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Abstract

Mangan skarns and related manganese-oxide ore deposits are relatively uncommon.
Two examples of mangan skarns were investigated in this study, namely the Panorama,
Drama skarn in Rhodope and the Thapsana, Paros Island skarn in the Attico-Cycladic
Metallogenic Massifs, respectively. The transitional calcic-to-mangan exoskarn at
Panorama is exposed in a garnet-epidote zone (Grt-Ep), proximal to the Panorama
granite-to-microgranite. At Thapsana, the mangan skarn is related to rhodonite (Rdn)
(£ vesuvianite), johannsenite-spessartine (Jhn-Sps) and spessartine-cummingtonite
(Sps-Cum) zones, adjacent to marbles, and/or gneisses, and the Thapsana leucogranite,
respectively. A two-stage manganese-oxide assemblage is present in the Thapsana,
skarn and comprises jacobsite, hausmannite, braunite and magnetite (stage I) followed
by hollandite, cryptomelane, vernadite, manjiroite and pyrite (stage II) with gangue
rhodochrosite, calcite and ankerite, that was succeeded by a supergene stage with
pyrolusite, manganite and Fe-oxides.

The Thapsana mangan skarn was deposited at a pressure of ~110 MPa, and a
temperature of ~305° to 565°C, from an acidic (pH = 3.5 to 5.5), saline (~3.0 to ~48.0
wt. % NaCl equiv), carbonic, chlorine, manganese (~4390 ppm)-bearing, immiscible,
mixed, skarn-forming fluids with elevated log[omn>"/(an™)?] and log[ama>/(an™)?].
Formation of the Thapsana mangan skarn was controlled by early boiling of
metasomatic fluids (at ~480°C and ~120 MPa), followed by late boiling (at ~400°C and
~100 MPa), mixing and cooling. This conclusion is based on a study of fluid inclusions
in spessartine of the Jhn-Sps zone. Stable and radiogenic isotopes (e.g., 8'%0, 8D,

5*Cagse and 8*Mgpsm.3, ¥'Sr/*Sr, U/Pb) suggest that the Panorama granite (dated at
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~26.0 Ma) and Thapsana leucogranite (~7.4 Ma) were the sources for the metasomatic
fluids at Thapsana (~6.3 to ~6.0 Ma) and Panorama (~24.8 Ma), respectively.
Thermodynamic simulation suggests that the manganoan skarn assemblages were
formed due to simple cooling and fluid-rock interaction, controlled by pH increase and
changes of the redox state of the metasomatic fluid and manganese activity. Fluid-rock
interaction and cooling produced a mangan skarn paragenesis that comprises an early
anhydrous paragenesis (Stage 1), followed by complex hydrous manganoan
oxides/hydroxides (Stage II). A metallogenic model for the formation of the mangan
skarns is proposed based on field, mineralogical, lithogeochemical, isotope and fluid
inclusion evidence and thermodynamic modeling. Our model suggests two different
sources for manganese, namely the peraluminous granitoids, which were primarily

enriched in manganese, and the host marbles and gneisses.

1. Introduction

Skarns are classified as magnesian, calcic, and mangan based on the skarn
paragenesis and prevailing protolith composition (Meinert et al., 2005). Mangan skarns,
and associated manganese ore deposits, linked to peraluminous granite and/or
leucogranite are uncommon. Examples include Groundhog, San Antonio, Santa Eulalia
and Naica, New Mexico, and Darwing, California, USA (Meinert, 1987; Megaw et al.,
1988; Newberry, 1991), Nakatatsu, Japan (Shimizu and liyama, 1982), Yoenhwa-
Ulchin, South Korea (Yun and Einaudi, 1982), Gasborn, and West Bergslagen, Sweden
(Damman, 1989), Bajiazi, Liaoning and Shuikouskan, China (Zhao et al., 2003; Huang
et al., 2015), Quartz Lake, Yukon, Canada (Liverton, 2016). The majority of mangan

skarns exhibit features in exposure, mineralogy, zoning and related Mn-bearing or Pb-
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Zn ore deposits (Zhao, 1991), which distinguish them from the magnesian and calcic
skarns. Mangan skarns occur frequently along the lithological contacts of their host
rocks, including dolomites, marbles and limestones, shales, manganiferous schists and
quartzites. They appear as structurally-controlled veins, lenses or pipes, or along fault
zones and typically relate to monzonites and/or granite porphyries. They are formed
due to infiltration at temperatures ranging from 200° and 450°C (Zhao, 1991) and most
frequently post-date the calcic skarns. Mangan skarns comprise uncommon Mn-rich
assemblages, which include Mn-olivine, i.e., tephroite, Mn-ilvaite and -vesuvianite,
Mn-pyroxenoid, i.e., Mn-bearing-wollastonite, -babingtonite, rhodonite, bustamite and
pyroxmangite, Mn-pyroxene, i.e., Mn-bearing-salite, -hedenbergite and johannsenite
and Mn-garnet, i.e., spessartine (Zhao, 1991). Retrograde assemblages comprise Mn-
amphibole, i.e., Mn-actinolite and -cummingtonite, piemontite and/or Mn-bearing
epidote and rhodochrosite. Spatial zoning patterns include proximal spessartine and/or
Mn-vesuvianite and distal johannsenite and Mn-hedenbergite, whereas the Mn-
pyroxenoids occur adjacent to the host marbles and/or schists (Zhao, 1991; Meinert,
1987; Meinert et al., 2005; Yun and Einaudi, 1982).

Two mangan skarns were investigated. They are associated with Oligocene to
Miocene alkaline-to-calc-alkaline porphyry intrusions in the Rhodope (NE Greece, Fig.
1A) and Attico-Cycladic (Fig. 1B) Metallogenic Massifs. They are exposed at
Panorama in Drama (Fig. 1C, after Papaspyrou, 2016) and Thapsana in Paros Island
(Fig. 1D, after Fitros et al., 2018). The mangan skarns occur adjacent to the Panorama
granite-to-microgranite, and to leucogranite apophyses and related pegmatites and
aplites Thapsana in Paros (Figs. 1C, D, E). The Thapsana mangan skarn was chosen to
develop the model presented in this paper because of its distinct zoning and the
manganese mineralization and then applied to the Panorama skarn. This model is based
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on the results of a comprehensive study of the geology, mineralogy, paragenesis,
geochronology and isotope chemistry of the Thapsana skarn complemented by
thermodynamic modeling of the manganese-bearing metasomatic fluids. Using this
information, we constrain the physicochemical conditions prevailing during mangan
skarn development at Thapsana. A metallogenic model is then proposed for the
formation of the Thapsana and Panorama skarns in the context of their spatial and
temporal association to their parental leucogranite and peraluminous granite,
respectively. The overarching objective of this study is to provide a model that could
be employed in exploring manganese skarn prospects and associated deposits in Greece

and elsewhere.

