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Highlights

• Origin of compact magnetite hosted in ultramafic sequence of ophiolite complexes.
• Texture features and mineral chemistry distinguishing metamorphosed Fe–Ni laterites 

from altered chromite ores.
• Pathways of critical metals from weathered ultramafic rocks to metamorphosed

Fe–Ni laterites.

Abstract

The occurrence of compact magnetite within peridotites of Skyros Island (Greece) has 
been recorded, but its origin is still uncertain. Since critical metals (Ni, Co, Sc, PGE, REE) 
are a growing concern on a worldwide scale and may provide evidence for the origin 
of ores, their investigation in magnetite ore is the objective of the present investigation. 
The determination of major and trace elements in representative compact magnetite from 
Skyros and their detailed investigation using SEM/EDS provide some evidence of genetic 
significance. The presence of pisolitic–oolitic texture, chromite fragments in a spatial 
association, with a composition ranging from high-Al to high-Cr, and flat-shaped PGE 
patterns indicates the origin of compact magnetite ore by metamorphism of Fe–Ni laterites 
rather than alteration of chromite ore. Critical elements hosted in primary minerals of 
ophiolites during chemical and mechanical weathering are released easily, and subsequently 
they are incorporated into secondary minerals and are redistributed during subsequent 
re-deposition and metamorphism. The relatively low content of critical elements in Skyros 
compact magnetite may be related to low content in the source/ parent ophiolites and 
re-deposition of laterite crusts onto peridotites, suggesting a lack of a pH contrast at the 
base (lack of carbonates) to facilitate their precipitation.

Keywords: Fe–Ni laterite; re-deposition; critical elements; spinel; rare earth elements; 
platinum-group elements

1. Introduction
Compact magnetite of hydrothermal origin in ophiolite complexes is a widespread 

mineral, in association with apatite at tectonic contacts between a gabbroic rock and peri-
dotites, in the form of dykes within basalts or in association with Fe–Cu–Ni–Co sulfides 
hosted in ultramafic rocks, as well as Ti-magnetite of magmatic origin in cumulate gabbro 
of the magmatic sequence [1–7]. The compact magnetite ore consisting mainly of magnetite 
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surrounding chromite cores within peridotites in Olympos, Skyros (Stefanies or Peramata) 
and other ophiolites of northern Greece has been interpreted as magmatic, following the 
crystallization of chromite, but the origin of massive magnetite ore within ultramafic rocks 
of ophiolite complexes has not been established yet [4].

The mineralization associated with ophiolites in Skyros Island, like chromite, has been 
studied extensively [8–10]. However, the origin of compact magnetite within peridotites 
in the area of Stefanies or Peramata (Skyros) and compact magnetite fragments dispersed 
in the areas of Atsitsa, Agios Ioannis and Agia Alexandra of Skyros (Figure 1), probably 
coming from exploration for metals during the Second World War, is still unclear [4,11]. 
Although the dominant component of the massive ore from the above areas of Skyros 
is magnetite, some characteristics of Fe–Ni laterites have been identified as well. Since 
pseudo-autochthonous Fe–Ni deposits derived by the transportation and re-deposition of 
initial laterite crusts on peridotites are well known in the Balkan Peninsula [12–16], the 
location of compact magnetite occurrences within peridotites has been re-examined and 
re-interpreted recently [16]. Also, critical metals, such as platinum-group elements (PGE), 
rare earth elements (REE), nickel (Ni), cobalt (Co), and scandium (Sc), are a growing 
concern on a worldwide scale [17] and may provide evidence for the origin of ores; their 
investigation is a major topic of the present work. The objective of the present study is 
the analysis of representative compact magnetite samples for major and trace element 
composition, including critical elements [REE, PGE, Ni, Co, Sc; mineral chemistry and 
scanning along a back-scattered electron image of minerals. The principal contribution is 
an integrated reassessment of ore genesis and the potential pathways of critical metals to 
compact magnetite hosted in peridotites of ophiolite complexes.
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Figure 1. Simplified map of the geotectonic zones of the Hellenides showing the main ophiolite 
complexes of Greece, such as Orthrys, Vourinos, and Pindos. Symbols: Oph = ophiolites; Rh = 
Rhodope zone; Sm = Serbo–Macedonian Massif; CR = Circun–Rhodope zone; (Pe, Pa, Al) = Axios 
zone; Pl = Pelagonian zone; AC = Attico–Cycladic zone; Sp = Pindos zone; P = Parnassos–Giona 
zone; G = Gavrovou–Tripolis zone; I = Ionian zone; Px = Pakson zone (after Mountrakis, 1992) [18]. 
Metamorphosed Fe–Ni laterites are located to the east of the Pelagonian massif (Vermion, Edessa, 
Olympos and Skyros). (a) Simplified geological map of Skyros Island showing the major structural 
elements of Greece; (b) modified after [19]. Numbers: 1: Quaternary sediments; 2: upper Miocene–
lower Pliocene sediments; 3: Miocene volcanics; 4: limestones and flysch; 5: ophiolites; 6: upper 

