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Abstract

In Samos Island, Aegean Sea, Greece, several diasporite and emery occurrences and
idle mines occur. The major diasporite deposit is developed at the eastern part of the
island at Mourtia, Mikri Lakka where there exist old mining works. The specific
metabauxite is hosted, via a transition zone, in between marble of Mesozoic age which
has been tectonically disturbed. The aim of the present study is to characterize the
metabauxite deposit and to investigate its content in specific trace elements and
especially REE and gallium. XRD, XRF and SEM-EDS analysis carried out in
representative samples of the massive diasporite deposit, the transition zone and the
associated marble. XRD analysis revealed that the marble is calcitic. The transition
zone is mainly composed of muscovite, illite, kaolinite, quartz and calcite with minor
amounts of diaspore, whereas the main ore body is composed mainly of diaspore,
followed by minor-trace amounts of calcite, muscovite, magnetite, hematite and quartz.
XRF major element analysis has shown that the ore body is rich in alumina and
secondarily in iron oxides. The trace element analysis discloses a notable enrichment
in Ga, some REE and zirconium. Gallium is not detected by SEM-EDS as any gallium
mineral, and it is most likely being fixed in the lattice of diaspore. It is concluded that
the derivation of all trace elements enrichments and the source of alumina from the
Mesozoic rocks of the Ampelos Nape, which included originally sedimentary rocks,
gabbro and volcanics. These rocks were weathered and altered under wet conditions

releasing silica, alumina and iron, which formed bauxite deposits rest on a limestone
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substrate. Finally, the Ilimestone-bauxite succession was metamorphosed and
tectonically disturbed. Concerning the economic importance of the Mikri Lakka
diasporite, it is noted that bauxite/diasporite deposits have a potential of hosting
significant REE concentrations. The average gallium content of the Mikri Lakka
massive diasporite is 79 ppm (max of 96 ppm), which is higher than the average gallium
content of the bauxite deposits and occurrences of Parnassus-Ghiona-Oiti Greece. Both
the REE and gallium content of the Mikri Lakka diasporite is promising to consider
their recovery as byproducts during diasporite exploitation, despite the fact that its

proven reserves in the east part of Samos are unknown.

Keywords: Metabauxite, diaspore, gallium, REE, Samos Island

HEPIAHYH

2t vijoo Xduo, Aryaio Tlédayog, EALGG, Epovv eviomialel uepixa avevepya uetalAeio ka
gupovicels ouvpioas koi daomopity. H xdpia andbeon dioomopity cvvovtaron otnv
ovatolikn Xouo, oty Géon Movptia — Mikpn Adkka, Omov VIGPYOVY TOLOLG
uetarlevtika épyo. O OGUYKEKPUEVOS Oloomopitng eivor évas uetofwlitng mov
oVamTOOoETOL, UEC pIaG ueTafatikns (wvHG, UETOLD TEKTOVIKG KOTOTOVHUEVMV
nopucpwv Meoolwikng nlikiag. Kabws o uctafwlitng npoépyetar amd éva Pwlitino
UNTPIKO DAIKO, OVOUEVETOL VO TEPIEYEL QUENUEVES ODYKEVIPWOEIS CUYKEKPIUEVWV
UETAALIK@V 1YvOoTOLYElmV. LKOTOS THS TOPOVONS EPYATIOS EIVAL O YOPOKTHPIOUOS THS
uetafolitikng  oamobeons kar 0 TPOTOIOPICUOS THS TEPIEKTIKOTHTAS UETOAAKDV
LYVOOTOLYEIWY KO E10IKA TOV YOAAIOD KOl TV omaviwy yaidv. 110 tovg oKomods avTodg
xpnoomomnroy avalvtikés usbodor onwg XRD, XRF ko SEM-EDS o¢ o oeipd,
OVTITPOOWTEVTIKWDV OELYUATOV TOUTOYODS OLATTOPITH, YEWAOVS UETOLOTIKNG (VNG Kot
uopucpov. H opvrroloyikn (XRD) avalvon édeile o0t ta udpuopa eivar aofeotitixa, n
yeaons uetafotiky {vy amoteleitar Kvopimwg GOm0 TO. OPLKTG. pooyofitng, 1AAiTyg,
Kaoiwityg, yaloliog kai aofeotitng, eV TEPIEYOVTOL KO UIKPA TOOE O100TOPOD, EVE) O
OVUTLOYNG OLOOTOPITHG OMOTEAEITON KUPLWS OTO OLGOTOPO TO OTOLO GUVOOEDETOL OO
KOUOIVOUEVO. OALG LiKpd Tooa. aofeatity, poayofity, uoyvytity, oapotity ko yololio. H
iy (XRF) oavaloon kOpiwv oToryelwv kol yyvooTtoLyeimv 0616 0TI O OOUTAYHS
owaomopitne omoteleitor kopimg omo Al:O3 kor devtepoyevag omo oionpolsioia. H
avdlvon yvoortolyeiwv Edwoe alioonueiontovg gumlovtiouots o Ga, REE xou Zr. O
OVUTOYHE OlaoTopitng mepléyel vynlotepa moad, Sc, V, Cr, Ga, Y, Nd, Sm ko Ce, evad 1
yeaons uetafatiiny (ovn mepigyel vynlotepa moad As, Ba, S, Cu, Zn, Pb, and Mo. ['evika,
o1 vynlég tiués Ga axodovBodv v adénon mepickuxotnrag AlOs aro deiyuazo, omws
EMIONG KL TIC TEPIEKTIKOTNTES Z1, TO 0moio ovvaviarol ue ) popen ZrSiOy xalwg
PWOOTEG FEVTEPOYEVEIS OPVKTOLOYIKES PArTELS amovolalovy. Xta diaypduuato Pearsons,
n oxéon Ga-Al,Os pOover to 0.9851, ny oyéon Ga-Zr 0.8639 kou i oyéon Zr-Al,03 0.8904.
Kara v avétven SEM-EDS, ta otoiyeio twv omoviwv youwv Ce, Y, Nd, La, Hf, Sm, Pr,
Gd, Er, eviomioOnxav pe t popen kAootukwy kOkkwv Sobiousvay uéoa oe pio, Kopio.
ualo. mlovota oe apyilio. O Koxkor avtol eivor eite whodaiol oe P.0s, ovvBetovrog
novalites ue wopouvouevy ovotaoy, H Oe oyetiloviar kalolov ue PWoPopo,
oynuatioviog dAla opvkta twv omoviwy yoiav. To Ga dev eviomioOnke ws avToTEAES



