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Abstract

Publication History:

During the last decades, the rapid progress of remote sensing data processing for their
utilization in detecting locations of possible sites linked to hydrothermal alteration and
ores has gained increasing attention due to significant time and cost savings. In this
study, we present the findings of a joint remote sensing and laboratory examination of
a mineralization zone induced by a granitoid intrusion onshore the islet of “Koutala”,
in Lavreotiki, central Greece. Our objective is to investigate the potential of Sentinel-2
and WorldView-3 VNIR satellite data to detect and map oxidized ore zones and
alteration minerals that are detected from laboratory analysis of samples and could be
©2023. The Authors . . N

linked to Fe-Mn mineralization. Two approaches are followed, namely reflectance
spectroscopy and spectral indices. In reflectance spectroscopy, the spectral signatures
of all minerals detected in the study area are retrieved from spectral libraries. The
signatures are resampled to Sentinel-2 and to WorldView-3 VNIR spectral bands.
Continuum-removal is then applied and the diagnostic absorption features of each

mineral are detected for each spectral band configuration. The dataset with the best
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spectral configuration for mineral detection is then used for the production of mineral
maps using the corresponding satellite image. The second approach involves the
calculation of spectral indices, namely ferric, ferrous iron and hydroxyl-bearing
alteration, on reflectance spectra. The ferric iron index is applied to both satellite
datasets while the two other indices require the use of SWIR bands and therefore, they
can be only calculated on Sentinel-2 data. All results show that laboratory and satellite
data analyses results are consistent and complementary. WorldView-3 VNIR data seem
to be sensitive only to the ferric and manganese phase. Sentinel-2 data seem to be
capable to detect and map all alteration minerals that are potentially linked to Fe-Mn
ore, including both ferric and ferrous phases. The mineral absorption and spectral
indices maps show that in the investigated area, there is significant mineralization
related to the granitoid intrusion. Hydrothermal alteration is observed on the entire
surface of the islet but it seems to be stronger at the eastern part of the islet where the
granitoid/schist contact is located. It is the first time that (i) minerals linked to a
potential Fe-Mn ore are detected on the islet and (b) the corresponding alteration
mineral maps are produced from satellite data, revealing their spatial distribution and

providing indirect estimations of the degree of their presence.

Keywords: granitoid intrusion, Lavrion, Fe-Mn mineralization, remote sensing,

reflectance spectroscopy, spectral index.

Mepiinyn

Tic teldevtaies dexoeties, N avlavouevy TPOodos oY emeCepyaTio. TV dOPLPOPIKWDV
oedouévav yio. v adlomoiner tovg otov eviomioud mihovav Oécewv vipobepuikav
elorloinoewV Kol TOPOVTIOS OPUKTAV TOPWV EXEL OTOTEAEGEL OVTIKEUEVO EVIOTIKNG
EPEVVOG. 2TV TOPOLOO, EPYOOIO, TOPOVOIGLOVUE TO. ATOTEASTUATO, UIOG UEAETHS TO
oVVOVALEL EPYOOTNPIOKES OVAALDOEIS Kal ETELEPYOTIO OOPVLYPOPIKWDV JEGOUEVDV YIG THV
opvkrodoyiky eéroon (ovne elorloiwons amé v Oieiodvon ypavitoEldovs Tov
EVIOTIOTNKE OTNV EMPAVELD. THS vioidog «Kovtdloy otnv meproxn e AavpewTikig.
2T6x0¢ eivar 1 OLEPedVNON THS dLVATOTHTAS TWV J0pLPOPIKWY dedouévarv Sentinel-2 kai
WorldView-3 VNIR oy aviyvevon koi yoptoypagnon opvktwv eéalloiwong mov
sVPEONOAY KATG, TIC EPYATTHPLAKES OVOLDOELS FELYUATOY TO, OTTOLO. TLOAVDE VO GVVIEOVTAL
ue uetdAdevuo Fe-Mn. o tov oxomd avto, epapudotnray 000 uédodol, paocuarookorio
OVOKAGONG KoL QOoUATIKOL O8iKTeS. 2TV mpadTy ueéhodo, ovIAEYOVTIOL 01 POCUOTIKES
DTOYPOPES OAWYV TV OPVKTOV TOV EVIOTIOTHKAY OTHY TEPIOYH OO POCUOTIKES
PirlioBnxes. Karomy epopuoletal uetaoyniationos Ty TimY OVaKAQTTIKOTHTOG UE TV
QPOIPETN TOD GUVEXODS. 2TH OVVEYELD, OVAL{NTOVTAL 01 ATOPPOPHOELS TOV YOPOKTHPILOVY
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omoKAgloTIKG TO KGO 0pvKTO Y10, Tov Kabe aroOntipo. O oioBntHpas tov omoiov To.
POCUATIKG KOVAAIO, UTOPODV KOLI OVIYVEDOVDV TO. TEPLOGOTEPA OPVKTA ECOALOIWONG
emAEYeTAL YIoL TV yopToypapnon tovs. H devtepn uédodog apopd arov vmoloyiouo kai
TOPAYwYN YOPTOV POCUOTIKOV OEIKTOV, 0Tow dlatifeviol to. amopaityto. kavidia. O
ogikTng mov owviyvedel tpiolevy aionpo vmoloyiletor kol 0TODS VO SOPLPOPIKODS
a1o0ntipes. O d160evig aionpog kai o Jciktng eCalloimong vroloyiloviar uovo ue to
dedouéva, Sentinel-2 Adyw twv dvo kavalidv mov diobéter oto SWIR. To aroteléouorta
NG UEAETNGS OELYVODY OTL 01 EPYACTHPLOKES UETPNTELS KO 1] EXECEPYOTIO. TV DOPDPOPIKWDV
0EDOUEVWY TOUPDVODY KoL EIVOL GOUTANPpOUATIKES. Ta 00pvPOPIKa dedOUEVA TOPEYOVY
TANPOPOPIa WS TPOS THY YWPIKI KOTAVOUT] TV OPOKTAY TAV® OTO VHOL. ZUYKEKPIUEVO,
rpokorrer 011 to. dedouéva WorldView-3 VNIR, aviyvebovv v mapovoio yrortitn ko
Mn_o&eidicwv/vopoleidimv. Emniéov, ta dedouéva Sentinel-2 paivetor o6t eivar ikova
vo. aviyvevaoov (1) v eCalloiwon kabws kar (11) OAx 10, OPUKTE TOV GOVOEOVTOL UE
mlovy wapovaio. Fe-Mn uetaAleduorog, eite Epovv tpiobevy eite diobsvi aidnpo otn
ovotaon tovg. O1 JopvPOPIKOL YapTeS OELYVOLY OTL DIOPYEL, T& OLAPOPETIKO Pabuo,
onuovtixy elorloiwon oe Oy ™V EmMPAVEIQ TOV VIOIOD 1 OTOI0. GOVOEETOL UE THV
noyuotikn digicdvan. LQotoco, n eCalloiwan eival To 1GYVPY OTO OVATOLKO TUNUO THS
VHOIOOG OOV TOPOTHPELTOL KoL 1 EmOPY oylotollBwv/ypavitogidois. Me v wapodoa
UEAETH, YLO. TPOTH POPA. 6T VRGido. (1) YIVETOL AVIYVEDGH KAl YOPTOYPOPHTH OPVKTOV TOD
ovvoéovrou pe mbavyy mopovaio. Fe-Mn uetalleduaros xar (1) mopdyoviar yopteg
0pOKTOV eC0AA0IWONS 01 0TOI01 TOPEYOVY TANPOPOPIO. TOGO YLOL TV YWPIKH KOTOVOUN

TV OPVKTOV GTHY EMPAVELD, 000 KOl EUUETES EKTIUNTELS TOV Pabuod Tapovoiag Tovg.