metamorphic unit; 7: lower metamorphic unit; 8: sub-Pelagonian unit of NW Skyros. The symbol  
shows the sampling sites of magnetite-bearing ores (b); representative geological section, showing 
the schistose ore geometry, contact with peridotite from the area of Stefanies or Peramata (c).

https://doi.org/10.3390/min16111135

https://doi.org/10.3390/min16111135


Minerals 2026, 16, 1135 4 of 19

2. Materials and Methods
2.1. Sampling

Forty (40) thin-polished sections prepared from magnetite occurrences on Skyros were 
examined by transmitted and reflected light microscopy using a Zeiss Axioskop 40 optical 
microscope (Carl Zeiss MicroImaging GmbH, Göttingen, Germany), then carbon-coated 
and examined using a scanning electron microscope (SEM) JEOL JSMIT500 SEM instrument 
(JEOL USA, Inc., Peabody, MA, USA) equipped with an Oxford 100 Ultramax analytical 
device (Oxford Instruments, Abingdon, UK). The metamorphosed Fe–Ni laterite samples 
were collected from small occurrences, from the area of Peramata or Stefanies (coordinates: 
38° 54′ N and 24° 27′ E), while those from Agios Ioannis, Agia Alexandra and Atsitsa were 
not in situ (Figures 1 and 2). A minimum of two kg of samples was necessary for bulk 
analyses to approximate statistical homogeneity.

Figure 2. Photographs of hand samples showing multiple stages of pisolite-oolite development of 
metamorphosed Fe–Ni laterite samples from Stefanies or Peramata, Agia Alexandra and Agios Ioannis 
(a,c,d), and compact magnetite (b) of Skyros Island. The observed spherical silicate assemblages are 
a characteristic feature.

2.2. Analytical Methods
The geochemical analyses were conducted for major elements by X-ray Fluorescence 

(XRF; S4 Pioneer BRUKER AXS; Billerica, MA, USA) and the analyses for trace elements 
were conducted by Inductively Coupled Plasma–Mass Spectrometry (ICP-MS; Perkin-
Elmer SCIEX ELAN 6100; Waltham, MA, USA). For the bulk rock geochemical analyses, the 
samples were pulverized to <200 mesh in an agate mill. For ICP–MS analysis, aliquots of the 
pulverized samples were digested using an HCl–HNO3 –HF acid mixture. The geochemical 
analyses were performed in the laboratories of the Hellenic Survey of Geology and Mineral 
Exploration.

Carbon (C) and sulfur (S) contents were determined by combustion followed by 
infrared detection using a LECO CS230 Carbon/Sulfur Determinator (LECO Corpora-
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tion, St. Joseph, MI, USA) in the laboratories of the Hellenic Survey of Geology and
Mineral Exploration.

Examination of carbon-coated polished thin sections from the laterite samples was 
carried out at the Hellenic Survey of Geology & Mineral Exploration, using a JEOL JSMIT500 
SEM instrument (JEOL USA, Inc., Peabody, MA, USA) equipped with an Oxford 100 
Ultramax analytical device (Oxford Instruments, Abingdon, UK). Backscattered-electron 
imaging, element-distribution mapping, and point analyses were processed using AZtec 
software (version 6.0; Oxford Instruments NanoAnalysis, High Wycombe, UK). Analyses 
were performed at 20 kV accelerating voltage and 1.5–5 nA beam current, beam diameter 
< 1 μm, and with energy calibration against pure Co. The X-ray lines used for elemental 
identification and quantification included: OsMα, PtMα, IrMα, AuMα, AgLα, AsLα, FeKα, 
NiKα, CoKα, CuKα, CrKα, AlKα, TiKα, CaKα, SiKα, MnKα, MgK, EuLα, ClKα.

Platinum-group element 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 2 ppb for Os, Ir, Ru, Pt, and Pd, 1 ppb for Rh, and
5 ppb for Au. The SARM7 sample was used as a standard.