OPOKTO TOV YoAAIOD Katd THY avdlvoony SEM-EDS, koi mBovotato eivor eVowuoTmuevo
0T0 KPLOTOAMKO TAEYUO. TOL OlaOTOPOD. XVUTEPGIVETOL OTL 1] TPOEAEVON TV
EUTAODTIOUDY TV LYVOGTOLYEI®WY Kal 1 THYH 1oV opyiAiov givou amd to. Meoolwika
TETPWOLUOTO. TOD TEKTOVIKOD KOADUUOTOS THS AUTELOD, TO 000 OpP)IKG ATOTEAEITO OTO
il{nuoroyevy meTpuaTa, YoLPPo Kol neoiotites. Avta To TETPWOUATO, OT0G0OpDONKAY
ko1 eCallorwBnkay ae vypés ovviikes, eievbeparvoviag Al, Fe, Si, ta omoio aynudrticoy
Politikés amobéocic mavw oe éva aogPfeotolifiko vmofobpo. Telika, n axolovbia
oofectobBov-fality vEéoTn UETOUOPPIKES O1EPYOTIES Kou KATOTOVHONKE TEKTOVIKA.
Oagov apopd. v otkovouiky onuocio. twv axobécewv diaomopitn s Mikpns Adkkog,
ONUEIDVETAL 0TI 0 OVOYETIOUO UE PWEITIKG KOITAOUATA, EYOVV €Vo, OVVHTIKO VO,
P1L0&EEVODY OGHUAVTIKES OVYKEVIPOOEIS OTOVIWY youwv. H uéon mepiektikotnto yoliiov
70V oVUTAYOVS draomopity s Mixpng Adkiag eivor 79 ppm (uéyiotn mepiektixotyro, 96
ppm), 11 omolo. eivalr VYHAOTEP OTO TH UECH TEPIEKTIKOTHTA YOAAiov TV fawlitikwy
Koitooudtwy kol gupovicewv twv  mepioywv  lopvoacood-1kiwvog-Oitng. Ot
repiextikotnes oe REE ko1 Ga tov diaomopity s Mixpng Adkkag eivar evVvoikeg yia
Y ATOANYH QVTOV WG TOPOATPOIOVIWY KOTC, TV EKUETAALEDON TOD JLAOTOPITY, TOPA
70 YEYOVOS 0Tl 0. PEfouo amoBéuatd Tov oTHY avaToliKa 2auo ivar dyvwaro.

Aéers — Kieiod: uetoffawlityg, oraomopityg, yaliio, Omavies yaies, Vvijoog Lauog

1. Introduction

Emery deposits in the Aegean Archipelago are widespread on the island of Naxos and
less in the islands of Samos, Ikaria, los, Sikinos and Herakleia. According to the most
dominant theory, emery is characterized as metabauxite, due to its origin through the
process of metamorphism of bauxites (Urai and Feenstra, 2001; Feenstra et al. 2001).
In the Aegean Region, this metamorphism has taken place during the Alpine orogenesis
under specific conditions of pressure and temperature (Lowen et al. 2015). In general,
metabauxites are classified into two general categories, according to the principal
constituent elements they contain: diasporite, which is rich in diaspore AIO(OH), and
emery, which is rich in corundum A 1,03, the mineral that gives emery its great hardness
and abrading attributes. The second type of metabauxites has been formed after the
dehydration of diaspore; they are, therefore, metabauxites of a higher degree of

metamorphism (Boleti 2014; Feenstra 1985; Urai and Feenstra 2001).

In Samos Island, several diasporite and emery occurrences and idle mines occur (Dimou
et al. 2006; Stamatakis and Malegiannaki, 2018). In the east part of the island (Figure
1) at Mourtia, Mikri Lakka, metabauxite deposits of diasporite type occur, which were
exploited during the 1930’s. The specific diasporites are hosted in between Mesozoic
marbles of the Ampelos Nape which have been tectonically disturbed. The estimated P-
T conditions of the metamorphic event in Ampelos Nappe are ranging from 420-490°C
and 6-15 kbar (Ring et al. 1999; Ring et al. 2007).



Volume 62

T T T 1)
i 26.6° 26.7°F 26.8° 26.9° 27.0°F
Ephesus - Kugadas!

Geologic formations [T] Miocene - Pliocene series [T Volcanic & intrusive igneous rocks
[ Holocene coastal & alluvial sedi ! i & marbles) 0 5 10 km
[ auaternary deposits Mesozoic-Paleozoic metamorphic rocks

Fig. 1: The Pre-Neogene basement rocks and the Late Neogene sedimentary rocks of
Samos Island (modified after Ganas at al. 2021). The dashed rectangular outlines the
studied area.

As meabauxites are metamorphosed bauxitic deposits, there generally exists the
possibility to be similarly rich in specific trace elements, Ga and REE among them.
Lateritic bauxites, formed during alteration of several types of parent rocks, therefore,
the composition of the bauxite source rock plays the most important role in the
distribution of major and trace elements in each particular deposit. The parent rocks
are being either anorthositic, argillite and dolerite, granulite and feldspathic gneiss,
and/or mafic-basaltic andesite (Zainudeen et al. 2023). Iron content and mineralogy of
the bauxite affect distribution of trace elements in it, as well as the chemical
characteristics of the elements which were transferred into the basin as stable, weakly
soluble (Zr, Ga) and mobile phases, along with aluminum (Mordberg 1993). The
variance in major and trace element content of the bauxites is affected by factors such
as stability of host minerals, fixation of elements in authigenic phases, preferential

sorption, and the pH of percolating waters (Calagari and Abedini, 2007).