2. Geological setting of the Panorama and Thapsana skarns

The Rhodope (RM) and Attico-Cycladic (ACM) Metallogenic Massifs have had a
complex geological, magmatic and tectono-metamorphic history, commencing in the
Cenozoic. The Rhodope Massif forms the innermost zone of the Hellenic orogen in
northern Greece (Kilias, 2021). In contrast, the Panorama Massif in Drama was intruded
following the emplacement of Alpine nappes (Fig. 1A): i) The lower Pangaeon Unit
(PU) represents a metamorphic dome consisting of orthogneisses, amphibolites and
micaceous schists with Permian-to-Carboniferous protoliths, overlain by impure
Triassic marbles topped by augen-gneisses, and ii) The middle Sidironero (SU) and
upper Kimi (KU) units are composed of a mixture of ortho- and para-gneisses,
amphibolites, Paleozoic and Mesozoic dolomitic and calcic marbles, Paleocene-to-
Oligocene adakite and calc-alkaline meta-granitoids and sporadic meta-mafic or -
ultramafic rocks and -ophiolites. The SU and KU experienced high pressure to ultra-
high pressure metamorphism during the early Jurassic and a subsequent high
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temperature overprint in the late Cretaceous (Moulas et al., 2013). The PU is bordered
(to the NE) by the Nestos Suture Zone (NSZ), a ductile, NW-verging thrust zone (Nagel
etal., 2011) between the PU and SU, which is of Jurassic-Cretaceous age.

The Attico-Cycladic Massif in southern Greece, (Fig. 1B) comprises: i) The
Cycladic Basement (CB), an anatectic igneous basement of Hercynian age comprising
ortho- and para-gneisses, schists and amphibolites, ii) The Basal Unit (BU) which
represents a late Triassic-to-late Cretaceous platform of neritic meta-dolomites and
middle Eocene marbles with thin metapelite intercalations overlain by a late Eocene-
to-Oligocene metaflysch, iii) The Cycladic Blueschist Unit (CBU) that represents a late
Paleozoic-to-Mesozoic continental margin comprising a volcano-sedimentary
sequence (Xypolias et al., 2012; Jolivet et al., 2015) and at Paros is composed of
intercalated marbles, amphibolites and micaceous schists (Papanikolaou, 1980;
Malandri et al., 2016; Laurent et al., 2015), and iv) The structurally higher Upper
Cycladic Unit (UCU) comprising Permian to Mesozoic marbles, dismembered
ophiolites, late Cretaceous greenschist-to-amphibolite facies and sedimentary rocks

(Stouraiti et al., 2017).

3. The Panorama and Thapsana granitoids and their contact metamorphic
aureoles

The Oligocene Panorama pluton intrudes the PU marbles and gneisses, and is
composed of two different lithotypes, namely a quartz monzonite laccolith exposed in
the north and a granite-to-microgranite apophysis in the south, topped by Quaternary
and alluvium sediments (Fig. 1C). The medium-grained, holocrystalline high-K, calc-
alkaline quartz monzogranite has been dated at 26.8 + 0.5 Ma (K-Ar on biotite, Mayer,
1968; Jones et al., 1992) and comprises quartz, plagioclase (An-so-70) and alkali feldspar
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(orthoclase, Or-70). The mafic minerals comprise hornblende (magnesio-hornblende
and edenite) and minor biotite and diopside. To a lesser extent, microgranite and granite
porphyries are also exposed at Panorama. The granite porphyry consists of alkali
feldspars megacrysts (Or-9s), biotite, and minor spessartine in a groundmass of quartz,
alkali feldspar and plagioclase (An-10), whereas the microgranite is fine-grained with
an aplitic texture and contains < 5 vol. % hornblende and biotite. Apatite, allanite,
titanite, zircon and magnetite + hematite, pyrite, ilmenite and rutile occur as accessory
minerals (details in Jones et al., 1992; Ntagkounaki, 1999; Soldatos and Ntagkounaki,
2004; Papaspyrou, 2016).

The Miocene intrusions of Paros are ellipsoidal laccoliths, pipes and apophyses (in
the areas of Kolibithres, Kamares, Parikia, Taxiarxes, Logovarda in northern Paros, and
Thapsana, Lefkes and Trypiti in central and southern Paros, Fig. 1D). They are
classified as porphyritic monzogranites, granites and leucogranites, and have been
dated at between 11.5 to 12.4 = 0.9 Ma and 18.1 + 0.2 Ma (K-Ar and Rb-Sr on biotite
and muscovite respectively, Altherr et al., 1982). The Kolibithres leucogranite was
dated by Bargnesi et al. (2013) at 15.5 = 0.3 to 15.7 + 0.2 Ma (U-Pb on zircon). The
Paros leucogranites comprise quartz, orthoclase, microcline, oligoclase-to-andesine,
allanite, zircon, Mg-hornblende, biotite and magnetite. Their peraluminous affinity is
displayed by their accessory mineralogy comprising sillimanite, tourmaline, Li-rich
muscovite and/or lepidolite, apatite and spessartine (details in McGrath, 1999;
Kevrekidis et al., 2015). They are enriched in P, B, F and H2O (~7 wt. %) and were
emplaced at pressures of 1.4 to 4.1 kbar and temperatures of ~660° to ~760°C
(Kevrekidis et al., 2015). The Lefkes leucogranite petrographically resembles the

Panorama porphyry, whereas the Thapsana leucogranite also contains spessartine.
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The Panorama and Thapsana granitoids contain dioritic enclaves, and are crosscut
by granodioritic, spessartine-tourmaline pegmatites and aplite dikes. They were highly
altered by sericitization, kaolinitization and propylitization (Ntagkounaki, 1999;
Soldatos and Ntagkounaki, 2004; Kevrekidis et al., 2015). The intrusion of the
Panorama and Paros granites and leucogranites produced extensive contact
metamorphic aureoles (widths from 100 to 500 m) overprinting the adjacent
metamorphic rocks of the PU, and BU and CBU, respectively. At Paros, the hornfelses
proximal to meta-bauxites comprise the assemblage sillimanite-kyanite-staurolite-
corundum, whereas those of meta-basite and -pelite protoliths contain scapolite-
diopside-andradite. More distal from these intrusions, hornblende- and biotite-

hornfelses overprinted the PU and CBU lithologies (Papanikolaou, 1980).