3. Geological Outline
The Fe–Ni laterite deposits in Greece are associated with ophiolites, remnants of 

the Tethyan oceanic lithosphere, and are mostly allochthonous, redeposited as marine 
sediments, and buried by later sedimentary rocks [12,13]. Skyros ophiolites (Figure 1) 
are mainly associated with the Eohellenic Nappe ophiolitic mélange and comprise highly 
consisting of serpentinized harzburgites, gabbroic rocks, dolerites, tholeiitic basaltic lavas 
have been determined as late Jurassic–early Cretaceous [19–22]. Small (1 m × 10 m) lens-
like redeposited Fe–Ni laterite occurrences at E. Vermion, metamorphosed to amphibolite 
facies, have been studied [4,15]. The tectonostratigraphic analysis of the formations related 
to the tectonic emplacement of the Hellenic ophiolites has shown an older age of ophiolite 
obduction from its external to its internal part of the Hellenides. Specifically, the timing for 
Skyros ophiolites (Figure 1b) has been determined as late Jurassic–early Cretaceous of the 
Vardar/Axios terrane [23,24].

An elongate, small (4 m × 7 m) lens of compact magnetite, near the contact with Cre-
taceous limestone, was found within peridotite near the contact with Cretaceous limestone, 
parallel to the thrust movement of a shearing zone (Figure 1c). Exploration for metals by 
excavation of surficial exposures left behind dispersed laterite fragments. Reserve tonnage 
is unknown. A common characteristic of all samples studied is their compact texture, the 
occurrence of pisolite-oolites, and the presence of chromite relics. In addition, they have 
been reworked due to repeated marine transgression and regression, deposited in a shallow 
marine environment, and affected by thrust faulting (Figures 1c and 2a–d).

4. Results
4.1. Mineralogical Characteristics
4.1.1. Chromite and Magnetite

Clastic chromite grains, inherited from the parent ophiolitic rocks of varying composi-
tion from high-Cr to high-Al (Figure 3; Table 1), and the presence of pisolitic–oolitic texture 
within magnetite ore (Figures 2 and 4) are salient features supporting the laterite origin, de-
spite its occurrence within peridotite. Detrital angular and rounded fragments of chromite 
are widespread within oolites and matrix, often showing a porous texture. Elevated Mn 
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contents, which reach the highest values (up to 6.2 wt.% MnO) at grain boundaries, and 
Zn contents (up to 2.1 wt.% ZnO) are common in Fe-chromite (Table 1; Figure 5).

Figure 3. Selected color back-scattered electron images (BSEI) of metamorphosed Fe–Ni laterite 
from Skyros, showing the wide compositional variation of chromite (a–d) and the porous texture of 
chromite grains (c). X-ray elemental maps (d1 –d3 ), showing differences in the intensity of color/com-
position. Abbreviations: Chr = chromite; Mag = magnetite; Srp = serpentine; Chl = chlorite.

Table 1. Representative electron SEM–EDS analyses of chromite cores, Fe-chromite rims and pure 
magnetite from the Skyros magnetite ore. Abbreviation: n.d. = not detected.

Chromite

Wt.%
SiO2 0.2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
TiO2 n.d. 0.2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.2 n.d.

Al2 O3 7.6 15.1 33.2 14.1 14 24.7 24.2 16.8 34.2 23.1 17.5 26.6
Cr2 O3 64.1 54.8 36 57 57.5 44.5 44.1 52.9 36 47.6 51.1 43.3
V2 O5 n.d. 0.3 n.d. n.d. n.d. 0.3 n.d. 0.3 0.3 n.d. n.d. n.d.
Fe2 O3 n.d. n.d. 0.5 n.d. n.d. 0.9 1.2 2.6 1.2 2.6 2.1 0.7
FeO 19.0 18.3 15.8 18.7 18.5 17.7 16.7 15.2 16.9 14.9 16.5 17.2

MnO n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.3 0.4 0.5
MgO 6.7 9.3 13.8 10.2 9.4 12.4 12.3 13.2 14.3 13.4 11.5 12.2
ZnO 0.4 0.3 0.4 n.d. 0.5 n.d. n.d. 0.4 0.3 n.d. n.d. n.d.
Total 98.0 98.3 99.7 100 99.9 100.5 98.5 101.4 103.2 101.9 99.3 100.5
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Table 1. Cont.

Chromite

Fe-
chromite

Mag-
netite

Wt.%
SiO2 0.4 n.d. 0.8 n.d. n.d. 0.9 n.d. n.d. n.d. n.d. n.d. 0.6
TiO2 n.d. n.d. n.d. n.d. n.d. 0.5 0.5 n.d. n.d. n.d. n.d. n.d.