AéGeig-Kle1dia:  ypavirogidés, Aovpewtxy, uetallopopio Fe-Mn, Tylemoxomnon,

POCUATOCKOTIIO. AVAKAQONS, PACUOTIKOS OEIKTHG.

1. INTRODUCTION

During the last three decades, the use of satellite imagery in geological mapping and
mineral exploration has grown rapidly in order to detect mineralization-related
alterations and associated ore deposits (Van der Meer et al., 2012; Van der Meer and
Van der Werff, 2014; Van der Werff and Van der Meer, 2015, 2016; Ge et al., 2018(a),
2018(b); Hu et al., 2018; Van der Meer et al., 2018; Pour et al., 2019; Vasuki et al.,
2019; Ferrier et al. 2019; Tompolidi et al., 2020; Anifadi et al., 2022). Recent
multispectral satellites such as the Landsat Operational Land Imager (OLI), and the
Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) have
been the most widely used multispectral satellite sensors for the detection and mapping

of minerals related to alteration, such as iron oxides, hydroxyl-bearing minerals, and
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carbonates (Rowan and Mars, 2003; Rowan et al., 2006; Ferrier et al., 2010, 2016; Mars
and Rowan, 2010; Hosseinjani et al., 2011; Pour et al., 2011; Rajendran et al., 2017,
Yang et al., 2018; El Kati et al. 2018; Abubakar et al., 2019; Pour et al. 2019; Ferrier et
al. 2019; Tompolidi et al. 2020; Vural et al., 2021), especially, when the satellites
provide spectral information in the shortwave infrared (SWIR) part of the

electromagnetic spectrum.

Since 2015, additional studies have been conducted in order to reveal the potential of
Sentinel-2 (S-2) Multispectral Imager (MSI) in geological remote sensing, mineral
exploration and discrimination (Mielke et al., 2014; VVan der Meer and Van der Werff,
2014; Yokova et al., 2016; Hu et al., 2018; Adiri et al., 2020; Ge et al., 2020; Purwadi
etal., 2020; Tompolidi et al., 2020; Lanfranchi et al., 2021; Soydan et al., 2021; Anifadi
et al., 2022). Sentinel-2 provides spectral information in twelve spectral bands, namely
ten (10) in the visible-near infrared (VNIR) and two (2) in the SWIR (Table 1).
Furthermore, WorldView 3 (WV-3) is a commercial multispectral satellite, launched in
August 2014, owned and operated by DigitalGlobe, Inc. It measures reflected radiation
in eight (8) visible-near infrared (VNIR) spectral bands between 390 and 1050 nm
and/or in eight (8) SWIR bands ranging from 1080 to 2380 nm in a very high spatial
resolution (DigitalGlobe Inc., 2017). There are relatively few studies in mineral
exploration that have been conducted using this type of data. These studies exploit all
the satellite’s available bands, both in VNIR and SWIR (Sun et al., 2017; Salehi et al.,
2020; Park and Choi, 2021). In this study, only a WV-3 VNIR dataset, covering the
study area, was available. In Table 1, we show the S-2 spectral bands and the

corresponding WV-3 VNIR spectral bands.

In literature, various satellite image processing methods and techniques have been
proposed for mineral discrimination and mineral exploration. In this study, we focus on
two methods, namely (i) Reflectance Spectroscopy (or imaging spectroscopy) and (ii)
Spectral Indices (SIs). In reflectance spectroscopy, focus is given on the analysis of
spectral signatures measured in the VNIR, SWIR and thermal infrared (TIR) regions of
the electromagnetic spectrum (Farmer, 1974; Hunt, 1977; Clark and Roush, 1984;
Burns, 1993; Clark, 1999; Ganas and Ferrier, 2002; Kruse, 2010; Pour et al., 2011).
Generally, Fe-oxides can be detected in the VNIR region (400-1000 nm) and hydrated
minerals and carbonates can be detected in the SWIR region (1-3 um) and TIR region
(7-14 pm) (Hunt, 1977; Goetz and Rowan, 1981; Burns, 1993; Clark, 1999; Sabins,
1999; Ganas and Ferrier, 2002; Rowan and Mars, 2003; Kruse, 2010; Ninomiya and
Fu, 2019).
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Table 1. S-2 and WV-3 VNIR spectral bands (*). The S-2 bands are referred in
abbreviation as “Sb” and the WV-3 VNIR bands as “Wb”. The column “Center”” shows
the center wavelength of each spectral band (nm). The column “Width” indicates the
width of each spectral band (in nm). The column “Res” shows the spatial resolution of
each spectral band (in m).

Sentinel-2 Worldview-3 VNIR
Band Centre Width Res. Band Centre Width Res.
(Sb) (nm) (nm) (m) (Wb) (nm) (nm) (m)
1 443 20 10 1 425 50 1.33
2 490 65 10 2 480 60 1.33
3 560 35 10 3 545 70 1.33
4 605 40 1.33
4 665 30 10 5 660 60 1.33
5 705 15 10
6 740 15 10 6 725 40 1.33
7 783 20 10
8 842 115 10 7 832 125 1.33
8A 865 20 10
9 940 20 10 8 950 180 1.33
11 1610 90 10
12 2190 180 10

(*) The WV-3 VNIR dataset also includes a panchromatic image centered at 660 nm
with 0.33 m spatial resolution.