4. Sampling and analytical methods

Over fifty samples were collected from mine galleries for this study. Six different
skarn zones were sampled (i.e., the Rdn, Jhn-Sps and Sps-Cum zones at Thapsana and
the Grt-Wo, Grt-Px, Grt-Ep zones at Panorama, ESM Fig. 1A, B) and related Mn-ores
and plutonic and host rocks (e.g., marbles, schists and gneisses). We used transmitted-
and reflected-light optical microscopy and Scanning Electron Microscopy (SEM) to
study the petrography (e.g., mineralogical and textural features) and mineral chemistry
of the skarns. Eighteen samples were analyzed for their bulk chemical compositions.
These include ten samples from the different intrusive facies, i.e., the Panorama granite
and Thapsana leucogranite and eight samples from the different skarn zones. The
samples were commercially prepared (using the ES6 code), and then analyzed for their
major and trace element contents using ICP-MS and ICP-AES by ActLabs Ancaster,
Ontario, Canada.
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Fluid inclusions were studied using standard techniques in < 200 mm-thick doubly
polished wafers of spessartine (e.g., sample PTS1, cores-to rims, Fig. 2E) from the Jhn-
Sps zone of the Thapsana skarn at the Department of Materials Science, University of
Patras, Greece. Prior to microthermometric analysis, a subgroup of the fluid inclusions
in spessartine were analyzed using Laser Raman spectroscopy at the School of
Chemical Engineering, Technical University Athens, Greece. Spectra were treated with
the WIRE 3.4 software using the reference catalog of Frezzotti et al. (2012). Additional
details of the analytical methodology, probable limitations, and thermodynamic
modeling of the physicochemical parameters are reported in ESM Sampling and
Analytical Techniques.

Five hundred mg splits of the bulk rock samples of the Panorama granite and
Thapsana leucogranite were analysed for their stable and Ca, Mg and Rb/Sr isotope
compositions, as well as samples of coarse-grained wollastonite, diopside, grossular
and calcite (Panorama), and rhodonite, johannsenite, spessartine and manganoan
epidote (Thapsana) from the aforesaid skarn zones. Calcite from the host marble at
Panorama and quartz from the gneiss at Thapsana were also analyzed (Table 1). Four
granitoid samples from the Panorama granite and Thapsana leucogranite were selected
for zircon U-Pb dating (ESM Table 9, Fig. 3 A to C). The isotopic analyses were
performed at the Beijing Research Institute of Uranium Geology, China National
Nuclear Corporation, the Modern Analysis Center, Nanjing University, Nanjing, China,
the State Key Laboratory of Geological Processes and Mineral Resources, and the

Chinese Academy of Geological Sciences (CAGS), Beijing, China.

5. Results

5.1. Thapsana and Panorama mangan skarn petrography and paragenesis
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The skarns at Panorama and Paros outcrop along the contacts of both the Panorama
and Thapsana plutons, their apophyses and aplitic dikes (Figs. 1C, D, 2A, C, ESM Fig.
1A, B). The exoskarns occur as medium-to-coarse grained, granoblastic, structural-
controlled lenses, NE- and NW-trending-veins and/or stratabound with irregular forms
(with dimensions on 20-meter scale) that are oriented parallel to the foliation of their
host rocks. The reserves, at the currently abandoned mines of both Panorama and
Thapsana are > 1.5 Mt (based on samples assayed by Paraskevopoulos, 1960; Belardi
et al., 2008).

The Panorama exoskarn occurs along the contact of the granite with massive PU
calcite marbles that contain dolomite intercalations, or lenses topped by micaceous
schists and/or gneisses (Figs. 1C, 2A). Based on field evidence at Panorama, there was
an evolution from calcic to mangan exoskarn. Macroscopically, the calcic skarn has
two zones (with widths between 5 and 10 m), i.e., a garnet-wollastonite zone (Grt-Wo)
adjacent to the PU marble front at the southern contact of the granite, and a later garnet-
pyroxene zone (Grt-Px), which is exposed at its northeast contact (Figs. 1C, 2A, ESM
Figs. 1A, 2A). The Grt-Wo zone comprises wollastonite (50-60% vol), garnet (20-30%
vol), with subordinate pyroxene, plagioclase, calcite, magnetite and locally vesuvianite.
The succeeding Grt-Px zone is closer to the Panorama granite-microgranite and
composes clinopyroxene, garnet, clinozoisite and scheelite with crystal sizes of <2 cm
(see also Constadinidou et al., 1998; Belardi et al., 2008; Papaspyrou, 2016). At
Panorama, the mangan skarn is composed of a garnet-epidote zone (Grt-Ep), a with
width of < 30 m, which replaced the latter zones and is located adjacent to the
northwestern contact of the Panorama granite. The Grt-Ep zone is enriched in
manganese and contains coarse-grained pink epidote, garnet, plagioclase, alkali
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feldspar, hornblende, biotite and late-stage, minor pyrite-sphalerite-galena
mineralization (Figs. 1C, 2B).

The mangan skarn at Thapsana outcrops along the contacts between apophyses of
the muscovite-biotite leucogranite and the BU migmatitized gneisses and the CBU
cataclastic marbles intercalated with calcic schists, amphibolites and hornfelses (Fig.
2C, D, ESM Fig. 1A). Skarns are more common, however, where the apophyses
intruded the CBU marbles and amphibolites along N- to NNE-trending fault zones.
Three metasomatic zones with widths between 10 and 20 m were identified in the
Thapsana mine, (Figs. 2C, D, E, F, ESM Fig. 1A). A rhodonite zone (Rdn) comprising
rhodonite + vesuvianite occurs adjacent to the marbles and calcic schists. It passes into
a johannsenite-spessartine zone (Jhn-Sps) closer to the Thapsana leucogranite, which.
contains subhedral johannsenite and euhedral spessartine <2 cm in diameter. This zone
is associated with Mn"2-Mn**-oxide ores occurring as massive aggregates, or
disseminations (Stage 1 mineralization). Stage I ore comprises macroscopically
subhedral jacobsite (Mn**Fe*",04), hausmannite (Mn**Mn**04) displaying oriented
intergrowths, braunite [Mn?"Mn>"¢(SiO4)Os] and magnetite (with crystals ~2 to 4 cm
in diameter) and gangue quartz, albite, rhodochrosite and manganoan epidote. The
third, spessartine-cummingtonite zone (Sps-Cum), which is closet to the Thapsana
leucogranite, comprises fine- to medium-grained spessartine, hornblende,
cummingtonite and phlogopite. This zone is associated with Stage II mineralization,
which is dominated by hydrous manganese phases. The manganese minerals occur as
massive aggregates in stockworks of E- and WNW-trending veins (with widths < 1.5
m) that display open space filling and boxwork textures. The vein ore assemblage
comprises hollandite [Ba(Mn*'sMn**2)O16], cryptomelane [K(Mn*"7Mn**)O1¢], pyrite
and gangue rhodochrosite, calcite and ankerite and supergene pyrolusite (Mn*"0y),

© 2023. This manuscript version is made available under the CC-BY-NC-ND 4.0 license
http://creativecommons.org/licenses/by-nc-nd/4.0/



282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

Tombros, S., Kokkalas, S., Triantafyllidis, S., Fitros, M., Tsikos, H., Papadopoulou, L., Voudouris, P.,
Zhai, D., Skliros, V., Perraki, M., Kappis, K., Spiliopoulou, A., Simos, X., Papavasiliou, J., and
Williams-Jones, A. 2023, Genesis of a new type of mangan skarn associated with peraluminous

granitoids in Greece: Chemical Geology, v. 623, p. 121369

manganite [Mn>"O(OH)], vernadite [(Mn,Fe,Ca,Na)(O,0H),nH,0], manjiroite
(NaMngOs), and Fe-oxides/hydroxides (Fig. 2C, D, ESM Figs. 1B, 2B, see Fitros et

al., 2018).