Al2 O3 13.5 15.1 17.7 34 25.7 1.2 n.d. 2.3 1.6 n.d. n.d. 0.7
Cr2 O3 43.8 46.5 32.1 30.6 43.8 44.3 43.9 50.5 51.5 n.d. n.d. n.d
V2 O5 n.d. n.d. 0.3 0.3 0.3 0.8 0.7 n.d. 0.3 n.d. n.d. n.d.
Fe2 O3 9.7 6.1 16.3 4.3 0.5 18.4 18.3 16.3 14.5 67.4 67.0 66.8
FeO 26 26 26 18.3 23 23.5 24.6 22.0 27.8 30.3 30.2 28.9

MnO 2.5 1.9 2.3 0.4 0.4 5.8 5.5 6.2 6.1 n.d. n.d. 0.4
MgO 4.3 4.1 4.5 12.5 9.2 2.3 n.d. 2.0 1.8 n.d. n.d. 0.7
ZnO 0.6 0.4 1.6 0.4 0.3 2.0 2.1 1.1 1.0 n.d. n.d. n.d.
Total 100.8 100.1 101.6 100.8 103.2 98.7 95.6 100.4 104.6 97.7 97.2 98.1

Figure 4. Selected color back-scattered electron images (BSEI) of metamorphosed Fe–Ni laterite from 
Skyros, showing pisolitic–oolitic texture and the presence of abundant chromite within the matrix 
and oolites themselves (a–c); X-ray elemental maps (c1 –c3 ), showing differences in the intensity of 
color/composition. Magnetite occurs either as rims surrounding chromite cores, as large crystals 
without chromite cores, or as fine-grained magnetite. Abbreviations: As those in Figure 3.
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Figure 5. Scanning along a back-scattered electron image of zoned chromite showing relatively 
unaltered chromite core and Fe-enriched rim (a); the variation of Al, Cr, Fe, and Mn (b–e) highlights 
elevated Mn content at the periphery of a Fe-chromite, whereas within magnetite rim and chromite 
core it is negligible.

Magnetite occurs either as rims surrounding chromite cores, as large crystals without 
chromite cores, or as fine-grained (Figures 3 and 4). The gradual stacking of magnetite of 
varying density, shifting towards more compact ore (a few centimeters in size), was located 
in the area of Stefanies or Peramata (Figures 1c and 2b). Compact magnetite within such a 
small ore occurrence, along with a shearing zone with strong schistose peridotite, is pure 
(Table 1; Figure 2b). It is commonly associated with serpentine (Figure 6; Table 2) located 
in a matrix of various silicates (chlorite, serpentine, diopside, garnet).
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Figure 6. Pure magnetite concentrations associated with serpentine within metamorphosed laterite, 
(a); Enlarged figure (b). Abbreviations: Mag = magnetite; Srp = serpentine.

Table 2. Representative SEM/EDS analyses of silicates from the Skyros magnetite ore.

wt.% Srp Srp Ni-Srp Chl Grt Grt Grt Grt Di Di Di

SiO2 42.2 41.1 39.7 34.2 32.8 32.6 33.1 37.0 54.6 54.6 54.3
TiO2 n.d. n.d. n.d. n.d. 8.2 7.3 6.3 n.d. n.d. n.d. n.d.

Al2 O3 1.9 1.7 0.9 11.1 0.2 n.d. 1.1 1.8 n.d. n.d. n.d.
Cr2 O3 1 n.d. n.d. 0.4 0.8 1.0 1.1 0.8 n.d. n.d. n.d.
FeO 4.2 4.1 5.4 7.6 18.6 22.8 21.5 25.4 5.5 2.0 4.0
MgO 39.2 38.0 3.9 32.0 0.5 n.d. 0.5 n.d. 16.2 18.7 15.5
NiO n.d. 0.2 27.7 0.9 n.d. n.d. n.d. n.d. 0.2 n.d. n.d.
MnO n.d. n.d. 0.2 0.2 n.d. n.d. n.d. n.d. 0.5 n.d. 0.3
CaO n.d. n.d. 0.9 n.d. 34.7 33.1 33.1 33.8 24.2 25.6 26.2

Sc2 O3 n.d. n.d. n.d. n.d. n.d. n.d. 0.3 0.3 n.d. n.d. n.d.
Total 88.5 85.1 78.7 86.4 95.8 96.8 97.0 99.1 101.2 100.9 100.3

wt.% Chl Chl Chl Fe-Chl Fe-Chl Srp Srp Srp Srp Srp Srp

SiO2 34.6 34.2 35.6 24.9 25.5 41.8 39.1 38.1 37.0 36.8 36.8
TiO2 n.d. n.d. n.d. n.d. 0.13 n.d. n.d. n.d. n.d. n.d n.d