In particular, the VNIR spectral bands provide spectral absorption features due to
electronic transitions and therefore are used to map transition metal-bearing minerals
such as iron-bearing minerals (Hunt, 1977; Hunt and Ashley, 1979; Clark and Roush,
1984; Burns, 1993; Cloutis, 1996; Clark, 1999; Sabins, 1999; Rowan and Mars, 2003;
Rowan et al., 2003; Bishop and Murad, 2005; Kruse, 2012; Van der Meer et al., 2012).
Apart from the original (e.g. reflectance) spectra, reflectance spectroscopy can also be
applied to transformed spectra, such as continuum removed spectra. Continuum
removal (CR) is defined via a function that isolates characteristic absorption areas in a
given spectrum (Clark and Roush, 1984; Clark, 1999) and is applied on the original
spectra. The continuum corresponds to the background signal related to all the other
components of the image. This signal is removed, while maintaining only the targeted
absorption feature (Kruse, 1988; Kruse et al., 1993; Clark, 1999). Spectrally, the
targeted absorption feature depends on the chemistry of the mineral content, while its
intensity is related to the amount of the abundance of the mineral in the pixel (Clark,
1999; Hunt and Ashley, 1979). This is quantified by the depth of diagnostic absorption
feature(s) in the associated spectrum (Clark, 1999; Kruse, 1988; Kruse et al., 1993). In

addition, among the oldest and most frequently used methods are Spectral Indices (SIs)

179



Volum

and band ratios. Sls are computed per pixel in an image. They involve measurements at
certain spectral bands of the spectral signature of the pixel under study and they are
mathematically expressed as a combination of these measurements via generally simple
mathematical operations (Jackson, 1983). The aim of Sls is to enhance and quantify
spectral differences due to different compositions within the image. In particular, Sls
enhance the difference between a well-defined reflectance and a diagnostic absorption

feature in the spectral signature of the pixel under study.

A special case of Sls is represented by band ratios, where the ratio of two spectral bands
is computed. Several Sls have been proposed using a range of wavelength combinations
for mapping various mineral assemblages (Cloutis, 1996; Sabins, 1999; Cudahy and
Hewson, 2002; Yamaguchi and Naito, 2003; Henrich et al., 2009; Shim et al., 2021),
especially after the arrival of ASTER data with their SWIR spectral bands (Abrams et
al., 1983; Abrams & Hook, 1995; Yamaguchi et al., 1998; Yamagushi & Naito, 2003;
Kalinowski and Oliver, 2004; Gad and Kusky, 2007; Rajendran et al., 2011; Abrams et
al., 2015; Ferrier et al. 2016; Askari et al., 2018; Shuai et al., 2022). Depending on band
availability, these Sls have also been adapted to Landsat 8 OLI and to Sentinel-2
spectral bands (Van der Meer et al., 2012; Van der Meer and Van der Werff, 2014; Van
der Werff and Van der Meer, 2015, 2016).

Concerning lithological/mineral mapping applications in the Greek territory, there are
several studies using various methods and techniques applied on multispectral and/or
hyperspectral data. Indicative examples are the application of Sls on S-2, ASTER
and/or Landsat 8 data (Anifadi et al., 2016; Ferrier et al. 2016; Tompolidi et al., 2020;
Anifadi et al., 2022; Sykioti et al. 2022), spectral unmixing on (i) S-2, ASTER and
Landsat 8 OLI data (Tompolidi et al., 2020) and (ii) EO-1 Hyperion hyperspectral data
(Nikolakopoulos et al., 2007), Spectral Angle Mapping and Mixture-Tuned Matched
Filtering on EO-1 Hyperion data (Nikolakopoulos et al., 2007), fusion techniques on
EO-1 Hyperion and ALI for spatial resolution enhancement (Nikolakopoulos et al.,
2010), PCA, ICA and Tasseled Cap techniques on EO-1 ALI data (Nikolakopoulos et
al., 2018) and finally, supervised classification on Worldview-2 data (Oikonomidis et
al., 2016).

In this paper, we present the findings of a joint remote-sensing and laboratory
examination of a mineralization zone induced by the intrusion of a small igneous body
onshore the islet of “Koutala”, in Lavreotiki, Greece (Fig.1). Our objective is to
investigate the potential of S-2 and WV-3 VNIR data to detect and map alteration

minerals which are detected from laboratory analysis of samples and could be linked to
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Fe-Mn ore. The selection of these multispectral sensors in order to conduct this study
is based on spectral criteria. First, there are no satellite hyperspectral acquisitions that
cover the study area (i.e., EO-1 Hyperion archive data). Secondly, compared to other
current multispectral sensors, these two sensors are the most suitable for this type of
study since they both include several spectral bands within the VNIR area, which enable
the detection iron-bearing minerals, and consequently Fe-Mn mineralization (Clark,
1999). Since a relatively high spectral resolution is needed for mapping iron contents
with reflectance data, especially S-2 includes several, relatively narrow, bands that
cover the 0.9 um iron absorption feature, while, as aforementioned, other space-borne
sensors traditionally used for geologic remote sensing, like ASTER and Landsat 8 OLI
have only one band in this feature (van der Werff, 2015).

The adopted methodology includes a two-way approach, namely Reflectance
Spectroscopy and Sls. The novelty of this paper lies on the fact that (i) Fe-Mn
mineralization has never been detected on the Koutala islet of Lavreotiki, (ii) the Fe-
Mn mineralization in the area has never been studied before with the use of S-2 and
WV-3 VNIR data, (iii) it is the first time that Fe-Mn ore-related mineral maps are
produced for the study area, (iv) it is the first time that indirect estimations of the degree
of presence of Fe-Mn ore-related alteration minerals in the study area are provided
through characteristic absorption features and Sls and finally (v) it is the first time that
mineral spatial distribution information on the study area is provided additionally to the

existing geological map and relative literature.

2. STUDY AREA

The islet of “Koutala” is located about 5 km NNE of the city of Lavrion (Fig. 1). The
islet has a form of a rocky promontory, forming a characteristic tombolo feature with

the mainland (in coastal geomorphologic terms). Its size is about 240 m in E-W by 40-
60 in the N-S direction.

181



Geological Society of Greece

20°E 22°E 24°E 26°E 28°E

42°N 42°N

40°N 40°N

38°N o 38°N

36°N 36°N

100 200 km
[ —

20°E 22°E 24°E 26°E 28°E

24.07°E 24.08°E

A

Profitis Ilias
Thorikou Kerateas

37.76°N 37.76°N

37.75N 37.75°N

100/, 200m 3
o ey e

24.07°E 24.08°E

(b)

Fig. 1. Location of the study area: (a) Lavrion area in Attica (Greece) (red rectangle);
(b) Koutala islet in Lavrion area (yellow rectangle). Background image from Google
Earth.