5.2. Skarn and ore mineral chemistry

Garnet from the Grt-Ep zone of the Panorama mangan skarn forms euhedral,
isotropic crystals up to 3.5 cm in diameter or is intergrown with epidote and calcite
(Fig. 3A). In the Grt-Wo and Grt-Px zones of the calcic skarn, the garnet crystals are <
0.1 mm in diameter and co-precipitated with fibrous wollastonite (< 2.5 mm in
diameter, Wo-9g.5) and/or anhedral pyroxene (Wo-s0, and Di-so, respectively, Fig. 3C,
ESM Tables 1, 2). They display isotropic cores and oscillatory zoned rims with sector-
interpolysynthetic-twinning and chaotic birefringence, and contain inclusions of
vesuvianite (Mn = 0.29-0.98, in apfu). There is a progressive trend of Grs and Sps
enrichment towards the rims of crystals (e.g., cores-to-rims: Grs-ss.6sAdr-25-35Sps-s-10
to Grs-60-30Ard-1530Sps=10, Grt-Ep; Grs-90-9sSps-s-10 to Grs-go-gsSps-~10-20, Grt-Px and
Grs-s0Adr-s0Sps-1.5 and Grs-25:30Adr-es-70Sps-2, Grt-Wo zones, respectively, Fig. 3D).
Garnet from the Panorama granite is spessartine-almandine in composition (ESM Table
3). The pyroxene close to the granite contact, i.e., in the Grt-Px zone is diopside-to-
hedenbergite in composition (Di-4s.55, Mn substituted for Ca > 0.11 apfu, Fig. 3C, ESM
Table 2). Its crystals are intergrown with subhedral clinozoisite (pistacite component
P% ~1), scheelite, plagioclase (An-so) and orthoclase (Or-g0) and are < 0.2 mm in
diameter (ESM Table 4a, b, Bargnesi et al., 2013). In the Grt-Ep zone, epidote-group
minerals fill the interstices between plagioclase, hornblende (magnesio-hornblende, <
0.2 mm in diameter, ESM Table 5) and in the Grt-Px zone between pyroxene crystals.
The epidote-group assemblage comprises anhedral orthoclase, epidote (~15 vol. %),
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zoned allanite (~25 vol. % for the cores and ~35 for the rims, containing La, Ce and Nd
>0.23, 0.24 and 0.08 in apfu, respectively, Mn substituting for Ca and Fe > 0.24 apfu,
ESM Table 6), and minor rhodochrosite.

Rhodonite (with ~7.4 apfu Mn) from the Thapsana mangan skarn occurs in massive
aggregates or fills joints with prismatic crystals (up to ~1 cm in diameter) that are
intergrown with fine-grained vesuvianite. Clinopyroxene from the Jhn-Sps zone is
euhedral, coarse-grained and zoned. It is characterized by cores with elevated
manganese contents (e.g., Mn > 0.9 in apfu, Fig. 3C). The cores are composed of
johannsenite (Jhn-go-90Di- <13) and the rims vary from johannsenite to diopside in
composition (Jhn-eo-70Di-~ <30). Garnet is present in both the Jhn-Sps and Sps-Cum
zones. It is isotropic, homogeneous (core-to-rim) and intergrown with johannsenite and
cummingtonite. Their composition in the Jhn-Sps zone is Sps-go-ssAdr<io, whereas in
the Sps-Cum zone it is Sps-75-80Grs<is (Fig. 3D). The Stage I manganese ore assemblage
comprises braunite (Mn™ =~ 6.1 apfu), hausmannite (Mn>*/Mn*" = 0.46), jacobsite
(Mn?*/Fe*" = 0.58-0.78), Mn-magnetite (Mn = 0.2) and ilmenite (Mn = 0.03, ESM
Table 7). These minerals were replaced, particularly around their rims and along
cleavage planes, by hypidiomorphic magnesio-mangani-hornblende, which grades into
manganoan cummingtonite (with < Mn** 0.6 apfu), epidote (Ps% ~9 to 11, Mn** ~2.40
apfu), plagioclase (An-ss.s0, Mn < 0.26 apfu), orthoclase (Or-ss.90, Mn < 0.05 apfu),
quartz, phlogopite (with Mn** < 0.2 apfu), hydroxylapatite, johnbaumite and

manganoan calcite (ESM 1, Tables 4a, b, 5, 6).

5.3. Geochemistry of the plutons and skarns and tectonic setting
The rocks of the plutons at Panorama, Thapsana and other locations in the ACM
(e.g., Ikaria, Naxos and Tinos) are mostly granites and leucogranites with elevated SiO-
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contents (e.g., av. of ~71 wt. %, st.d. of 4.0 wt. %, Fig. 4A). The SiO; contents of the
skarns are lower (e.g., av. of ~34 wt. %, st.d. of ~0.7 wt. %) and their MnO content is
much higher (e.g., av. of ~0.07 wt. %, st.d. of 0.03 wt. % versus av. of ~16 wt. %, st.d.
of 1.0 wt. % and Mn/Fe of av. of ~0.05, st.d. of 0.05 versus av. of ~5.2, st.d. of 6.5,
ESM 1, Table 8). The mangan skarns are most probably related to the reduced (or least
oxidized, ilmenite-bearing) lithotypes of the Panorama and Thapsana granitoids (Fig.
4B; after Meinert et al., 2005). Additionally, these plutons display an evolutionary trend
from metaluminous-to-peraluminous affinity, possibly depicting the alkali loss content
(e.g., K/Rb =~190 to 340, ESM 1, Table 8) during assimilation of a crustal component
(Fig. 4C). From the log(Mn/Fe) versus log(Al/Ca) (Fig. 4D) plot it is evident that there
was an evolution towards higher manganese contents during skarn formation.
Furthermore, the manganese content of the leucogranites overlaps with that of the BU
host rocks, i.e., ortho- and para-gneisses at Paros, Naxos and Ikaria, suggesting a close
geochemical association and possible assimilation of manganese from the host
lithologies (see also Pe-Piper, 2000; Stouraiti et al., 2010). It is also possible that the
lower manganese contents of the Panorama skarn (e.g., Mn/Fe = 0.4 to 2.6 versus 3.6
to 18.5) represents a transitional between the mangan and calcic skarns (Fig. 4D). The
granites and leucogranites were emplaced in a Syn-Collisional/Volcanic Arc tectonic
setting (Syn-COLG and VAG, Fig. 4E).