Al2 O3 12.8 11.3 10.8 17.0 18.6 1.7 4.1 5.6 7.3 6.9 7.8
Cr2 O3 0.6 1.5 1.9 0.5 1.3 0.4 0.7 1.1 1.0 1.2 0.5
FeO 9.3 6.7 4.6 38.1 28.1 3.3 3.4 4.6 4.5 5.6 4.6
MgO 31.1 32.6 34.8 5.1 10.0 37.7 35.9 36.1 36.4 36.1 36.0
NiO 1.0 0.8 0.6 2.3 4.1 0.5 0.6 0.4 0.3 0.2 n.d.
MnO 0.2 0.2 n.d. n.d. 0.9 n.d. n.d. n.d. 0.1 0.1 n.d.
Total 89.6 87.3 88.3 87.9 88.6 85.4 83.8 85.9 86.6 86.9 85.7

Abbreviations: Srp = serpentine; Grt = garnet; Chl = Chlorite; Di = Diopside; n.d. = not detected.

4.1.2. Silicates and Sulfides
The groundmass of magnetite ore is fine-grained and is composed mostly of magnetite, 

coarser clastic grains of chromite and silicates. Abundant silicate minerals include serpen-
tine, chlorite, diopside, garnet, calcite, quartz, alloys, and base metal sulfides (Figure 7). 
Nickel and Co are mostly hosted into newly formed Fe–Ni–Co sulfides, like pentlandite 
and Co-bearing pentlandite (Figure 8; Table 3).
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Figure 7. Selected color back-scattered electron images (BSEI) of metamorphosed Fe–Ni laterite 
from Skyros revealing texture relationships. The earlier formation and dominance of diopside com-
pared with intergrowths of garnet, chlorite, and Ni-serpentine associated with chromite and mag-
netite (a). The composition of chlorite ranges from low Fe content in the matrix to Fe-elevated 
within spherical concentrations (b) (Figure 2; Table 2). Abbreviations: Mag = magnetite; Chr 
= chromite; Di = diopside; Ni-Srp = nickel-bearing serpentine; Grt = garnet; Chl = chlorite;
Fe-Chl = iron-bearing chlorite.

Table 3. Representative SEM–EDS analyses of base metal minerals from the Skyros magnetite ore. 
Abbreviation: n.d. = not detected; Pn = pentlandite; Co-Pn = Co-bearing pentlandite.

I.D. Co-Pn Co-Pn Co-Pn Co-Pn Pn Pn Pn

Fe 18.7 19.1 6.9 26.8 1.7 1.5 7.8
Co 17.6 18.3 4.6 14.9 n.d. n.d. n.d.
Ni 32 31.3 57.2 29.5 71.5 58.6 65.0
Cr 0.3 0.5 n.d. n.d. n.d. n.d. n.d.
S 31.1 31.3 30.2 26.8 26.6 39.9 25.7

Total 99.7 100 98.9 98.0 99.8 100 98.5

A characteristic feature of pentlandite in the matrix of magnetite is its high Co content 
(Table 3).

4.2. Geochemical Characteristics
Whole-rock analyses of Fe–Ni laterite occurrences from Skyros, including REE, PGE, 

and other critical elements, are provided (Table 4). In general, the trace element contents 
(Co, Ni, Sc, REE and PGE) in compact Fe–Ni laterites from Skyros Island are comparable 
to those from Northern Greece (E. Vermion, Edessa and Olympos) and relatively low 
compared with those of karst-type allochthonous laterites of the Balkan Peninsula [13,15]. 
In addition, average contents (n = 4) of magnetite separates from Skyros metamorphosed 
laterites showed 6500 ppm Ni, 14,600 ppm Cr, 280 ppm Cu, 270 ppm Zn, 290 ppm V and
8 ppm Sc [4].
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Figure 8. Color back-scattered electron image (BSEI) of metamorphosed Fe–Ni laterite from Skyros 
(a). X-ray elemental map, showing differences in the intensity of color/composition for minerals 
(b–g). Abbreviations: Co-Pn = Co-bearing pentlandite (provisional assignment); Pn = pentlandite; 
Mag = magnetite; Chl = chlorite; Srp = serpentine; Di = diopside.

https://doi.org/10.3390/min16111135

https://doi.org/10.3390/min16111135


Minerals 2026, 16, 1135 12 of 19

Table 4. Representative analyses for major and trace elements of metamorphosed laterite occurrences 
from Skyros Island, Greece. Symbol: n.a. = not available.