2.1 Geological setting and mineralization

The general Lavreotiki area (Attica, Greece) belongs to the Attic-Cycladic Crystalline
Belt (ACCB) representing a multistage metamorphic region which includes two major
geological units; the lower tectonic unit (LTU) and the upper tectonic unit
(Papanikolaou and Syskakis, 1991; Photiades and Carras, 2001; Upper Unit in Fig. 2)
that represents the hanging-wall of the Cycladic extensional detachment. An extract of
the geological map of the study area is shown in Fig. 2. In that area, the LTU consists

of an “autochthonous” sequence of Triassic-Lower Jurassic metamorphic rocks, of
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Kessariani schists and (iii) the Upper marble series, that are all overlain transgressively
by Upper Jurassic-Lower Cretaceous non-metamorphic conglomerate and limestone
formations (Fig. 2; Marinos and Petrascheck, 1956; Photiades and Carras, 2001). The
LTU was overthrust by a phyllitic nappe of blueschist metamorphic phase (allochtonous
sequence or Intermediate Tectonic Unit) of a probable Upper Cretaceous age (Marinos
and Petrascheck, 1956; Papanikolaou and Syskakis, 1991; Photiades and Carras, 2001).
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greenschist to amphibolite phases, that includes (i) the Lower marble series, (ii) the

771000

000S81¥

i’w’"‘\.

000C8 1

=
s Q
O
(=]
o
° o
%nvrion
F—— 1 Meters
0 1000 2000
765000 768000 771000
E ‘ Late Niocene
A Dyke rocks (D) Graritoid
Ypper Cretaceous B Upper Marble il
D Quetemery . limestones < ’Ab il
= . i schists' + Lower Unit Granedicrite stock ardone:
N«ggene & ). Upper Unit - Kaesariani schisis . i
semen (NS uly Triassic
B tower mabie 5 Horetses - rantolds

.+° Border of coniact Sworm of

/ Detachment fault ,"' metamorphic aurecle quarzveiny
-

Geological Society of Greece

Fig. 2. Georeferenced (projection UTM34 - WGS84) digital extract of the geological
map of the area after Skarpelis, (2007; modified after Marinos and Petraschek, 1956).
The yellow rectangle shows the study area, where the red rhombus indicates the
granitoid intrusion on the islet.

The well-known granodioritic intrusions in Lavreotiki peninsula are synchronous with
the Miocene extensional detachment faulting as a part of a metamorphic core complex
formation in the ACCB (Altherr et al., 1982; Pe-Piper and Piper, 2002; Skarpelis et al.,
2007).
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Mineralization in the ACCB is generally associated with the succeeding stages of the
tectono-plutonic evolution and is strongly related to the extensional faulting (Skarpelis,
2002). Ascending hydrothermal fluids deposited massive sulphide ore in carbonate
rocks (carbonate replacement deposit), while skarn-type mineralization has been
formed, due to contact metamorphism, around the granitoid intrusions (Economou et
al., 1981; Bonsall et al., 2007; Skarpelis and Argyraki, 2008; Voudouris et al., 2008;
Berger et al., 2012; Voudouris et al., 2018). Late NW-SE trending tension gashes have
acted as conduits for ascending hydrothermal fluid, resulting in the formation of
mineralized veins (Skarpelis and Argyraki, 2008; Voudouris et al., 2008). Fe-Mn
mineralization in Lavreotiki area is generally hosted within carbonate rocks, close to
the surface of the detachment faults and the contacts between lower and upper marbles
with the Kessariani schist. The characteristic features of that type of Fe-Mn
mineralization seems to be the result of multistage supergene processes superimposed
over initial hydrothermal stages (Vasilatos and Economou-Eliopoulos, 2018; Vasilatos
et al., 2022). The occurrence of abundant bacteriomophic Fe-Mn-oxides/hydroxides in
those deposits has been attributed by Vasilatos and Economou-Eliopoulos (2018) and
Vasilatos et al. (2022) to bacteria-driven redox reactions during those ore-forming
processes. However, typical iron-rich gossan formations are located at, or close to, the
surface of the detachment fault. They had been formed during supergene processes by
downward-penetrating water, oxidation of hypogene sulphide mineralization,
mobilization of metals and re-precipitation, as a result of the interaction of acidic water
with marble (Skarpelis and Argyraki, 2008).

3. MATERIALS AND METHODS

3.1 Materials

Field data

During a field campaign conducted on 18 July 2022, eighteen (18) GPS measurements
were collected at the islet in order to delineate the contact between the granitoid and the
schists (Fig. 3). The GPS data were collected using the RTK (real-time kinematic)
technique that offers a positioning accuracy of the order of a few cm (e.g., Mekik and
Arslanoglu, 2009). Furthermore, four (4) rock samples were collected and analyzed in
the laboratory using the XRD method, one of schist (point 11 in Fig.3), two of granitoid
(points 17 and 13 in Fig. 3) and one at the granitoid/schist contact (point 17 in Fig. 3).
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Fig. 3. Location of GPS measurements on the islet (yellow points) and photos of
different locations in the field. In the red rectangle at the bottom of the image, two
photos show the location of the schists/granitoid contact where the sample of
granitoid/schist was collected. The background image is a Google Earth high resolution
image, co-registered to the WV-3 VNIR image.

Spaceborne data

A Sentinel-2 Level 2A satellite image (S-2) was acquired on 19 July 2022 (Fig. 4a).
The output reflectance image (pixel values ranging [0,1]) consists of 12 spectral bands,
resampled to 10 m spatial resolution. Furthermore, a WV-3 VNIR multispectral dataset,
including a panchromatic image, was retrieved, that was acquired on 15 January 2022
(Fig. 4b). The multispectral dataset consists of 8 spectral bands in the VNIR with 1.33
m spatial resolution (Table 1). An additional panchromatic image was provided centred

at 660 nm with 0.33 m spatial resolution.
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Fig. 4. True-colour composites of the two satellite subsets centred at the study area, (a)
one from the Sentinel-2 image (acquired 19/7/2022, spatial resolution 10 m) and (b) one
from the Worldview-3 VNIR image (acquired 15/1/2022, spatial resolution 1.33 m).

3.2 Methodology

The flowchart of the research methodology followed in this study is shown in Fig. 5.

3.2.1 XRD analysis

During the July 2022 field campaign, four rock samples were collected and analyzed in
the laboratory of the Department of Geology at NKUA using the XRD method. X-ray
powder diffraction (XRD) data were obtained using a Siemens Model 5005 X-ray
diffractometer (Bruker AXS GmbH., Karlsruhe, Germany), Cu Ka radiation at 40 kV,
40 nA, 0.020 step size and 1.0 s. step time. The XRD patterns were evaluated using the
EVA 10.0 program of the Siemens (Bruker AXS GmbH) DIFFRAC software package
(NKUA). The evaluation of the acquired XRD patterns has identified, among other
minerals, the presence of hydrothermal alteration minerals in all studied samples (Fig.
6).
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1. AC, resampling, subsetting ~WV-3 VNIR
2. co-registration l
3. masking to common pixels above sea level [absorplion feature(s) detection
for each mineral
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Mineral (absorption) maps

Iron and Alteration spectral indices
(S-2, WV-3 VNIR)

Iron and Alteration

distribution maps

Fig. 5. Flowchart of the methodology followed in this study. Blue labels: datasets; A)
reflectance spectroscopy procedure; B) Sl procedure.