The total REE content of the granites/leucogranites and skarns is relatively low, up
to ~86 ppm. Chondrite-normalized REE profiles for these granitoids and related
mangan skarns are essentially sub-parallel with concave-upward shapes, weak negative
slopes for the LREE and horizontal HREE segments (Fig. 4G, XLREE/XHREE = 2.3
to 11.3). These trends reflect the mild enrichment of LREE to MREE (e.g., 0.34 <
Lan/Smy < 2.93) and HREE (0.96 < Lan/Ybn < 10.77) (ESM 1, Table 8). The profiles
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also display negative Eu-anomalies (e.g., < ~0.4), however, their Ce-anomalies are
variable (ranging from ~0.5 to 0.9 for Panorama and from 0.4 to 1.3 for Thapsana, Fig.
4G, ESM 1, Table 8). We propose that the petrochemical features for the mangan skarns
indicate that the peraluminous granitoids were one of the sources for the manganese in
the skarn-forming fluid. The second source was the surrounding PU, and BU and CBU

rocks (Fig. 4B to G).

5.4. Fluid inclusion petrography, microthermometry and Raman analysis

Fluid inclusions were studied in spessartine crystals of the Jhn-Sps zone of the
Thapsana mangan skarn (Table 1a). This zone was selected because of its almost ideal
zoning and spessartine was selected as the host for the inclusions because it represents
the major manganoan skarn mineral at Thapsana. The fluid inclusions are mostly <20
pm in diameter but some are up to 80 um in diameter and they vary in shape from
irregular to ellipsoidal; some have negative crystal shapes. They occur along healed
fractures or grain boundaries, as clusters and linear arrays in microcracks during the
development of the garnet crystals were considered pseudosecondary, whilst those that
intercept the crystal boundaries were interpreted as secondary. Only primary inclusions
were selected in our microthermometric study. A number of these inclusions show
evidence of decrepitation, necking and leakage. Necking is manifested in series of
almost empty primary fluid inclusions that occur in planar arrays. Examples of
representative FIAs are shown in Figure 5A to D.

Fluid inclusions were classified based on phase relationships observed at room
temperature (Fig. 5 A to D). Three types of fluid inclusions were recognized:

(1) Type I: Aqueous liquid inclusions that contain > 80 vol. % liquid (L-V),
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(i) Type II: Vapor-rich aqueous inclusions (V-L) which homogenize to vapor and
contain ~50 to 70 vol. % vapor and COz, as well as inclusions comprising > 20 to < 70
vol. % vapor, and

(ii1) Type III: Solid-bearing polyphase inclusions (S-L-V, in which the vapor bubble
occupies <40 vol. %).

The S-L-V inclusions, based on their optical properties contain rhodochrosite (Si,
Fig. 5C) with rhombohedral and antarcticite (S2, CaCly'6H,0) with rounded crystals,
Mn-chlorides (S3) and calcite (S4), in addition to halite. From these solids rhodochrosite
and antarcticite display consistent volume ratios in the inclusions in respect to the other
phases and they were as daughter mineral. Other solids were interpreted as accidentally
trapped solids (Fig. 5A to D). The L-V and S-L-V inclusions homogenize to liquid upon
heating. The coexistence of L-V and V-L inclusions suggests heterogeneous trapping
and fluid immiscibility. Thre temperatures of initial ice melting (Te) of the L-V and V-
L inclusions range from -56° to -20°C suggesting the presence of MnCl,+CaCl; in
addition to NaCl. Final ice melting temperatures for these inclusions range from -48.2°
to -2.5°C (Table 1a).

There are no available data for the ternary system H>O-NaCI-MnCl: (see Robelin et
al., 2004a, b), and further experimental work should be done for this system. We used
the AQSO2c, AQSO3e and Loner 32 software (Bakker, 2003) for the ternary system
H>0O-NaCl-CaClz due to the presence of antarcticite and its possible similarity to the
ternary system H>O-NaCl-MnCl,. The corresponding salinities range from ~3.0 to
~48.0 wt. % NaCl equiv (Fig. 5E, F, Table la). The L-V, V-L and S-L-V fluid
inclusions in spessartine homogenize to liquid and vapor between 305° and 565°C (Fig.
SE, F, Table 1a). The L-V, V-L and S-L-V fluid inclusions in spessartine homogenize
to liquid and vapor between 305° and 565°C (av. of ~435°C, st.d. of 67), 305° to 565°C
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for the cores and 320° to 470°C for the rims). Fluid densities of the inclusions range
from 0.53 to 0.91 g/cm?® and trapping pressures from ~80 to ~150 MPa (av. of ~110
MPa, st.d. of 1.8), ~80 to ~150 MPa for the cores and ~70 to ~120 MPa for the rims
(Fig. SE, F, Table 1a).

Laser Raman spectroscopic analyses were conducted on ten L-V, V-L and S-L-V
fluid inclusions hosted in spessartine. The results of the Raman analyses show that the
vapor contains CO2 and traces of N, and H, (~5.6 to ~12.3 CO, in mol fraction %,
Table 1b). Raman spectra and solubility calculations of the liquid phase indicated that
CO3* (~5010 ppm), CI" (~4390 ppm) and HCO53™ were the dominant anions in solution,
although F~ and SO4> were also present. The dominant cations in the skarn-forming
fluid were Mn*" and Mn®" (total of ~4390 ppm) and Si*', although Na*, K*, Mg**, Ca?*

and Pb*? and traces of Fe?", Ba*", B*" and Li** were detected (Table 1b).

5.5. Independent estimation of physicochemical parameters

The pressure at the time of formation of the Panorama and Thapsana mangan skarns
and the associated granites was estimated using the Al-in-hornblende- and TAl biotite-
geobarometers. This pressure is estimated to have been between 100 and 190 MPa for
the skarns (estimated for the Panorama Grt-Px zone and Thapsana Sps-Cum), and ~
300 Mpa for the granites. Temperatures were determined from Raman analyses of the
gaseous and liquid phase of fluid inclusions employing the CO»- and Na-K-, Na-K-Ca-
and K-Mg-geothermometers, the johannsenite-spessartine and spessartine-epidote
isotopic pairs (Jhn-Sps and Sps-Cum zones, respectively), and the garnet-
clinopyroxene, garnet-biotite and two-feldspar geothermometers. The temperatures
obtained ranged between ~330° and ~525°C. Accessory spessartine from the
peraluminous granites-to-leucogranites in the ACM yielded temperatures of ~585° for
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Parorama and ~670°C for Paros. Independent calculation of the skarn-forming fluid
salinity was based on solubility Raman data using the method of Wang and Wang
(2011). The calculated salinities range between 27.7 and 42.9 wt. % NaCl equiv, with
a standard error of £ 2.8%. Details about the application, limitations and assumptions
of the various geothermo-oxygen-barometers are given in Tables 1b, 2, ESM Tables 2,

3, 4b, 5 and 6.