Gallium is rarely forming individual gallium minerals, but it is found in trace amounts
within minerals, substituting elements with similar sizes and charges, such as zinc or
aluminum (Rudnik 2024). As a result, gallium is commercially extracted from bauxite
and zinc ores (Foley at al 2017; USGS 2021). The aluminum-bearing minerals of
bauxites diaspore y—AIOOH, boehmite 0—AIOOH and gibbsite AI(OH)s, may host
variable Ga concentrations (Schulte and Foley 2014; Qi et al 2023; Rudnik 2024).
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Recently, high grade gallium mineralization reaching 232 ppm Ga was discovered in

fluorite deposits which are also rich in REE (Zemeyi, 2025).

Concerning the distribution of REE in bauxites, Villanova et al. (2023) describe, karstic
bauxite deposits located in the Dominican Republic which are ultra-rich in REE. In a
geo-archaeological paper on the Mikri Lakka diasporite deposit of Samos, monazite
rich in Ce, La and Nd has been detected (Stamatakis and Malegiannaki, 2018). The aim
of the present study is to characterize the metabauxite deposit of Mikri Lakka and to

investigate its content in specific trace elements and especially REE and gallium.

2. Geological Setting of Eastern Samos

The island of Samos is located in the eastern Aegean Sea near the coast of Western
Anatolia. Pre-Neogene rocks are composed of marble, dolomite, quartz, shale,
hornfelse, and igneous rocks (Ring et al., 1999, 2007). The metamorphic rocks of the
island belong to the tectonic units of Kerketeas, South and Northern Cyclades
(Papanikolaou, 1979 and 2021) and were developed under a tectonic extension system
trending N-S. On this pre-Neogene basement, two main basins were developed, the
Mytilinii basin to the east and the Karlovassi basin to the west. The deposits of the two
basins are interpreted as of continental character, of Upper Miocene age (Bessenecker

and Buttner, 1978; Theodoropoulos, 1979a&b; Weidman et al. 1984; Stamatakis 1986).

In east Samos, close to the seashore at Mikri Lakka (Figure 1), four mine tunnels occur
in parallel penetrating the Cretaceous marble, as well as traces of Decauville railroad
that was used for the transportation of the ore from the mines to the shore. Southwards,
at the seashore which is 240 m far from the entrance of the underground mines, a
quantity of some 1000 tons of diasporite remains stockpiled. Besides Mikri Lakka,
metabauxite deposits are also found southwest of Vathy, and in west Samos at the site
of Kalabachtasi (Lapparent 1937; Mposkos 1986). These deposits are dispersed and
form lenses hosted in Cretaceous marbles which contain rudists (Papanikolaou, 1979)
of the Ampelos Unit (Gessner et al., 2011). Based on old reports, the reserves of the
diasporite deposits in Mikri Lakka are estimated up to ~ 35,000 tons (Dimou et al.,
2006). After Ring et al. (1999), the Mesozoic rocks in the studied area belong to
Ampelos nappe. Tectonically, Mikri Lakka marbles/diasporite succession is disturbed,
forming a recumbent anticline (Figure 2), (Papanikolaou 1979); hence the diasporite
deposit is sandwiched in between Upper Cretaceous marble that contain relics of rudists

(Figure 3).
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Fig. 2: The tectonically disturbed succession of Mikri Lakka. The ribbon bluish gray-
white marble and relics of reddish metabauxite forming a recumbent anticline of E-W
direction (uppermost left). The bluish grey marble lies on the yellowish-brown
transitional fluffy deposits, whereas purple diasporite is situated at the bottom of the
outcrop (uppermost right). The sharp contact of the yellowish transition deposits with
the massive reddish-purple diasporite (lowermost left). Massive diasporite masses
which show well developed three-dimensional system of joints (lowermost right).

Upper Cretaceous
Marble with Rudists

Transition Zone

Massive Diasporite

Upper Cretaceous
Marble with Rudists

Fig. 3: Schematic cross-section of the folded (recumbent anticline) metamorphic
succession in Mikri Lakka.

The tectonically upper contact of the diasporite with the marble is characterized as
transition zone having a feature of an inhomogeneous flaky-earthy deposit (Figure 2).
By contrast, the main body of the metabauxite even fractured, is massive, whereas a
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well-developed three-dimensional system of joints yield long prismatic pieces of ore,

sometimes filled by secondary calcite (Figure 2).
3. Materials and Methods

Twelve samples were collected from the two main parallel shallow (<15 m) galleries,
located at 37°45'32.46"N and 27°121.20"E, running into metabauxite which are
developed in a mine-face of 100 m, and one sample from the overlying marble (SML-
MR). The samples extracted from the galleries were divided to those taken from the
metallic grey massive ore (SML-DS), and the earthy brownish-yellow deposit of the
transition zone (SML-BS) which is developed on the contact of the marble with the ore.
The samples were dried, crushed and partially pulverized at TITAN R&D laboratory of
the Kamari-Boeotia Cement plant. The rock powder was used for XRD mineralogical
and XRF chemical analysis, whereas chip samples were used for SEM-EDS analysis.

XRD analysis was performed for identification of the bulk mineralogy of the samples
at TITAN SA, Kamari Plant using the instrument X BRUKER D8 ADVANCED, in
running conditions: 40kV, 40mA, 1o/min, Cu-Ka radiation. XRF analysis carried out
for measuring of the major and trace elements chemistry of the samples at TITAN SA
Kamari Plant, using the SRS 3400 wavelength dispersive XRF Spectrometer, Bruker
form major elements, and the Epsilon 5 energy dispersive XRF Spectrometer
Panalytical, for trace elements. SEM-EDS analysis was performed to identify the
presence and nature of REE and other micro-constituents of the metabauxite at NKUA,
Department of Geology and Geoenvironment, using the JEOL JSM-5600, combined
with microanalyzer energy dispersive system OXFORD LINK ISIS 300, with software
ZAF correction quantitative analysis. The system was operating at 20KV, 0.5nA and
50 sec time of analysis. The analytical results are presented in Tables 1 and 2 a&b, and

Plates 1 and 2 (see Appendix section of the article).
4. Results and Discussion

XRD mineralogical analysis revealed that the marbles are calcitic, containing small
amounts of dolomite, quartz and muscovite/illite, the fluffy transitional metabauxite
deposit is mainly composed of muscovite, illite, kaolinite, quartz and calcite with minor
amounts of diaspore, whereas the main ore body is composed mainly of diaspore,
followed by minor amounts of calcite and muscovite (Table 1). Small to trace amounts
of magnetite, hematite and quartz are also present. Corundum was not found in the

samples studied, and the single-Al,O; phase is represented by only diaspore. The



absence of corundum classifies the metabauxite deposits of Mikri Lakka as low to

medium metamorphism deposits.