Micas and chlorite were determined in the granitoid and schist samples while goethite,
Mn-oxide/hydroxides and micas were identified in the contact sample, indicative of Fe-
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Mn mineralization. Mn-oxide/hydroxides were also identified in the schist sample (Fig.

6a). Table 2 summarizes the mineralogy of the lithologies present in the study area.
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Fig. 6. XRD patterns of the samples collected in the field corresponding to (a) schists,
(b) and (c) granodiorite and (d) granodiorite/schist contact.

Table 2. Mineralogy of the lithologies present in the study area according to XRD
analysis results on the four samples collected in the field.

schist Granodiorite-1  Granodiorite-2 contact

micas micas + + + +

quartz gz + + + +
chlorite chl + + +
K-feldspars fsp + +

calcite cal + + +
plagioclase plg + +

Mn-oxides Mn-ox + +

goethite goe +

halite hal +
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3.2.2 Mineral spectral signatures — absorption feature analysis

Following the XRD results of the mineralogical analysis, the spectral signatures of the
eight detected minerals (Table 2) are retrieved from the USGS Spectral Library Version
7 (https://crustal.usgs.gov/speclab/QueryAll07a.php) and one, for Mn_oxide/hydroxide,

from the PDS Geosciences Node Spectral Library (https://pds-speclib.rsl.wustl.edu/).

The spectral signatures retrieved from the USGS spectral library correspond to pure
samples of average grain size 30-70 um. They are retrieved from the database in two
forms: one resampled to S-2 spectral bands and one to W-3 VNIR spectral bands. The
original Mn_oxide/hydroxide spectral signature is also convolved to the S-2 and WV-
3 VNIR spectral bands using the ENVI 5.5 software. The reflectance reference
signatures (or spectral signatures as they are named hereafter) of all minerals are
presented in Fig. 7a-i. Micas, chlorite, plagioclase and K-feldspar are represented by
the retrieved spectral signatures of muscovite, clinochlore, andesine and orthoclase
respectively (Fig. 7 c, d, e, f). Concerning the Mn_oxides/hydroxides, they are

represented by the spectral signature of manganite (Fig. 7b).

A well-established processing technique in reflectance spectroscopy, namely
continuum removal (CR), is then applied to the spectral signatures of pixels of the
satellite images. According to this method, one determines for the spectral signature
and/or each pixel’ s spectrum, X, its continuum, which is a convex hull fit composed of
straight-line segments that connect consecutive local maxima (Clark & Roush, 1984;
Clark, 1999). The values of the first and last bands (e.g. Sb1 and Sh12 for S-2 spectral
bands) in the continuum-removed (CR) spectrum are set to 1.0. The continuum is
removed by dividing the convex hull into the actual spectrum x, as indicated by the

general equation of continuum removal (Eg. 1); thus:

Ser =7 (Eq. 1)

where S is the continuum-removed spectrum, S is the original spectrum and C is the

continuum.

Band values (called Band Depths, BDs) in the resulting CR spectrum are equal to 1.0
where no absorption feature is encountered and less than 1.0 where an absorption
feature is present. In this study, this procedure is applied in two stages of the
methodology, first on the mineral reference spectral signatures, resampled to S-2 12
spectral bands and WV-3 VNIR 8 spectral bands, and later, on the pixel spectra of the
selected satellite image for the production of mineral maps.
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On the CR reference spectral signatures of minerals, we examine whether each

signature presents an absorption feature that does not exist in the other signatures (Fig.

7). If so, then this feature is characterized as diagnostic of the specific mineral. On the

other hand, if this feature is also present in the spectral signature(s) of other mineral(s),

then it is not taken into consideration. The satellite dataset that corresponds to the

spectral configuration (S-2 and/or WV-3 VNIR spectral bands) that distinguishes the

highest number (or all) of Fe-Mn ore-related minerals is then used for mineral mapping.
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Fig. 7. Reflectance and CR reference spectral signatures of the minerals present in the
study area. The spectral signatures that are retrieved from the USGS Spectral Library
correspond to (a) goethite, (b) Mn_oxides/hydroxides, (c) muscovite (mica), (d)
chlorite, (e) andesine (plagioclase), (f) orthoclase (K-feldspar), (g) calcite, (h) quartz
and (i) halite; The reference spectral signature retrieved from PDS Geosciences Node
Spectral Library corresponds to (b) manganite (Mn-oxides/hydroxides), All spectral
signatures are resampled to S-2 (black and blue lines) and to WV-3 VNIR (gray and red
lines) spectral bands; in black and gray: reflectance spectra; in red and blue: the
corresponding CR spectra.

3.2.3 Processing of satellite data

Pre-processing

For notational simplification, hereafter, instead of writing, e.g., ‘‘band 1’ and ‘‘band
2,”” we write for S-2 data Sbl, Sb2, respectively and consequently, expressions like
Sb1/Sh2 stand for the ratio of values in band b1 to values in band b2. A corresponding
nomenclature is adopted for WV-3 VNIR spectral bands, namely Wb1, Wb2 etc. The

main pre-processing steps of the satellite datasets are the following:
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The WV-3 VNIR data are subset to the study area and atmospherically corrected. The
atmospheric correction is performed on the subset image of the islet using the QUick
Atmospheric Correction (QUAC) method in ENVI 5.5 image processing software
(Bernstein et al., 2012).

The S-2 Level 2A image is already atmospherically corrected. The reflectance image
consists of 12 spectral bands, the wavelength centres of which are shown in Table 1.
All spectral bands are resampled to 10 m spatial resolution. The S-2 image is subset
to the study area and co-registered to the WV-3 VNIR image. The latter is performed
due to the different zones in the UTM-WGS84 projection between the S-2 and WV-
3 VNIR datasets.

Furthermore, due to differences in sea level around the islet between the two acquisition
dates, an additional subsetting is performed, including sea masking, in order to retain
only pixels on the surface of the islet that are exposed above sea level in both acquisition
dates. Considering that sea level is higher on 15 January 2022 (WV-3 VNIR acquisition
date) than on 17 July 2022 (S-2 acquisition date), a ROl (Region of Interest polygon) is
created following the coastline in the WV-3 VNIR image and is used as mask. The
difference in sea level between the two satellite acquisitions is spectrally evident from
(i) the appearance of a reef on the sea surface southeast of the islet which is seen in the
S-2 image and not in the WV-3 VNIR image, (b) when the two images are spectrally
inspected in geographically linked views, the spectral signature of the coastal pixels
above sea level on the islet in the S-2 image are submerged in the WV-3 VNIR image
and (c) the spectral signature of the pixels on the sandy passage between the coast and
the islet (“tombolo” in geomorphological terms) shows increased reflectance values in
the blue-green bands in the S-2 image compared with the corresponding ones in the
WV-3 VNIR image, indicating lower moisture content within the sand (Liu et al., 2002)

(Fig. 8).
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Fig. 8. Characteristic S-2 and WV-3 VNIR spectral signatures in the visible spectral
bands of the sandy passage between the coast and the islet (“tombolo”) pixels. The S-2
reflectance values are higher compared with the WV-3 VNIR corresponding ones,
especially in the blue spectral area.