5.6. Stable isotopes

Stable isotope compositions including those of oxygen, hydrogen, carbon, calcium
and magnesium were determined for the Panorama and Thapsana granite-to-
leucogranite and their host rocks, i.e., the marbles at Panorama and the gneisses at
Thapsana (Table 2). For the Panorama granite, the §'®0v.smow and 8D values range
between +9.3 and +11.2 per mil and -58 and -75 per mil, respectively. The calculated
8'%0m20 values of the metasomatic fluid range from +3.7 to +7.7 per mil (Fig. 6A). The
5*Cagse and §*°Mgpswm.3 isotopic compositions are +1.3 and -0.2 per mil, respectively
(Fig. 6B). For the host marbles, the measured §'*Ov.smow, 8D, §*Capse, 6**Mgpsm-3
and 8'°Cv.ppp values are +16.3, -42, +0.3, -0.6 and -2.2 (on calcite) per mil respectively.
For the Panorama skarn minerals the §'®Ov.smow and 8D values lay between those of
the leucogranite and the PU marbles (e.g., +8.5 and +14.6 and -67 and -71 per mil). The
calculated §'80mn20 values of the skarn-forming fluid range from +10.4 to +11.9 per mil
(Fig. 6A). The same trend occurs for the §**Capsg and §2°Mgpsm.3 values (e.g., +0.5 to
+0.8 and -1.3 to -1.7), although these are plotted closer to the Panorama granite (Fig.
6B).

For the Thapsana leucogranite, the 8'®Ov-smow and 8D values range between +9.8
and +10.5 per mil and -82 and -64 per mil. The §'*Om20 values of the metasomatic fluid
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range from +8.0 to +10.5 per mil (Fig. 6A). The §**Capse and §**Mgpsw.-3 isotopic
compositions are +1.6 and -0.2 per mil, respectively (Fig. 6B). For the BU gneisses, the
measured 3'80v.smow, 8D, §**Capsg and §**Mgpswm-3 values on quartz are +17.4, -48,
+0.5 and -0.6 per mil respectively (Fig. 6B). For the Thapsana skarn minerals the §'30v.
smow and 6D values are also between those of Thapsana leucogranite and the BU
gneisses (e.g., +8.3 and +12.5 and -80 and -42 per mil). The §'®Om20 values of the skarn-
forming fluid are approximately 3.0 per mil higher (e.g., +11.2 to +13.6 per mil, Fig.
6A), and plot closer to the gneisses. The same pattern is obtained for the 6**Capse
8*Mgpsm-3 isotopic compositions (i.e., +0.6 to +1.1 and -1.4 to -1.9 per mil,
respectively, Fig. 6B). The measured §'*Ov-smow, 8D, §**Cagse and 5**Mgpsm-3 values
of stage-I jacobsite are +7.2, -83, +1.6 and -1.1 per mil, respectively (Fig. 6B). The
3'%0m20 value of the ore-forming fluid is +10.0 per mil (Fig. 6A). The above calculated
5'"® 0m20 and measured 8D, §**Cagse and §?°°Mgpsm-3 values suggest the peraluminous
Panorama granite and Thapsana leucogranite, as one of the sources for the mangan
metasomatic fluids. The skarn-forming fluids have also interacted and isotopically
equilibrated to various degrees with the host PU marbles (Panorama), and BU gneisses
(Thapsana) (Figs. 6A, B) thus providing isotopic skarn signatures between the

endmembers, i.e., peraluminous granitoids and host rocks.

5.7. Radiogenic isotopes

Analyses of the Rb-Sr and U-Pb isotope ratios were performed on the Panorama and
Thapsana mangan skarns to determine their temporal evolution and origin. The 87Sr/%6Sr
values for the Panorama granite and host marbles, range between 0.7134 and 0.7144
and 0.7169, respectively. Their initial *’Sr/*®Sr;, values range from 0.7116 to 0.7127
and 0.7131 (Fig. 6C, Table 2). Those (*’Sr/*¢Sr and ®"Sr/*6Sr(;)) for the Panorama skarn
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zones are between those from the Panorama granite and the PU marbles (i.e.., 0.7128
to 0.7145 and 0.7111 and 0.7128, respectively, assuming an age of 26.8 + 0.5 after
Mayer, 1968, Fig. 6C, Table 2). This implies interaction between the Panorama granite-
derived fluids and the PU marbles during skarn formation. Isochron, Rb-Sr dating of
the Panorama granite and mangan skarn yielded ages of 25.79 + 0.24 Ma (MSWD =
0.93) and 24.92 + 0.22 Ma (MSWD = 0.89) respectively (Table 2, ESM Fig. 3A).

The ¥’Sr/*®Sr and ¥’Sr/*Sr(;, values for the Thapsana leucogranite and its host
gneisses, are higher than those of the Panorama granite (e.g., between 0.7149 and
0.7156, and 0.7176, and 0.7144 and 0.7152, and 0.7171, respectively, Fig. 6C, Table
2). The ¥’St/*Sr and ¥”Sr/%6Sr () isotopic compositions for the Thapsana mangan skarn
plot between those from Thapsana leucogranite and host BU gneisses (i.e., 0.7149 to
0.7169 and 0.7146 to 0.7165, using an age of 7.5 = 0.6 Ma after Bargnesi et al., 2013,
Fig. 6C, Table 2) also suggesting possible interaction during skarn formation. Jacobsite
from Stage I manganese ore displays even higher 'Sr/*®Sr and 3’Sr/*Sr values (i.e.,
0.7176 and 0.7171, Fig. 6C, Table 2). The Rb-Sr isochron for the Thapsana leucogranite
and mangan skarn yielded ages of 7.38 + 0.13 Ma (MSWD = 0.96), 6.29 = 0.12 Ma
(MSWD = 1.09, Jhn-Sps zone) and 6.11 = 0.15 Ma (MSWD = 1.17, Sps-Cum zone)
(ESM Fig. 3B).

Uranium-lead isotopic ages were obtained for zircon crystals from the Panorama
granite and the Panorama Grt-Ep and Thapsana Sps-Cum zones. The zircon crystals are
mostly colorless, small-to-medium-sized (< 1 mm), euhedral and zoned (ESM Fig. 3C).
They have low U and Th contents and high Th/U ratios (i.e., 9 to 55, 3 to 37 ppm, and
0.40 to 0.88, ESM 1 Table 9). Data regression (with a 90% confidence level) yielded a
weighted mean age of 26.03 + 0.24 (MSWD = 1.07, n = 4) for the Panorama granite.
The ages for the mangan skarns are 24.76 + 0.25 (Panorama, Grt-Ep zone, MSWD =
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0.89,n =5) and 5.97 £ 0.26 (Thapsana, Sps-Cum zone, MSWD = 0.96, n = 5) (ESM
Table 9, Fig. 3C). Our chronological data suggest that the mangan skarns formed within

1.0 Ma of the emplacement of the peraluminous granitoids.

6. Modeling of mangan skarn formation
6.1. Physicochemical conditions

Phase equilibria in the system CaO-MnO-Al>03-Si02-H,0-CO; were used to
estimate the stability conditions of the mangan skarn assemblages. We constructed
temperature versus logfO> and logXco2 versus temperature plots for temperatures of
550°, 500° and 380°C and a pressure of ~150 MPa (Fig. 6D, E,), using the
thermodynamic data (ESM Tables 10a, b) of the Geo-Calc (Berman, 1988) and
SUPCRT92 software (Johnson et al., 1992, with the extended database of Zimmer et
al., 2016). Details regarding the estimation of the physicochemical parameters and
related reactions (reactions 1 to 32) during the mangan skarn-formation are given in
ESM Tables 10a, b.