Table 1: XRD mineralogical analysis of the Cretaceous marble (MR), transition (BS),
and massive diasporite deposit (DS) of Mikri Lakka.

Samples Cc Dol | Dsp [Qtz | Mc |Kaol |Ill | Hem | Mgn
SML-MR-1 MJ TR TR

SML-BS-1 MJ TR TR TR

SML-BS-2 MJ TR TR TR

SML-BS-3 MD MD MD

SML-BS-4 MD TR MJ

SML-BS-5 MD MJ TR MD | MD TR | TR
SML-BS-6 MD MD | MD TR TR
SML-DS-1 MJ MD | MD TR TR
SML-DS-2 MJ MJ TR | TR
SML-DS-3- MD MD | MD TR | TR
vein

SML-DS-4 MJ MD TR TR
SML-DS-5- MD MD | MJ TR | TR
vein

SML-DS-6 MJ MJ | MD

Explanatory notes:

Cc= calcite, Dol=dolomite, Dsp= diaspore, Qtz= quartz, Kaol=kaolinite, Mc=
Muscovite, Ill=illite, Hem= Hematite, Mgn= Magnetite & Titanomagnetite. MJ=major,
MD= medium, TR= trace/minor constituent. Amorphous Fe- and Fe/Mn-rich phases
are also present.

The major and the trace element content of the samples reflect their mineralogical
composition. The marble has as predominant oxide the CaO, whereas the diasporite has
AlO; as predominant oxide, followed by Fe>O; and SiO, (Table 2a &b). The
transitional yellowish horizons (Figure 2) are characterized by a mixed-up composition
varying between CaO-rich and Al,03-Fe>03-SiO,-rich samples (Table 2). Notably, the
iron-rich samples have elevated content of TiO, which is attributed to the presence of
titanomagnetite and secondarily to trace amounts of rutile and illmenite crystals. The
XREF trace element analysis discloses a notable enrichment in Ga, some REE and other
elements (Table 2). The massive body of the metabauxite has higher values of Sc, V,
Cr, Ga, Y, Nd, Sm and Ce, whereas the transition calcareous rock/diasporite deposit has
higher values in As, Ba, S, Cu, Zn, Pb, and Mo. The elements Ni, Co, Rb, Ge, and Hf
have almost equal high values in the metabauxite studied. In general, Ga high values
are following the increase content of alumina in the samples, but also the high Zr values

which are related with the presence of zircon.



Table 2: XRF chemical analysis of major elements (a) and trace elements (b) of the
Cretaceous marble (MR), transition (BS), and massive diasporite deposit (DS) of Mikri
Lakka.

Table 2a:

oxides |SML- |SML- |SML-|SML-|SML-|SML- |SML- [SML- [SML- [SML- [SML- [SML-|SML-
MR-1 (BS-1 [BS-2 |BS-3 |BS-4 [BS-5 [BS-6 |DS-1 |DS-2 |DS-3 |DS-4 |DS-5 [DS-6

P.0s% |BDL |BDL |BDL [BDL |BDL |0.06 |BDL [0.04 |0.01 |BDL [0.03 |0.05 |0.02

SO3% (0.04 [0.20 ]0.08 |0.05 (0.01 {0.07 |0.10 |0.03 |0.15 |0.10 |0.03 |0.05 |0.03

K20% 10.20 0.50 |1.40 {1.20 |0.10 |3.70 |4.00 |1.00 |0.40 |3.60 [0.80 |3.70 |0.30

Ca0O% |48.13 |43.00 |{39.20(39.00(43.00(17.80 |11.00 [0.90 (4.30 |[5.90 (1.00 (3.00 |2.50

Ti02% [0.02 |0.13 |0.30 (0.25 [0.16 |1.37 |1.14 |2.56 (2.60 (2.42 (2.60 (2.10 |0.09

Fe203%(0.30 |2.60 |2.04 [2.20 {1.90 [12.90 |14.50 |21.50 |20.40 |16.50 |20.50 |15.65|28.70

Si02% [1.20 |9.00 (14.00|13.00(7.80 (28.00 [32.50 [9.00 |17.40 |24.00 [18.40 |33.60(29.00

A03%|0.70 |5.50 |9.00 [8.50 |4.50 |(30.50 |26.70 |63.00 |53.00 |44.00 |56.00 |41.40|38.50

MnO% |BDL |0.10 |0.02 {0.03 |0.10 |0.30 |2.00 {0.03 |0.20 ]0.03 |0.08 |0.10 |0.20

MgO% |2.40 (BDL BDL [BDL (1.64 (BDL |BDL (1.40 (1.30 |BDL |0.40 [BDL |0.40

Na;0% (BDL |BDL |BDL |BDL |BDL |[BDL |[BDL |BDL |BDL (BDL |BDL |BDL |BDL

LOI% |47.12 |39.01 |33.8435.70{40.85|5.70 |8.10 [0.60 (0.30 |(3.30 (0.20 [0.30 |0.30

TOTAL|100.11{100.04{99.88 99.93 199.96 |{100.40{100.04(100.03{100.06{99.85 [100.04{99.95 |100.04

Explanatory notes: BDL = below detection limit, MgO< 0.10%,
Na,0<0.1%, MnO < 0.1%, P»05<0.01%

Table 2b:

Elements SML- |SML-|SML-|SML-|SML-|SML- [SML-|SML-|SML-|SML-|SML-|SML-|SML-
MR-1 |BS-1 |BS-2 |BS-3 |BS-4 [BS-5 |BS-6 |DS-1 |DS-2 |DS-3 |DS-4 |DS-5 |DS-6

Cl ppm 300 |[1500 |400 |800 |400 |400 1000 |100 (100 (100 (900 (700 (200

Sc ppm BDL |BDL (BDL [BDL [BDL |20 BDL (14 24 BDL (24 14 36

V ppm 17 80 85 100 |79 [332 335 (335 |307 (335 |328 |416 (325

Cr ppm 9 76 64 86 32 277 200 (320 |295 (260 |288 322 (214

Co ppm 1 21 21 14 11 225 164 |49 135 |184 (129 (107 (186




Ni ppm BDL |54 58 34 |27 |420 519 (124 (390 |405 (435 |283 |546

Cu ppm 11 29 26 13 26 |801 466 |7 58 264 |18 179|221

Zn ppm 16 49 61 62 64 800 442 (221 (723 |1161 [445 |279 [892

Ga ppm 9 6 12 135 |6 46 37 96 83 66 |92 68 68

Ge ppm 1 1 0.7 107 |1 1 0.7 |1 1 0.7 |1 1 1

As ppm 2 50.6 |16 12 |47 |79 186 |15 17 53 34 83 52

Se ppm 3 3 4 3 3 4 3 6 6 4 6 4 6.5

Br ppm BDL (BDL |BDL |BDL |1 2 20 BDL |BDL |1 BDL |1 BDL

Rb ppm 2.9 18 |45 46 |23 130 192 |49 18 153 |37 158 |16

Sr ppm 178 |68 51 62 86 [157 188 |25 23 49 16 193 |55

Y ppm 2 26 16 22 11 248 57 128 (128 |111 (77 99.6 (20

Zr ppm 12 35 75 54 37 |235 210 [440 |457 (464 |486 |436 (17

Nb ppm 1 2 6 51 |2 22 20 39 45 45 53 38 1

Moppm |1 1m o8 |5 3 37 49 [3 3 |20 [1 |29 |14
Agppm |1 1 o6 [BDL |1 |1 1 |BDL|1 |04 |1 |2 [BDL
Cdppm |BDL |2 |06 [05 |BDL |5 45 3 4 |12 3 P |
Sn ppm 1 2 B2 2 s 4 o o |8 i1 |7 |5

Sb ppm 16 7 2 3 3 16 27 |4 6 6 7 14 |3

Te ppm 1 1 0.6 |2 1 8 1 1 BDL (0.8 |2 1 2

I ppm BDL 2 (05 |1 |2 |2 2 [BDL |1 |03 |02 |BDL |2

Cs ppm 4 6 6 7 5 10 16 3 3 10 3 9 4

Ba ppm 18 65 100 |85 54 |678 792 (172 |84  |434 [187 |449 |94

La ppm 7 33 26 |26 18 198 143 (325 (170 |140 (193 |152 |67

Sm ppm 6 63 |85 |5 6 31 12 16 17 12 19 13 12

Ce ppm 10 30.5 |46 30 32.5 |384 212|207 [338 [156 |354 |210 |66

Nd ppm 2 20 18 18 16 |226 103|133 |141 |84 162 [113.5|70

Yb ppm BDL |BDL (BDL (BDL (BDL [BDL |BDL |BDL |BDL |BDL |[BDL [BDL |[BDL

Hf ppm 11 7 7 8 7 BDL |BDL |7 BDL (BDL |[BDL [BDL [BDL
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W ppm 29 30 (30 |24 |26 |40 18 |48 |40 (34 |61 16 19

Hg ppm 0.3 BDL (0.2 (0.2 |[BDL |1 0.3 0.2 |BDL |BDL (BDL (0.4 |BDL

TI ppm 1 4 |4 3 |t 12 |8 |26 [38 |16 [26 |18 |56

Pb ppm 5 10 13 7 18 1426 347 |66 |45 87 [62.6 |168 |95

Bi ppm BDL |BDL (BDL [BDL [BDL |5.5 BDL [BDL |BDL (3 BDL (BDL [BDL

Th ppm 0.4 2 3 BDL |21 27 10 24 34 26 39 20 BDL

Explanatory notes: BDL = below detection limit, Sc <10 ppm, Ni <10 ppm, Br <1 ppm, Ag <
0.3 ppm, Cd < 0.4 ppm, Te <1 ppm, I <1 ppm, Yb <1 ppm, Hf <2 ppm, Hg <0.2 ppm, Bi <2
ppm, Th <0.2 ppm

In Pearsons correlation coefficient system, Ga-Al>O; is 0.985, Ga-Zr 0.864, and Zr-
Al,O3 0.890 (Figures 4-6). Similar positive correlations were calculated from the
samples of the Parnassos-Oiti bauxites analyzed (Oikonomopoulou-Kyriakopoulou

1991), where Ga-Al;Os is 0.613, Ga-Zr is 0.801, and Zr-Al,O3 is 0.711.