Agios Agia

Peramata or 
Stefanies Ioannis Atsita Alexandra

Altered Metamorphosed Pure Pure 
Metamophosed

Peridotite Laterite Magnetite Laterites

SK.M.9 La.Ax5 Sk-4-17 La AI.1 La Sk.1 La Sk10

Wt.%
SiO2 39.28 21.33 5.02 18.85 13.27 19.02
TiO2 0.03 0.17 0.02 0.22 0.18 0.22

Al2 O3 2.74 11.14 1.01 10.62 9.06 10.66
Fe2 O3 (t) 19.26 40.14 82.59 52.63 69.26 49.13

MnO 0.32 0.25 0.3 0.14 0.34 0.14
MgO 24.64 24.06 11.03 11.30 6.99 14.74
CaO 10.27 2.91 0.02 4.26 n.d. 3.62
Na2 O n.d. n.d. n.d. n.d. n.d. n.d.
K2 O n.d. n.d. n.d. 0.01 n.d. n.d.
P2 O5 0.01 0.01 0.01 0.03 0.01 0.03

S 0.06 0.06 0.3 <0.06 <0.06 0.04
C 0.2 <0.06 <0.06 <0.06 <0.06 <0.06

LOI 3.14 n.d. n.d 1.93 0.89 2.43
Total 96.88 100.00 100.00 98.07 99.11 97.57

ppm

Ni 3200 6210 250 7700 8050 7200
Cr 2300 10,000 1300 7500 8500 7300
Co 210 210 65 430 320 440
Cu 10 25 5200 10 5 9
Zn 70 90 100 110 65 95
Sc 34 52 56 60 50 56
Li 2.0 5.0 <1 12 15 6
V 50 200 15 180 150 180
As 260 10 24 10 3.0 910
Ba 4300 25 1700 60 25 85
Zr 20 85 2.0 40 10 40
Y 2.5 5.0 8.0 8.0 2.0 8.0
Pb 10 5.0 10 6.0 6.0 10
Nb 20 35 8.0 41 40 45
Sn 20 35 30 20 15 15
Sb 5.0 0.8 20 5.0 20 80
La 82 8.0 9.0 14 3.0 9.0
Ce 8.9 13 12 20 5.0 12
Pr <1 1.5 2.0 3.0 <1 2.0
Nd 4.0 6.0 7.0 9.0 2.0 7.0
Sm <1 1.0 2.0 2.0 1.0 2.0
Eu <1 <1 <1 <1 <1 <1
Gd <1 1 2.0 2.0 <1 2.0
Tb <1 <1 1.1 <1 <1 <1
Dy <1 <1 2.0 2.0 <1 2.0
Ho <1 <1 <1 <1 <1 <1
Er <1 <1 1.5 1.5 <1 1
Tm <1 <1 <1 <1 <1 <1
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Table 4. Cont.

Agios Agia

Peramata or 
Stefanies Ioannis Atsita Alexandra

Altered Metamorphosed Pure Pure 
Metamophosed

Peridotite Laterite Magnetite Laterites

SK.M.9 La.Ax5 Sk-4-17 La AI.1 La Sk.1 La Sk10

Yb <1 <1 1.0 1.5 <1 <1
Lu <1 <1 <1 <1 <1 <1
Th 2.0 4.0 4.0 13 1.5 4.0

ppb
Os n.a. n.a. 6 10 n.a. 3.5
Ir n.a. n.a. 4 30 n.a. 4.3

Ru n.a n.a 22 48 n.a 8.6
Rh n.a. n.a. 5 9.8 n.a. 9.4
Pt n.a. n.a. 2 48 n.a. 10
Pd n.a n.a 7 22 n.a 25
Au n.d. n.a. 7100 14 n.a. 5.0

UMIA 25.6 53.1 83.9 67.6 79.5 63.4
Ce/Ce* 0.26 1.02 0.81 0.96 1.10 0.58

Ce/Ce*= (2Ce/Ce chondrite)/(La/La chondrite + Nd/Nd chondrite).