Deposition of quartz (reactions 1, 9 and 16) occurred at logasioz(q) values ranging
between -3.5 and -1.1 (ESM Table 10a). For temperatures of 550°, 500° and 380°C, the
logfO, values of the skarn-forming fluid ranged from HM+6.2 to HM-7.8 (e.g.,
reactions 3, 4, 6, 8, 10, 12, 13, 15, 18, 20 and 22, ESM Table 10a). The relatively more
oxidized Rdn zone is due to oxidation and decarbonation of the CBU marbles and/or
the BU gneisses (Abs-Wurmbach and Peters, 1999), while the relatively more reduced
are the Sps-Cum and Grt-Ep zones (Fig. 6D, ESM Table 10a). Based on the equation
of Zen (1985), the calculated logfO» values of the residual melts of the above discussed
peraluminous granitoids range between HM-4.9 and HM-2.0 (for Ikaria, Tinos and
Naxos), whereas for Panorama and Paros they are HM-3.9 and HM-3.3 (where HM is
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the Hematite-Magnetite buffer, Fig. 6D, ESM Table 10a), implying a reduced (to
slightly oxidizing) redox state of some of these peraluminous magmas. Moreover, the
logXco2 values, in both skarns, range from -3.5 to -0.7 (e.g., reactions 2, 5, 7, 10, 11,
14,17, 19, Fig. 6E, ESM Table 10a). The highest logXco. values are for the Rdn zone

and the lowest for the Sps-Cum zone (Fig. 6E, ESM Table 10a).

6.2. Thermodynamic modeling

Manganese is a mobile transitional metal which tends to concentrate in the liquid
phase of the metasomatic fluids as chloride complexes in two oxidation states, i.e., Mn ™2
and Mn*? (Uchida et al., 2003), and its mobility and solubility are dominantly controlled
by temperature, pH and oxidation potential of the skarn-forming fluid. Thermodynamic
modeling was carried out using the program React included in Geochemist’s
Workbench® software (Bethke, 1998; Bethke and Yeakel, 2016) using the FreeGs and
SUPCRT92 databases (Bastrakov, 2004; Zimmer et al., 2016) for the aqueous and
gaseous phases and manganoan-silicates and -carbonates. The thermodynamic datasets
were for temperatures of 550°, 500° and 380°C (using microthermometrical data, Table
la) and a pressure of 150 MPa. Individual ion activity coefficients of dissolved species
were calculated using the B-gamma extension of Helgeson et al. (1981) and Henley et
al. (1984) for an ionic strength (I) of 0.35.

The Thapsana and Panorama (although we have modeled only the Grt-Ep zone)
skarn-forming fluid was considered as a dilute aqueous solution and all Mn-bearing
minerals to have end member compositions. The initial composition of the fluid is
reported in ESM Table 10a. The thermodynamic data in ESM Tables 10a, b were
obtained from the experimental data of Baker et al. (2004) and Tian et al. (2014). We
have used this skarn-forming fluid composition to ensure that > 95 vol. % of the
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precipitated mineral assemblages are manganoan, corresponding to the assemblages
observed in the Thapsana, and partly in the Panorama mangan skarns. The
log[omn>*/(an™)?] and log[omn®"/(an™)*] values of the metasomatic fluid as a function of
temperature, were modelled using reactions 23 to 32 listed in ESM Table 10b.

Our model evaluates the effect of a temperature drop from 600° to 250°C through a
series of 50°C steps, with equilibrium attained in each step. It also evaluates the reaction
of the metasomatic fluid with the host marble and gneiss and represents a titration, in
which 100 g of host rock (gneiss or marble) is progressively added to the initial skarn-
forming fluid. For our simulation we used 1000 g of gneiss and/or marble reacting with
~1056 g of the mangan metasomatic fluid. The Panorama PU marble is composed of
90 vol. % calcite-dolomite, 5 vol. % quartz and 5 vol. % muscovite and 0.02 wt. %
MnO (Soldatos and Ntagkounaki, 2004), whereas the Thapsana BU gneiss comprises
30 vol. % quartz, 30 vol. % alkali feldspar, 20 vol. % plagioclase, 10 vol. % biotite, 5
vol. % calcite and 5 vol. % muscovite and 0.06 w.t. % MnO (Pe-Piper, 2000; Stouraiti
etal., 2010).

In our simulation, which involved concurrent cooling and reaction of the skarn-
forming fluid with gneiss or marble, the mangan skarn assemblages predicted to form
are: (i) Rhodonite, = tephroite, and spessartine (T = 550°C), (ii) Spessartine, diopside,
johannsenite and cummingtonite (T = 500°C) and (iii) Piemontite, spessartine,
cummingtonite and phlogopite (T =~ 380°C). Quartz, calcite and rhodochrosite, as well
as minor pyroxmangite, jacobsite, bixbyite and braunite, hausmannite, magnetite and
grossular (T = 550° to 500°C) and pyrolusite (T = 380°C) were also predicted to form.
As temperature drops from T = 600° to 550°C only the anhydrous manganoan silicates,
i.e., rhodonite + tephroite crystallise. Spessartine and johannsenite were the major
minerals to be deposited from ~550° to ~380°C and ~500° to ~400°C, respectively. At
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temperatures lower than 400°C, hydrous manganoan minerals precipitate. Below T =
400°C and as additional amount of the host rock reacts with the metasomatic fluid,
garnet (spessartine and grossular) and pyroxene (johannsenite and diopside) were
consumed and replaced by piemontite, or manganoan epidote, phlogopite, quartz,
calcite and rhodochrosite. The oxides bixbyite, jacobsite and braunite were the first
minerals to precipitate, followed by magnetite and hausmannite and then pyrolusite
(Fig. 7A).