Diasporite Samos 1
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Fig. 4: Diagram showing the strong linear correlation observed in the Ga vs. AlO3
scatterplot suggesting that gallium is structurally associated with the aluminum-bearing
mineral phase diaspore in the Samos metabauxite. This is mineralogically significant
because Ga** can substitute for Al** in the diaspore lattice due to their similar ionic radii
and charges. The correlation implies that gallium is not present as a discrete mineral
phase but is rather isomorphically incorporated into the crystal structure of diaspore.
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Fig. 5: X-Y scatterplot showing a linear, high correlation between Ga and Zr in
diasporite from Samos Island, Greece. This observation indicates a likely mineralogical
association between gallium and zirconium-bearing phases, most plausibly zircon
ZrSi0s, as secondary zirconium-rich phases as those described from Brazilian bauxite
deposits (Melfi et al. 1996) are absent. While Ga is primarily hosted in diaspore through
isomorphic substitution for AI**, its correlation with Zr suggests that some gallium may
also be associated with zircon grains present as accessory minerals. This could reflect
co-precipitation or inclusion during diagenetic or metamorphic recrystallization
processes.
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Fig. 6: Diagram showing the strong linear correlation between Al,Os and Zr in the
Samos diasporite, indicating that zircon ZrSiOs, though present in minor amounts, is
enriched in aluminum-rich zones. This suggests that Zr was retained as a residual,
refractory mineral during bauxitization and metamorphism, likely co-concentrating
with diaspore. The correlation supports a textural or geochemical association between
zircon and the aluminous phases in the metabauxite.
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The group of Cr-Ni-Co has maximum concentrations 322-560-225 ppm respectively,
values which are indicative for their derivation from basic rocks. Gabbro-type rocks
occur north of Ireon village, whereas ultrabasic rocks occur close to Pagondas village,
both included to the Ampelos Unit (Theodoropoulos 1979 a&b). The same group of
elements in the bauxites of Parnassus-Ghiona have much higher concentrations of Cr-
Ni, but not Co, reaching 1656-2100-56 ppm respectively (Oikonompoulou-
Kyriakopoulou 1991). In the same group of bauxites Cr-Fe-bearing diaspore was
detected (Gamaletsos et al. 2017), contrary to the chromium-bearing iron
oxides/hydroxides which were detected in Mikri Lakka diasporite having 73.98%
Fe;0s, 4.62% Al,Os, and 0.75% Cr.

The group of Pb-Zn-Mo has maximum concentrations 426-1161-49 ppm respectively,
enrichments which could be attributed to the alteration of metamorphosed igneous rocks
with acidic nature, like granitic gneiss which comprises part of the Menderes Massif
(Bozkurt and Park 1994; Wiggins and Cemen 2023). Cu has also high values reaching
801ppm and it can be associated with both acid and basic igneous rocks. The unified
group of Pb-Zn-Mo-Cu-Co could also be derived from an older than Late Neogene,
weathered mineralization, as the well-studied epithermal sulphide deposits of the island
of Samos, are associated with trachyte, rhyolite and syenite of Late Miocene age

(Voudouris et al. 2019).

Under the SEM, there were detected fractured REE minerals, hosted in the aluminous
ground mass (Plate 1). Ce, Y, Nd, La, Hf, Sm were detected by SEM and are present in
the bulk XRF analysis. By contrast, Pr, Gd, Er, which were detected in the form of
clastic grains by SEM, are not detectable in the bulk rock chemistry, due to the scarcity
of their presence. Almost all REE detected are associated with the P,Os, fixed together
in the form of monazite (Plate 1a, and Stamatakis and Malegiannaki, 2018). However,
as is shown in Plate 1, Zn, Cu, and As are also associated with some of the REE-rich
minerals which are poor in phosphorus, or without phosphorus. It is therefore clear that,
zinc and copper at least, occur in seveal forms in the deposit, as Feenstra (1997) has
already been discovered the Zn/Al-rich minerals gahnite as well as zincohogbomite,
despite its occurrence in high-grade peraluminous metamorphites (Peteresen et al.
1989). In the marble, small quartz crystals, apatite and rutile were detected. Ga is also
not detected by SEM as a gallium mineral, and it is most likely fixed in the lattice of
diaspore replacing aluminum (Rudnik 2024). Well preserved zircon crystals were
found, along with As, Zn, Pb and Cu compounds, especially in the porous earthy

transition diasporite deposit. Zircon shows its typical chemical composition and only in
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a few crystals the CaO and/or K,O content is reaching 1%. There were not detected
secondary Zr-rich phases as those occurring in several Brazilian bauxite deposits which
are associated with Fe-rich and not Al-rich phases (Melfi et al. 1996; Duvallet et al.
1999; Balan et al. 2001).

Clastic grains of other metallic minerals are found during SEM-EDS analysis,
disseminated in the diaspore groundmass (Plate 2). The main types detected are of the
type: Fe203-Cu,0 (up to 1.63% Cu,0), followed by BaO-PbO-SOs3, Fe203-Cux0-As,03
(2.37% As203), Cu0-ZnO (58/39%). In several REE-rich grains, elevated values of
ZnO-Cu;0 and CoO were also detected reaching up to 4.37-4.16 and 1.26%
respectively. The Pb-rich REE mineral gramacciolite PbY (Ti, Fe),00O3s which was
detected by Theye et al. (2010) was not detected during SEM-EDS analysis, probably
due to its scarcity. Lead was only detected as oxide and/or sulphur minerals, along with

barium (Table 2b, galena, anglesite, cerussite, and/or barite?).

5. Origin of trace element enrichments and derivation of alumina

According to Theodoropoulos’ geological maps of Samos (1979 a&b), in the broad area
of the NE Samos, the marbles of Zoodochos Pigi and the schists of Kotsikias-Psili
Ammos are developed. Pre-Cenozoic basic, ultrabasic and acid igneous rocks occur in
the central and western part of the island (Lowen et al. 2015). It is, therefore, plausible
to assume a derivation of all trace elements enrichments and the source of alumina from
the Mesozoic sediments (now meta-sediments) of the Ampelos Nape, present in Mikri
Lakka, which include meta-sediments, meta-gabbros and meta-volcanics containing
tourmaline, white mica, rutile, and zircon (Lowen et al. 2015). In addition, the adjacent
Menderes Massif metamorphic rocks may have played an important role as source
rocks. These rocks were weathered and altered under wet conditions releasing silica,
alumina and iron, which formed diaspore deposits rest on a limestone (now marble)
substrate. The significant differences of Ni, Cr and Co content of the bauxites of Central
Greece and the East Samos reflects diverse parent rocks which were altered during
Upper Cretaceous. Even between the three major bauxite horizons of Central Greece,
there exist differences in trace element content, with the younger 3rd horizon, which is
conformably overlaid by Upper Cretaceous limestones being much richer in Ni, V and

Cr (Oikonomopoulou-Kyriakopoulou 1991).