Main processing

The main processing consists of two procedures, one for the production of mineral maps
(absorption maps) and one for the production of iron and alteration distribution maps

(SI maps), A and B correspondingly in the flowchart in Fig. 5. Specifically:

a. Mineral maps

We first apply continuum removal to the satellite dataset which presents the best
spectral/band configuration for the detection of the four Fe-Mn ore-related minerals, as
it is resulted from the spectroscopy analysis on the reference mineral spectra. Then, for
each band, for clarity purposes, we subtract each CR value from unity, creating thus the
complementary pixel spectrum of the continuum removed one (named hereafter 1-CR)
that corresponds to an absorption value. Absorption values in the 1-CR spectra range
between 0 and 1, where 0 corresponds to no absorption and 1 to 100% absorption. The
absorption maps at the diagnostic band/wavelength related to Fe-Mn ore related
minerals are then extracted. In each map, pixels presenting an absorption value greater
than 1% (0 indicates no absorption and 1 indicates full absorption) are mapped while
pixels with absorption less than 1% are masked. The resulting absorption maps show
the spatial distribution and corresponding absorption value of the specific mineral on

the islet’s surface.
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b. Sls for iron bearing minerals and alteration

The production of SI maps of iron-bearing minerals and alteration is performed on the
reflectance pixel spectra. The iron-bearing mineral maps are calculated separately, i.e.,
one map for ferric iron bearing minerals (goethite) and one map for ferrous iron bearing
minerals (muscovite, chlorite). Most Sls are expressed in the form of simple band ratios
and therefore, they are used to enhance the difference between a high reflectance and a
diagnostic absorption feature in the spectral signature of the pixel under study. Between
two bands of band numbers n and y (where n>y) in the image, the band ratio is defined
as the ratio between their accociated values b, and b,,, that is b, /b,,. Consequently, an
absorption feature is characterized as present when b, /b,, > 1 and non-existent when
b, /b, < 1 correspondingly. For each dataset, the Sl is calculated on each reflectance
pixel value according to their corresponding spectral bands position. In all SI maps, S
pixel values >1.01 are retained while Sl pixel values <1.01 are masked. The Sls used in
the study are described in detail here below.

— Ferric iron (Fe*®) SI

The general formula for the calculation of the ferric iron-Fe*3 SI (Henrich et al., 2009)

in terms of wavelength ranges (in nm) is expressed with Eq. 2; thus:

- 630:690
ferriciron = 220,600 (Eq. 2)

The calculation of the Sl of ferric iron on S-2 data is expressed with Eq. 3 (modified
from Van der Meer et al., 2014); thus:

Sb4
Slpess = b2 (Eq. 3)

where, Sh4 and Sb2 are the corresponding b4 and b2 bands of S-2 data.
Correspondingly, the calculation of the SI of ferric iron on WV-3 VNIR data is

indicated by Eq. 4 (SI online database):

Whs
Slpess = Wb3 (Eq. 4)

where, Wb5 and Wb3 are the corresponding b5 and b3 bands of WV-3 VNIR data.

It must be noted here that ferric iron Sl is also indicative of the presence of
Mn_oxides/hydroxides. This is due to the fact that, as it is the case of goethite, the ratio
values Sh4>Sb2 and Wb5/Wh3 in the Mn_oxides/hydroxides spectrum are also >1 (Fig.
Ta-b).
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The general formula for the calculation of the ferrous iron-Fe*? SI (Rowan and Mars,

— Ferrous iron (Fe*?) SI

2003; Henrich et al., 2009) in terms of wavelength ranges (in nm) is expressed with Eq.
5; thus:

2145:2185 520:600
760:860 630:690

ferrous iron = Eq. (5)

As seen in Eq. 5, the calculation involves the use of SWIR bands, therefore the ferrous
Sl can be calculated only using the S-2 spectral bands. The Sl for ferrous iron for S-2
data is then calculated as expressed with Eq. 6 (\Van der Meer et al., 2014); thus

Sb12 Sb3
Slpesr2 = 5o+ 50 Eq. (6)

where, Sb3, Sh4, Sh8 and Sh12 correspond to S-2 b3, b4, b8 and b12 spectral bands.
— Alteration SI

This specific index exploits the Al-OH absorption feature at 2200 nm and represents
hydroxyl-bearing alteration minerals, especially clays (Hunt, 1979). The general
formula for the calculation of the alteration SI (Hewson et al., 2001; Rowan and Mars,
2003; Henrich et al., 2009) in terms of wavelength ranges (in nm) is expressed with Eq.
7; thus:

1600:1700
Slaie = 2145:2185 Eq. (7)

As in the case of the ferrous iron Sl, the SWIR bands of the S-2 dataset allow the
calculation of the alteration Sl, as indicated by Eq. 8 (Van der Meer et al., 2014); thus

Eq. (8)

where, Sb11 and Sh12 correspond to S-2 b11 and b12 spectral bands.
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4. RESULTS AND DISCUSSION

4.1. Mineral diagnostic absorption features

Table 3 summarizes the absorption features of the nine minerals detected from XRD
analysis and their corresponding maximum band depth (BD) values after the application
of CR to their reflectance spectra (in both S-2 and WV-3 VNIR spectral bands) as

shown in Fig. 7. The obtained results are presented and discussed here below:

— Plagioclase (andesine), quartz, K-feldspar (orthoclase), halite and calcite CR

spectra are almost featureless in both S-2 and WV-3 VNIR spectral band configurations,
therefore they cannot be detected by the spectral configurations of the two sensors (Fig.
Te-i, Table 3).

—  Goethite: In the S-2 CR spectrum, goethite shows three characteristic ferric
features. These absorption features are centred at 490 nm (Sb2), 705 nm (Sb5) and 945
nm (Sb10), the first and the third being the strongest ones (Fig. 7a). The 705 nm (Sb5)
feature is weak. The 945 nm (Sb10) feature is also observed in the mica and
Mn_oxides/hydroxides spectral signatures and therefore, it cannot be considered as
diagnostic of goethite. On the other hand, in the WV-3 VNIR spectral signature,
goethite shows one strong absorption feature centred at 480 nm (Wb2) and a secondary
one at 660 nm (Wb5). Both signatures are not observed in the other mineral spectra and
therefore, they can both be considered diagnostic to goethite. However, the 660 nm
(WDbb5) one is rather weak and could potentially be confused to a red absorption due to
the presence of sparse vegetation within a pixel. Therefore, the diagnostic feature that
characterizes goethite is 490 nm (Sb2) in the S-2 bands and 480 nm (Wb2) in the WV-
3 VNIR bands (Table 3). It is interesting to note here, that the goethite diagnostic
absorption in this spectral area is so strong that despite the 10 nm shift between Sb2 and

Wh2 wavelength centres, it can be detected by both.

