suggest that
the organic matrix may play a central role in the nucleation of pyrite microcrystals that
form framboids [77,78].

6.3. The Role of Organic Matter into Biomobilization and Biomineralization

In general, the presence of organic matter and microorganism traces in highly tec-
tonized zones of the metamorphosed Fe-Ni laterites (Figures 3-6) may suggest the direct
involvement of microorganisms and appropriate conditions for metal bioleaching and
biomineralization [24,79-87]. It is well known that microorganisms of varying morphologi-
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cal forms produce enzymes which are considered to be a powerful factor to catalyze redox
reactions and act as nucleation sites for the precipitation of secondary minerals [83-87].
The negative §%S values (—25.0% to —26.2%0) [24] for sulfide-bearing samples and the
presence of bacterio-morphic goethite in the Lokris deposit (Figure 3) have been suggested
to reflect the existence of the appropriate conditions for metal bioleaching and biominer-
alization [24]. This review highlights that the occurrence of organic matter is a common
feature in many laterite deposits of the Balkan Peninsula, such as a sequence of carbon-rich
mudstones in Lokris and elsewhere [15], the Kastoria deposit (Figure 3), the Paleochori
and Katjeli deposits (Figure 5), and the E. Vermion metamorphosed laterite occurrence
(Figure 6). In addition, the Katjeli Fe-Ni deposit is conformably overlain by a Tertiary series
consisting of small beds of lignite and sandstone intercalations (Figure 2A). In the rework-
ing of laterites, due to the repeated marine transgression/regressions and its deposition in
a shallow marine environment [15,17,18,24], microorganisms which reduce Mn(IV) and
Fe(IIl) and use the gained energy for their growth [88,89] may facilitate the dissolution
of Mn(IV) and Fe(IIl) minerals under reducing and slightly acidic conditions, forming
aqueous Mn(II) and Fe(II) [90].

The negatively charged surfaces of bacteria cells offer extensive surfaces for biosorp-
tion of metals where elements with a higher positive charge are preferentially adsorbed [80].
Both the metabolic activity and the biomineral precipitation by organisms may play an
important role in trace element co-precipitation [77,81,82]. Thus, the described bacterio-
morphic goethite at the Nissi-Patitira deposits, coupled with the negative §*S values for
sulfide-bearing samples towards the top of the deposit [24] may suggest the existence
of the appropriate conditions for iron bioleaching, the top-down remobilization of the
laterite deposit, and the biomineralization at the contact with the carbonate basement [24].
The existence of significant As only in bacteriomophic goethite type in the Patitira-Nissi
deposits [26] and the presence of Cr(VI) in water leachates from such ore samples may
reflect that both bacteria and chemical processes may be invoked in the As and Cr redox
reactions, and the need for monitoring of the Cr(VI) content in groundwater aquifers
affected by the mining of Fe-Ni laterites. In addition, a quantitative relationship between
the Cr(VI) production rates and Cr(IlI) solubility of CrxFe; _(OH)3 has been established in
an attempt to predict Cr(VI) production rates at different conditions [81]. These authors
showed that soluble Cr(III) released from CrxFe; _»(OH)3 solids to aqueous solution can
migrate to MnO, surfaces and provide a major geochemical pathway for Cr(VI) occurrence
from Cr(IIl) in groundwater, soils, or sub-seafloor environments.

Therefore, the association on (Mn, Ni, Co)-hydroxides with fossilized organic material
(Figures 3—-6) may indicate that microbial metal cycling play an important role in controlling
the mobility of Co, Ni, REE, Sc, and PGE downward and their redeposition under alkaline
conditions, probably during post-depositional and diagenesis stages. Based on such
evidence on the biogeochemical cycling of Co, Mn, and Ni in several laterite deposits,
new bioprocessing techniques have been proposed to recover these metals [68,70,71]. In
addition, the investigation of the ability of organic matter in reducing Cr uptake by crops
irrigated with Cr(VI) water provides a way for the restriction of Cr transfer to plants/crops
from contaminated soils and irrigation water. Specifically, using organic matter in the
form of leonardite (an oxidized form of lignite), due to its high content of humic acid, is
considered to be a useful organic fertilizer that provides possibilities for combining food
production with soil protection [91].

7. Conclusions

The presented data combined with the review of the available geological, mineralogi-
cal, and geochemical features of Fe-Ni * Co laterites from the Balkan Peninsula led us to
the following conclusions:

e  The bulk ore analyses indicated that the Fe-Ni & Co laterites from the Balkan Penin-
sula are a potential source of nickel ranging from 0.21 to 3.5 wt% Ni, and of cobalt
ranging from 0.03 to 0.31 wt% Co. In addition, an average content of 55 mg/kg Sc,
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which is more than 20 mg/kg, and is considered as a Sc source suggests that laterites
are a potential source of Sc as well.

e In general, the REE potential in the Fe-Ni £ Co laterites of the Balkan Peninsula is
relatively low, but metal-leaching and reprecipitation of REE at the lowest parts of
the karst-type deposits, controlled by the redox and pH conditions, may result in a
significant REE content.

e  The existence of up to 88 ug/kg Pt and 186 nug/kg Pd in laterite samples from the
Balkan peninsula, which are much higher compared to those in typical chromitites
(the main collector of PGE in ophiolites) and the positive Pt-Fe,O3 correlation in the
goethite and pisolitic—oolitic zones of laterites, support the PGE mobilization during
weathering, lateritization, and post-depositional processes.

e  Present textural, mineralogical, and geochemical data on the Ni-Co laterite deposit
from the Balkan Peninsula with elevated Co, Mn, and Ni have evolved through the
redeposition and post-deposition processes rather than during lateritization.

e  The association on (Mn, Ni, Co)-hydroxides with fossilized organic material and the
interelement relationships may indicate that microbial metal cycling play an important
role in controlling their downward mobility and their redeposition under alkaline
conditions, probably during post-depositional and diagenesis stages.

e  The relatively high Pt content versus low §°>Cr values and high Cr(VI) concentrations
in leachates from the Kastoria laterite samples suggest the oxidation of Cr to Cr(VI)
during the redeposition of the laterite ore, the adsorption onto goethite, and the limited
back-reduction to Cr(Ill). In contrast, the Lokris laterite deposits with lower Pt content
exhibit higher §°*Cr values, suggesting that the oxidation of the released Cr from
ultramafic rocks into Cr(VI) is followed by a back-reduction to Cr(III) under more
reductive conditions.

e  The bioaccumulation of Cr in contaminated soil and irrigation groundwater coupled
with the elevated Cr(VI) concentrations in natural water leachates for Fe—Ni laterite
samples from the Kastoria, Bitincka, Guri-Pergjegjum, and Nissi-Patitira (Lokris)
deposits point to the potential human health risk and environmental significance
of an integrated water—soil-plant investigation of the Cr contamination in basins
surrounding laterite mines.
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