Based on major components in ultramafic rocks and their behavior during the weath-
ering process, an Ultramafic Index of Alteration (UMIA) has been used recently by [25]:

UMIA = [(Al2 O3  +Fe2 O3t )/(Al2 O3  +Fe2 O3t  + MgO + SiO2 )]*100 (in molar ratios)

The calculated values of the UMIA for Skyros laterites range between 53.1 and 79.5 
(Table 4). Calculated Ce anomalies [26] showed Ce/Ce* values ranging from 0.58 to 1.1. 
(Table 4). The small concentrations of pure magnetite differ in terms of lower Cr content, 
consistent with the rare presence of chromite grains, lower Ni, Co, Ti, Al, V, and PGE, and 
higher Cu, Au, and S contents.

The chondrite-normalized PGE patterns for metamorphosed Fe–Ni laterites from 
Skyros (Figure 9a) are comparable to those for laterites from major laterite deposits of 
Greece [27], but they differ from those from Olympos in terms of the negative slope of the 
latter (Figure 9b).

Figure 9. Chondrite-normalized PGE patterns for metamorphosed Fe–Ni laterites from Skyros (a) 
and Olympos (b). Data sources: Present study (a); [28] (b).
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5. Discussion
5.1. Origin of Compact Magnetite and Potential Pathways of Critical Metals

Compact magnetite hosted by peridotites near its contact with overlying sediments 
can potentially preserve evidence of an earlier re-deposited laterite, while the potential 
pathways of critical elements, such as PGE, REE, Sc, Ni and Co, may be related to processes 
of element depletion and enrichment during a multistage geological evolution of ophiolites 
and associated laterites [4,14–16,29–34].

5.2. Critical Metals During 1st State of Weathering of Ultramafic Rocks
During the first stage of ophiolitic ultramafic rocks, Ni and Co are released from 

olivine, pyroxenes, or serpentine and are transported down the laterite profile. Cobalt is 
concentrated in Mn-(oxyhydr)oxides due to their affinity. Nickel is transferred further 
down into the deeper saprolite zone, replacing Mg2+  within the structure of Mg silicates. 
Scandium, after leaching from primary pyroxenes, is concentrated by replacing iron in 
goethite lattices (similar ionic radius to Fe3+ ) or is adsorbed onto the surface of secondary 
Fe-Mn oxides [15,29–34]. In general, the REE content released from REE-depleted ophiolitic 
ultramafic rocks is low compared with those from felsic rocks, and they are incorporated in 
secondary minerals or absorbed by organic matter [34,35]. Also, Pt and Pd can be released 
during the weathering of ophiolites into weathered crusts. Average PGE content in separates 
from schlieren ores covering the whole Vourinos ophiolite complex (Greece) has shown 
160 ppb PGEtotal , 25 ppb Pt and 2,6 ppb Pd for chromite separates and 82 ppb PGEtotal ,
2.5 ppb Pt and 2.5 ppb Pd for silicate separates [36]. The elevated PGE contents, reaching 
up to 90 ppb Pt and 186 ppb Pd recorded in the Fe–Ni laterites of the Balkan Peninsula 
compared with parent ultramafic ophiolitic rocks [27], support the mobility of Pt and Pd.

5.2.1. 2nd Stage of Transportation, Re-Deposition in Shallow Sea Environments and 
Diagenesis

A salient feature of re-deposited laterites is the abundance of organic matter that is a 
major controlling factor of metal mobility and redistribution, due to a transformation into 
more mobile species through complexation with organic matter in low-pH rainwater [37–39]. 
During the stage of transportation and re-deposition, Sc, as a highly immobile cation 
(Sc3+ ) under typical surface conditions, remains structurally bound within iron oxides. 
Instead, Ni and Co, as mobile ions, are leached. Cobalt, due to a chemical affinity for 
manganese, is mainly precipitated along with Mn-(oxyhydroxides), under favorable redox 
and alkalinity (pH) conditions. Iron oxyhydroxides are the main Ni-carrier and, to a lesser 
extent, Co [29–31].

The role of the Eh–pH conditions, due to the activity of micro-organisms, has been 
highlighted to enhance the PGE and REE mobility and re-deposition [15,29,30,37–41]. In 
general, Pt and Pd are soluble and can be transferred. The higher solubility and mobility 
of Pd compared with those of Pt, reflected in the higher value of the Pt/Pd ratio, has been 
established in many allochthonous laterite deposits [15]. Also, the extensive presence of total 
organic matter at the contact of the Lokris (Greece) allochthonous laterite deposit and the 
carbonate basement creates the appropriate conditions for REE leaching and re-deposition, 
up to 6000 ppm total REE [42]. The identification of a (La, Nd, Y) (CO3 )F member of 
the bastnaesite group associated with Al–Ni silicates in association with bacteriomorphic 
goethite may indicate REE remobilization by bio-leaching and re-precipitation on karstified 
limestone under alkaline and reducing conditions [42]. In contrast, allochthonous laterites 
overlying peridotite basement, like the case of Skyros laterites (Figure 1c), are fundamentally 
depleted in REE. Thus, the precipitation of dissolved REE in downward-migrating fluids is 
not facilitated due to the lack of a pH contrast at the base (alkaline neutralization boundary).
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5.2.2. 3rd Stage of Metamorphism
A characteristic feature of metamorphosed Fe–Ni laterite occurrences in Skyros is the 