— Mn-oxides/hydroxides (manganite): In the S-2 CR spectrum, Mn-

oxides/hydroxides show three strong features centred at 560 nm (Sb3), 740 nm (Sh6)
and 865 nm (Sh9) (Fig. 7b). However, the 740 nm (Sb6) and 865 nm (Sh9) ones are
also observed within the signature of chlorite and therefore, they cannot be considered
as diagnostic to Mn_oxides/hydroxides. On the other hand, the 560 nm (Sb3) feature is
not present within the other mineral spectra and thus, it can be considered as diagnostic.
In the WV3 VNIR CR spectrum, Mn-ox/hydroxides show one feature centred at 605

nm (Whb4) which is unique and hence, it can be used to differentiate Mn-ox/hydroxides
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to the other minerals (Table 3). Overall, the diagnostic feature that characterizes Mn-
oxides/hydroxides is 560 nm (Sb3) in the S-2 bands and 605 nm (Wb4) in the WV-3
VNIR bands (Table 3). It is interesting to note that, due to both sensors’ spectral
configurations, the centre wavelength of the WV-3 VNIR diagnostic feature is 40 nm
longer than the S-2 corresponding one. However, the upper edge of the Sb3 band width
(542 nm - 578 nm) is less than 7 nm apart from the upper edge of the corresponding
lower edge of the Wb4 band width (585+5 - 625+5) and this explains why both spectral

configurations can capture a feature within this area.

— Mica (muscovite): In its S-2 CR spectrum, mica shows two absorption features
centred at 783 nm (Sb7) and 945 nm (Sb10). The 783 nm (Sb7) feature seems to be
present only in the mica spectrum and thus it can be considered as diagnostic to mica
(Fig. 7c). On the other hand, the 945 nm (Sb10) feature is also observed in andesine,

Mn oxides/hydroxides and goethite spectra. In the case of the WV-3 VNIR mica
spectrum, there is one absorption feature that is centred at 725 nm (Whb6) which is also
observed within the corresponding chlorite spectrum. Therefore, it seems that mica can
be differentiated only with the S-2 spectral band configuration and not with the WV-3
VNIR corresponding one.

— Chlorite: In its S-2 CR spectrum, chlorite shows a unique feature centred at 865
nm (Sb9) which is present only in the chlorite spectrum and therefore, differentiates
chlorite from all the other minerals (Fig. 7d). On the other hand, in its WV-3 VNIR CR
spectrum, chlorite shows one feature centred at 725 nm (Wb6) which is also observed
within the mica spectrum. Therefore, it seems that chlorite can be differentiated only
with the S-2 spectral bands and not with the WV-3 VNIR spectral band configuration.
We note that in its original reference spectrum, chlorite shows two weak absorption
features centred on 715 nm and 887 nm. The 715 nm one is captured by Wb6 (725 nm)
due to its band width (685 nm - 765 nm) which includes the centre of the absorption
feature (715 nm). In parallel, this feature is not captured by Sb5 (705 nm) because it is
not included within its band width (~697 nm - ~713 nm), despite the fact that it is only
2 nm outside of the band upper edge. This is also the case of Sb6 (740 nm) with a band
width between ~732 nm and ~748 nm. The above findings explain why the 715 nm
absorption can be captured by Wb6 and not by any S-2 band. Concerning the second
weak chlorite absorption (887 nm), Sb9 (865 nm) can capture this feature because the
upper edge of the band (~856 nm - ~876 nm) is only 11 nm shorter than the centre of

the 887nm absorption.
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Table 3. Band/wavelength position and corresponding Band depths (BDs) of mineral
absorption features in (a) S-2 and (b) WV3 VNIR CR spectra of the nine minerals
detected in the study area, namely gz: quartz, cal: calcite, plg: plagioclase (andesine),
mica (muscovite), chl: chlorite, Mn-ox/hydrox: Mn-oxides/hydroxides, fsp: K-feldspar
(orthoclase), goe: goethite, hal: halite. In gray: features with BD< 1%, in orange: the
diagnostic absorption feature that differentiates the mineral from the other minerals, in
yellow: all features with BD>1%.

(a) S-2 spectral bands

band | centre wavelength (nm) gz cal plg | micas | chl | Mn-Ox/hydrox fsp goe hal

443

490 0.656

560 0.670
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740 0.998 0.719 0.692
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(b) WV-3 VNIR spectral bands

band | centre wavelength (nm) gz cal plg mica chl | Mn-Ox/hydrox fsp goe hal

425

480 0.995 | 0.990 0.52

545

605 0.469

660 0.916 | 0.998

725 0.999 0.962 | 0.887 0.9991 0.997

832.5 0.991 0.999
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Overall, the spectroscopy analysis on the reference CR spectra shows that ferric oxides
(goethite) and Mn-oxides/hydroxides (manganite) can be detected, differentiated and
mapped in the spectral configurations of both satellite sensors. On the other hand,
ferrous-iron bearing minerals, namely mica (muscovite) and chlorite (clinochlore), can
be spectrally distinguished only in the S-2 spectral bands. Furthermore, non iron-
bearing minerals, namely quartz, calcite, halite and K-feldspar are spectrally featureless
in both S-2 and WV-3 VNIR spectral band configurations and thus they cannot be
detected and mapped. Concluding, all four minerals that could be related to Fe-Mn
mineralization (goethite, Mn-oxides/hydroxides, mica and chlorite) can be detected and
mapped with the S-2 spectral bands. Table 4 summarizes the above findings.
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Table 4. Centre wavelength and corresponding band number (in S-2 and WV-3 VNIR
spectral configurations) of the diagnostic absorption feature(s) of the minerals that
could be related to Fe-Mn ore.

S-2 band centre (nm) WV-3 VNIR band centre (nm)

490nm (Sb2) 480nm (Wh2)

660nm (Whb5)

Mn-oxides/hydroxides 560nm (Sbh3) 605nm (Wb4)
Mica 783nm (Sh7) -
Chlorite 865nm (Sh9) -

4.2 Mineral absorption feature maps

The absorption maps that correspond to the four Fe-Mn ore related minerals are
presented in Fig. 9. The maps are produced using the S-2 dataset which, according to
the previous spectroscopy analysis (see section 4.1), is the one that can distinguish all
four minerals (Table 4).