The presence of euhedral zircon in the aluminous groundmass is common in bauxites,
associated with other heavy minerals such as illmenite and monazite, minerals that are
also present in Mikri Lakka diasporite. The age of the zircons of the Ampelos Nape,
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measured by Lowen et al. (2015), and Brocker et al. (2014) varies, being Cambrian to
Neoproterozoic in meta-sediments and Cretaceous in meta-gabbros. Zircon even though
is a REE-bearing mineral, the Mikri Lakka zircons are solely composed of Zr oxide and
silica, or contain small amounts of non-formula elements like calcium and potassium.
Hay and Dempster (2009) suggest that the presence of euhedral zircon crystals in
metamorphic rocks could represent feeding of the original basin from nearby volcanic
centers. The same authors suggest that low temperature zircon formed during
metamorphism may contain non-formula elements; hence the calcium and potassium-
bearing zircons of Mikri Lakka may have similar origin. Richardson (1959) and Adams
and Richardson (1960) studying several bauxite deposits of different origin pointed out
that the highest concentration of zirconium was found in bauxites derived from acid
igneous rocks having an average Zr content of 2480 ppm, whereas bauxites derived
from basic igneous rocks have an average Zr content of 690 ppm, those derived from
shales have average content of 590 ppm, and bauxites derived from carbonates
contained the lowest concentrations of Zr with an average content of 480 ppm.
However, Zainudeen et al (2023) have measured lower Zr content of some bauxite
deposits derived from magnesium-ferrous andesite-basalt and mafic rocks, averaging
667 ppm and 414 ppm respectively. Oikonomopoulou-Kyriakopoulou (1991) has
measured Zr content of the three horizons of the Mesozoic bauxite deposits of Central
Greece, which have parent rocks basic and ultrabasic rocks, averaging 527 ppm. It is,
therefore, important to consider some additional mineralogical and chemical parameters
in order to identify the origin of the source rock, especially for the case that a series of

alumina-rich rocks are present as precursor material.

Kelemen et al. (2023) suggest that besides the origin of bauxites from fluvial drainage
of diverse metamorphic units, additional long-distance aeolian sources existed, related
to igneous rocks. The zircon crystals studied from Lowen et al. (2015) extracted from
Ampelos Nape rocks are mainly anhedral to subhedral, even though, some grains are
recrystallised in two stages (Brocker et al. 2014). There is no indication that diaspore is
a primary or secondary mineral formed during low grade metamorphism. The study of
some Western Anatolian diasporite deposits from Milas area revealed that they are
unique, as they contain both metamorphic and hydrothermal-remobilized diaspore,

formed in different geological periods (Hatipoglu et al., 2010a & 2010b).

It is known that in Cenomanian-Turonian succession of sediments, transgressive-
regressive cycles have been reported in several Neo-Tethyan platforms, which are
associated with hiatuses attributed to tectonic events and global sea-level fall (Lawa et

al. 2023). Upper Turonian shallowing of the sea level was a significant event, having
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been reported in carbonate successions in several places of Europe (Wiese and Kroger,
1998). During this shallowing of the sea-level, Upper Cretaceous, clastic grains of REE
were transported into the sedimentary basin of East Samos, mainly with the form of
monazite. Cu, Pb, Zn, As (and Co-Ni?) may represent weathered polymetallic deposit
hosted in shales (now schists). Other trace elements present were probably fixed in the
lattice of neoformed diaspore and other minerals. In particular, Ga*" (0.62 nm) has
similar ionic radius with AI** (0.57 nm), a fact that allows isomorphic substitutions in

aluminum hydroxides such is diaspore (Foley et al. 2017; Ling et al. 2020).

The strong correlation of Zr with Al,Os and Ga is also judging for a common, clastic
origin of these elements in Samos diasporite. The parallel strong correlation of Zr, Ga,
and Al,Os of the Parnassus-Oiti bauxites, supports these genetic considerations. On the
other hand, analysis of nine representative samples of Turkish bauxites and diaspore
(Gilindogan 2022) showed that there does not exhibit any correlation of Ga-Zr (-0.552)
and Zr-Al,Os (-0.738), and only Al,Os-Ga shows a strong positive correlation (0.848).
The variance of these correlations of Zr with both Al,O3 and Ga can be attributed to
differences in the nature of the parent rocks which yield zircon, alumina and gallium in
a sedimentary basin, as well as in percolating fluids chemistry and the degree of
alteration. Brocker and Pidgeon (2007) and Lowen et al. (2015) describe Triassic
magmatic activity in several tectonic subunits of Cyclades. Even though there is no data
describing pre-Cretaceous sulphide mineralization in Samos, SEM analysis, along with
the trace element analysis judge for a possible derivation of Cu, Pb, Zn, Ba, Co, S, As,

from altered sulphide primary mineralization.

6. Possible economic importance - Conclusions

According to a British Geological Survey report (Lusty at al. 2021), the Critical Metals
with the highest Global Supply Risk are REE and Ga, along with Sb, Ge and Te, with
the first two produced in China at 78% and 90% respectively. In China, where
significant REE ore deposits occur, they are associated with peraluminous granites. This
type of deposit is characterized as ion-adsorption deposit, formed by the subtropical
weathering of granitoids, followed by the absorption of REEs as ionic complexes onto
clay minerals (mostly kaolinite and halloysite) in the weathering crusts (Fan et al. 2023).
Similar metallogenic systems are recently discovered in SE Asia, Madagascar and the
southeastern United States (Xu et al. 2017). This type of deposits hosts almost 50% of
the total mined HREE ore deposits worldwide (Boxleiter et al. 2024). Some peralkaline
granites of Mongolia and Labrador, Canada are also rich in REE, whereas peraluminous
granites of China, France, Egypt and Nigeria are poor in REE (Linnen and Cuney 2004).
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Besides the granite-regolith associated REE deposits, kaolinite-rich sedimentary rocks
and bauxite have a potential of hosting significant REE concentrations (Boxleiter et al.
2024). In Nova Scotia, Canada, the Late Devonian to Early Carboniferous Wentworth
plutonic complex host mineralized zones which contain up to 3.4 wt% ZrO,, 1.2 wt%

REE;Os3, and 0.4 wt% Nb,Os (Ersay et al. 2022).