transportation of hydrated iron oxides into compact magnetite. Since these laterites inherit 
their composition mostly from the residual weathering of underlying ultramafic bedrock, 
the resulting magnetite preserves high concentrations of immobile Ni, Cr, and Co, and is 
depleted in REE. The magnetite from Skyros differs from compact magnetite of replacement 
or alteration origin in terms of the relict textures of surface processes, such as oolites and 
pisolites (Figure 4) in the former and elevated contents in V, Ti and REE contents in the 
latter [3].

Nickel and Co are mobilized and re-precipitated into newly formed Fe–Ni–Co sulfides, 
like pentlandite and Co-bearing pentlandite (Figure 8; Table 3), or substitute Mg in the 
chromite lattice [28]. The preference of Ni and Co in sulfides hosted in magnetite may indi-
cate a limited capacity of magnetite to hold Ni and Co in its crystal structure under certain 
metamorphic conditions. Recently, Teitler et al. [43] indicated that during progressive meta-
morphic Fe3+  reduces to Fe2+ , the oxide lattice forces the structural entrapment of available 
Sc3+ , resulting in Sc partitioning into silicate phases like garnets, as exemplified by the 
presence of Sc (0.3 wt.% Sc) in garnet (Table 2). The presence of tetra-auricuprite (AuCu) 
and graphite within compact magnetite from Skyros [44] may reflect reducing microenvi-
ronments too, while sperrylite (PtAs2 ) suggests its resistance to the evolution conditions. 
In addition, a combination of macroscopic textural characteristics, mineral chemistry, and 
geochemical signatures provides evidence distinguishing a metamorphosed laterite from 
an altered chromitite. The preserved oolitic/ pisolitic texture after metamorphism of Skyros 
re-deposited laterites, and the presence of clastic chromite fragments showing a wide com-
positional variation (Table 1) are consistent with a sedimentary origin. Also, Mg-dominant 
silicates as a major component of altered chromitites are not a mineralogical feature of the 
Skyros metamorphosed laterites (Table 3). In addition, the chondrite-normalized PGE 
patterns (typically enriched in Os-Ir-Ru and distinct slope trends are lacking, instead exhibit 
a supergene enrichment of Pt and Pd relative to the total PGE (Figure 9a). In contrast, 
compact magnetite from Olympos has shown abundant chromite of homogeneous compo-
sition (high-Cr) surrounded by magnetite, but the dominant silicate mineral is serpentine, 
and PGE patterns resemble the negative slope of the PGE patterns for chromitites [3,9,28]. 
Therefore, the characteristic features described for compact magnetite from Skyros support 
an origin via a metamorphic process of re-deposited laterites, in contrast to that in Olympos, 
formed probably by transformation of chromite ore.

Below is a schematic summary (Figure 10) of metal potential pathways during the 
evolution from lateritization of ophiolites, re-deposition of laterite crusts on peridotites and 
metamorphism to compact magnetite.
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Figure 10. Conceptual multistage evolution proposed for the Skyros magnetite-bearing material.

6. Conclusions
The combination of the presented mineralogical and geochemical data in the present 

study may yield the following conclusions:
• Compact magnetite deposits hosted by peridotites can preserve texture, mineral chem-

istry, and geochemical fingerprints of a Fe–Ni laterite occurrence.
• Preserved pisolitic–oolitic textures, compositionally diverse high-Al to high-Cr chromite 

in a special association, and relatively flat-shaped PGE patterns collectively support 
derivation of the compact magnetite from a lateritic precursor.

• The relatively low content of critical elements (PGE, REE, Ni, Co, Sc) in the Skyros 
compact magnetite may be related to the transportation and re-deposition of laterite 
crusts onto peridotites and subsequently metamorphosed into compact magnetite ore 
under reducing conditions.
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• Pentlandite and Co-bearing pentlandite hosted in compact magnetite reflect the pref-
erence of Ni and Co for sulfides and the limited capacity of magnetite to hold these 
metals in its crystal structure under certain metamorphic conditions.
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