From the maps showing the spatial distribution of the four minerals (Fig. 9), one can
observe that there is significant mineralization related to the igneous intrusion on the
islet. The hydrothermal alteration is observed on the entire islet surface, on both schists
and granitoid but to a different degree. It seems that all four minerals show high values
at the centre of the eastern part of the islet indicating that the alteration seems to be
stronger where the granitoid/schist contact is located. Especially concerning
Mn_oxides/hydroxides, they seem to be present mainly at the eastern part of the islet
(Fig. 9b). Goethite and chlorite seem to show the highest spatial distribution in terms of
high absorption values (Fig. 9a, d). The muscovite highest absorption values are almost
exclusively observed at the eastern part of the islet (Fig. 9c) compared to the chlorite
corresponding ones which seem to be relatively more uniformly distributed on the islet
(Fig. 9d)
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Fig. 9. Mineral absorption maps issued from the S-2 satellite image. (a) absorption map
centred at 490 nm, corresponding to goethite; (b) absorption map centred at 560 nm,
corresponding to Mn-oxides/hydroxides; (c) absorption map centred at 783 nm,
corresponding to muscovite; (d) absorption map centred at 865 nm, corresponding to
chlorite. The background image is a Google Earth image, co-registered to the WV-3
VNIR image. Absorption values <1% are masked.

4.3 Sl maps

The SI maps of ferric iron, ferrous iron and alteration are shown in Fig. 10. The spectral
band configuration of S-2, including both VNIR and SWIR bands, allows the
calculation of both ferric and ferrous iron Sls as well as the alteration SI while the
spectral configuration of WV-2 VNIR only allows the calculation of ferric iron Sl. It
must be reminded here, that the ferric iron Sl indicates the presence of both goethite

and Mn_oxides/hydroxides.

Both S-2 and WV-3 VNIR ferric iron maps (Fig. 10a-b) show a strong presence of
goethite and Mn_oxides/hydroxides at the eastern part of the islet where the contact
with the granitoid is located. However, ferric iron presence is observed on the entire
surface of the islet, especially in the S-2 ferric map (Fig. 10a). The differences in the SI
values between S-2 and WV-3 VNIR pixels are due to (i) the differences in the
wavelength centres of the bands used in the calculation of the Sl and (b) the different
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spatial resolution between the two datasets. As it is the case of ferric iron, ferrous iron

(corresponding to muscovite and chlorite) is also observed on the entire surface of the
islet but with different values (Fig. 10c-d). Generally, both ferric and ferrous iron
bearing minerals are present on the entire surface islet indicating that hydrothermal
alteration affects both the schists and the granitoid. This is consistent with the alteration
SI map (Fig. 10d) which shows that the highest values are observed at the eastern part
of the islet. We note that the Sl alteration values are most probably indicative of the
degree of alteration according to the results of a similar study presented by Tompolidi
et al. (2020) on the hydrothermal field of Nisyros volcano (Greece).

SIFerriciron & SI Ferric iron
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Fig. 10. SI maps. (a) Ferric iron SI map calculated on the S-2 image; (b) Ferric iron SI
map calculated on the WV-3 VNIR image; (c) Ferrous iron SI map calculated on the S-
2 image; (d) Hydroxyl-alteration map calculated on the S-2 image. All maps show that
ferric iron, ferrous iron and alteration are present, to a higher or lesser degree, on the
entire surface of the islet. The background image is a Google Earth high resolution
image, co-registered to the WV-3 VNIR image. SI values < 1.01 are masked (in band
ratios values <1 indicate that the material does not exist).

Concluding, the results of both approaches, reflectance spectroscopy and SI mapping,
are consistent. Hydrothermal alteration seems to be present on the entire surface of the
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islet, both on the schists and the granitoid (Fig. 10d). The strongest alteration seems to
be observed at the eastern part of the islet. Ferric iron is also present on the entire surface
of the islet (Fig. 10a-b), and in particular, at the eastern part of the islet where the highest
values of goethite and Mn_oxides/hydroxides are observed (Fig. 9a-b). Concerning the
distribution of ferrous iron (Fig. 10c), it is present on the entire surface of the islet, with
the highest values observed at the south-eastern part. Concerning the two ferrous iron-
bearing minerals, the spatial distribution of chlorite is more homogenous on the entire
islet while the presence of muscovite seems to be higher at the eastern part of the islet
(Fig. 9c).

This study has shown that Fe-Mn ore related minerals are present on the islet and
laboratory and satellite data analyses results are consistent and complementary. Despite
its high spatial resolution, WV-3 VNIR is only sensitive to the ferric phases (ferric
absorption bands occur at wavelengths shorter than 900 nm, depending on mineralogy
and chemical composition) due to its rather low spectral resolution and wavelength
range till 950 nm. It must be noted that the ferrous iron absorption band is usually
centred near 1 um but varies between 900 nm and 1400 nm depending on both
mineralogy and chemical composition; a second absorption band is usually centred near
2 um but varies between 1800 and 2400 nm (Bishop and Murad, 1996; Cloutis et al.,
2006). On the other hand, S-2 with its higher spectral resolution (including additional
VNIR bands and two SWIR bands) can detect hydroxyl-bearing alteration and map
zones exhibiting both ferric and ferrous-bearing alteration minerals that are potentially
linked to Fe-Mn ore. However, additional sampling and laboratory analyses are required
in order to spatially validate the produced mineral maps and to investigate potential
relations between mineral concentrations and absorption magnitudes obtained from the

satellite data.

5. CONCLUSIONS

In this paper, we present the findings of a joint remote sensing and laboratory
examination of a mineralization zone induced by the intrusion of an igneous body
onshore the islet of “Koutala”, in Lavreotiki, Greece. Our objective was to investigate
the potential of S-2 and WV-3 VNIR data to detect and map alteration minerals which
are detected from laboratory analysis of samples and could be linked to Fe-Mn ore.
Laboratory analyses have detected four minerals that could be linked to Fe-Mn ore,
namely goethite, Mn_oxides/hydroxides, micas and chlorite. Two methods were

applied, namely reflectance spectroscopy and spectral indices. The resulting mineral
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maps have shown that laboratory and both satellite data analyses results are consistent

and complementary.

Moreover, despite its very high spatial resolution and due to its low spectral resolution
(including its spectral range), the V-3 VNIR dataset seems to be only sensitive to the
presence of ferric iron and Mn_oxides/hydroxides. On the other hand, S-2 seems to be
capable to detect and map zones exhibiting all four alteration minerals potentially linked
to Fe-Mn-ore. The produced mineral maps show that there is significant mineralization
related to the granitoid. Hydrothermal alteration, to a different degree, is observed on
the entire islet surface (on both schists and granitoid). However, alteration seems to be
stronger at the eastern part of the islet where the granitoid/schist contact is located.
Additional sampling and laboratory analyses are foreseen in order to spatially validate
the produced mineral distribution maps as well as to investigate potential relations
between mineral concentrations and absorption/SI value magnitudes issued from the

satellite data.
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