As it is shown in Table 2b, some of the HREE were not measured, or are absent from
the bulk chemistry of the samples studied (Table 2b). One of the measured HREE is
Yttrium, which has its higher concentration (248 ppm) in the transition deposits
(BS).Ytterbium, even though it was detected by SEM-EDS analysis, is absent from the
bulk rock chemistry. Scandium higher value was measured in the massive diasporite
reaching 36ppm, whereas in half of the samples its content is below the detection limit.
Neodymium is also enriched in the same massive diasporite sample reaching 226 ppm.
The higher ZREE+Y content of Mikri Lakka massive diasporite is 1129 ppm, with an
average value of 680 ppm, even though there had not been measured all REE. These
values are much higher than the ZREE+Y measured in Parnassus-Ghiona bauxites
which have an average content ranging between 292 ppm (Mondillo et al. 2022) and
463 ppm (Gamaletsos et al. 2019), the metabauxite deposits of Turkey which is 129
ppm (Giindogan 2022), and lower than the average YXREE+Y of the southern France
karst-type Jurassic-Cretaceous bauxites which is 990.78 ppm. Mondillo et al. (2019)
suggest that a recovery of REE has a potential interest due to the REEs release into

solution, along with alumina and gallium, during the digestion step of the Bayer process.

Gallium is industrially produced as by-product during bauxite processing (>80%), and
secondarily during processing of sediment-hosted Pb-Zn deposits (Schulte and Foley
2014; Qi et al. 2023; Critical Metals Corp. 2024). Gallium content of bauxites is of
particular interest, as it can be extracted from the Al-ore during the Bayer process.
Besides its importance as one of the critical metals in high-tech and green technology,
Ga can be used as a diagnostic tool to study planetary evolution, surface weathering
metallogenic systems and hydrothermal metallogenic systems, through its isotopes
(Quin et al. 2025). Gallium in bauxites is enriched in the alumina hydroxide minerals
whereas it is depleted in the accompanied in paragenesis iron hydroxides (Mondillo et
al. 2019). The same authors have measured total Ga content up to 70.5 ppm in a series
of bauxite samples, whereas Ga in the aluminum hydroxides is reaching the value of
178 ppm. In certain South American bauxite deposits gallium reaches up to 80 ppm of
Ga,0s3 (Critical Metals Corp. 2024). According to a USGS report (Schulte and Foley
2014), the range of gallium content of bauxites worldwide is ranging between ~10 to
812 ppm, with an average value of 57 ppm. More recent reports (Qi et al. 2023) separate
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the Ga content of the karstic and lateritic bauxite worldwide, but they show almost the

same average content, 59 ppm and 60 ppm respectively.

The Turkish bauxites contain in average 57 ppm Ga (26 representative samples
analyzed; Hanilci 2019) and the meta-bauxites 51 ppm (8 representative samples;
Gilindogan 2022). Note that in two average analyses of 100 (Oikonomopoulou-
Kyriakopoulou 1991) and 22 (Mondillo et al. 2022) bauxite samples of the Greek
Parnassus-Ghiona-Oiti deposits, gallium has slightly higher concentrations (64 and 67
ppm respectively), reaching up to 123 ppm in some unexploited bauxite occurrences
(Oikonomopoulou-Kyriakopoulou 1991). These gallium average variances are common
among bauxite deposits worldwide due to the variable samples used in each particular

statistical analysis (Qi et al. 2023).

Liang et al (2023) have measured in muscovite derived from ore-related granite up to
139 pp gallium; the muscovite-rich samples of Mikri Lakka have not shown Ga
enrichments, most likely due to their metamorphic origin. The average gallium content
of the Mikri Lakka massive diasporite is 79 ppm (max 96 ppm), which is higher than
the average gallium content of the exploiting Greek bauxite deposits and significantly
higher than the cut-off grade of 20 ppm in bauxite ore deposits (Qi et al. 2023). Both
the REE and Ga content of the Mikri Lakka diasporite is promising to consider their
recovery from the ore, despite the fact that due to the absence of systematic borehole
data, the proven reserves in the east part of Samos are unknown. These metals could be

extracted as byproducts during the processing of the diasporite to produce alumina.
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APPENDIX

Plate 1: SEM-EDS analysis. The distribution of REE-rich minerals (white) in a
diasporite/titanomagnetite groundmass (dark). a) P, Y, Gd, Er-rich -monazite, b) Cu-

As, Ce, La, Pr, Nd-rich, c) Ca, La, Ce, Pr, Nd, Sm-rich, d) Zn, Ce, Pr, Nd, Sm-rich.

a) SML-DS-2: SiO; 12.81%, P,Os b) SML-BS-4: AL,Os 6.43%, SiO;
27.10%, K20 0.81%, CaO 1.33%, 5.40%, P,Os, 5.00%, K>0 0.68%,
F6203 5.85%, Y203 32.24%, Gd203 Fe203 1.18%, Cu20 1.19%, ASzO3
1.67%, Er,03 1.33% 0.64%, La,0316.25%, CeO, 25.87%,

PI‘203 4.15%, Nd203 11.59%, ThOz
1.16%

¢) SML-DS-6: Al,O3 4.57%, SiO» d) SML-BS-6: ALO; 10.10%, SiOs
4.10%, CaO 11.35%, Fe,03 0.74%, 7.28%, K20 1.11%, Fe;03 3.31%,
La;O3 21.80%, CeO2 25.98%, P10 Zn0O 2.51%, CeO2 30.83%, Pr,O;
3.16%, Nd,O; 12.34%, SmxO3 2.23% 2.94%, Nd,03 9.23%, Sm,03 1.95%,

ThO; 1.29%
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Plate 2: SEM-EDS analysis. Subhedral diaspore elongated crystals hosting scattered
iron oxides (85.20%), rich in Cu,O (1.62%) [a]. Euhedral zircon prism (upper right)

which and broken rutile needle-like crystal (center) [b].

a] SML-DS-1 b] SML-DS-1
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