Changes in the composition of the mangan metasomatic fluid, as temperature drops,
comprise an increase of the logasiozaq) values (e.g., from -3.5 to -1.1, Fig. 7B). The
logfO, values of the skarn-forming fluid in the Rdn (£ Tep) zone remained roughly
constant at T = 550° and 500°C and then decreased at T = 380°C (Fig. 7B). For all the
other zones the logfO, values decreased from T = 550° and down to 380°C (Fig. 5E, F,
Q), as the metasomatic fluid becomes more reducing due to wall-rock interaction with
the marbles and gneisses (Figs. 5G, 6A, B, C). The precipitation of manganoan-
silicates, -carbonates and -oxides was also promoted by increase of pH (e.g., from pH
= 3.5 to 5.5, Fig. 7B). pH neutralization of the skarn-forming fluid was more intense
for the cumulative reaction of ~20% of the total mass of the host rock (from ~3.5 to
~4.7). At the same time the logfO> values decreased by ~1 order of magnitude due to
ongoing buffering (Fig. 7B). A sudden drop of the Mn**(q) content is recorded for the
same cumulative reaction of ~20% of the host rock with the metasomatic fluid. The
Mn** (), Ca?*(aq) and ZFeqq contents were decreased substantially for a cumulative
reaction of > ~80% of the total mass of the host rock. The logXco2 values decreased
from -0.6 to -4.0, and their reduction was more intense for a cumulative reaction of >
~70% of the total mass of the host rock. The chlorinity of the metasomatic fluid has
increased in this interval (Fig. 7C).
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Buffering was accomplished when the carbonates, i.e., calcite and rhodochrosite
were equilibrated with the metasomatic fluid, and possibly after the oxidation of Mn?*
and Mn** to Mn*". At these conditions the skarn-forming fluid was depleted by < 5
orders of magnitude in iron, calcium and manganese. Moreover, piemontite continues
to precipitate (Fig. 7B, C). At temperatures below 380°C a decrease of the manganese
content was caused due to the precipitation of piemontite and pyrolusite (Fig. 7A, C).
The log[amn’/(an*)?] values were decreased from 7.2 to 1.6. With decreasing
log[onn?*/(an™)?] values the anhydrous manganoan silicates (e.g., rhodonite + tephroite,
spessartine and johannsenite) become unstable, as their stability fields are reduced in
size in respect to the hydrous manganoan silicates (e.g., cummingtonite and phlogopite)
and so they were replaced by the latter. The log[omn®"/(an’)?] values during the
deposition of piemontite, or manganoan epidote were ranging between 2.7 and 4.8 (Fig.
7D) and increased at T < 380°C. At these log[awmn’ /(an’)’] values the majority of all
the mangan skarn minerals are progressively replaced by piemontite, or manganoan
epidote, as its stability field was enlarged (Fig. 7D). Precipitation of the above minerals
was provoked by the removal of Mn*? from the mangan skarn-forming fluid and its
incorporation in Mn*?-silicates; favoring its precipitation due to the enrichment of Mn*
and Mn*" in the residual solution.

Our simulation of the manganese-enriched metasomatic fluid through fluid-rock
interaction and simple cooling predicts the relative abundance of the assemblages
observed at Thapsana and Panorama mangan skarns, although tephroite, pyroxmangite
and bixbyite are absent. It is suggested that fluid-rock interaction and simple cooling as
precipitation mechanisms produce a mangan skarn paragenesis that evolves from early
anhydrous manganoan silicates and Mn?"-oxides/hydroxides (Fig. 7A, C, e.g.,
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rhodonite, spessartine, johannsenite, jacobsite, + tephroite and pyroxmangite, T =
550°C) to later hydrous manganoan silicates and oxides and/or carbonates (Fig. 6A,
e.g., cummingtonite, T = 500°C and piemontite £ phlogopite, T = 380°C). Our modeling
suggests that the primary parameters that control the solubility of manganoan minerals
precipitated from the metasomatic fluid due to the simple cooling and fluid-rock
interaction were: (i) The variation of pH and logfO, values which is more intense at
lower pH values, (ii)) Reducing conditions (Figs. 31, K, 5G) in which oxidation of
manganese did occur (ESM Table 10a, reaction 13), and (iii) The manganese redox
state, i.e., Mn (II)- versus Mn (III)-chlorine ligands (Fig. 7 C, D).

7. Discussion

7.1. Conditions and mechanisms of mangan skarn formation and source of
manganese

Our results indicate that there is a decrease in the Grs and Jhn components (core-to-
rims, garnets and pyroxenes, Grt-Px and Grt-Ep zones, respectively) at Panorama
coupled with an increase of the Sps component (garnets, Grt-Px zone). For Thapsana,
they indicate there is an increase of the Jhn component of pyroxene of the Sps-Jhn zone
(Fig. 31, K). These compositional changes most likely reflect fluctuations of the
chemistry, i.e., manganese and calcium contents and oxidation state of the skarn-
forming fluid during mangan skarn formation. The changes of the Grs and Jhn
components, as well as the deposition of jacobsite, hausmannite, braunite and magnetite
(stage I, Thapsana) are attributed to the oxidation of manganese from Mn*? to Mn™®
(Zaw and Singoui, 2000). Additionally, they may reflect a decrease in the availability
of Mn*? in the metasomatic fluid, as the mangan skarn evolved (from T ~550° to

~380°C), or partitioning of calcium (£ magnesium) and manganese between
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manganoan garnets and epidote and/or pyroxene during their growth resulting in
variations of the calcium and manganese content of the metasomatic fluid. These
fluctuations may have also provoked the formation of manganoan epidote in Panorama
and cummingtonite in Thapsana mangan skarns. At Thapsana, as temperature dropped,
deposition of late Stage II hydrous manganese oxides of was favored, demonstrating
the gradual evolution of skarn-forming fluids towards near-neutral and reducing
conditions (Brookins, 1988).

Fluid inclusion data for spessartine from the intermediate Jhn-Sps zone of the
Thapsana mangan skarn provides crucial information regarding the development and
evolution of the Mn-ore-forming fluids. In particular, early stage skarn zoning and
spessartine deposition occurred due to boiling, and changes of the metal solubility,
redox state and chlorinity/carbonate ratio of hydrothermal fluids at temperatures
between ~400° and ~550°C and pressure ~100 to ~190 MPa (Fig. 5E, F, G), mainly
due to low lithostatic pressure of magma emplacement (e.g., ~300 MPa). As the system
evolved, mixing of fluids, wall-rock interaction, buffering and cooling (temperatures
ranging between 350° and 450°C) were the major parameters controlling the evolution
of mangan skarn zones and ore formation (e.g., Stage I).

We have only indirect isotopic evidence for the source of the manganese. For the
Thapsana skarn system, manganese was the predominant cation of the ore-forming
fluids (up to 4390 ppm, Table 1a). From the hydrogen versus oxygen isotope plot (Fig.
6A) it is evident that most of the §!®0Om20 and 8D values of Thapsana peraluminous
granitoid (as well as Tinos, Ikaria and Naxos) and the mangan skarn-forming fluids are
genetically associated. A trend towards higher §'%0mn20 values with nearly equal 3D
values as temperature dropped from 480° to 380°C is depicted for the Panorama skarn-
forming fluid when compared to the granite (T = 585°C), suggesting that it has also
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equilibrated with the host PU gneisses and/or marbles. The Thapsana leucogranite
shows slightly lower 8'® 020 and 8D values (T = 670°C), however, the same trends for
the 8'30m20 and 8D values indicate isotopic equilibrium with the host BU gneisses. The
above is in accordance with the REE patterns presented in Figure 4G. Possibly,
manganese was part of both primary magmatic and skarn-forming fluids (even after
assimilation of country rocks during magma ascend) but also part of later hydrothermal
fluids after mixing due to wall-rock interaction with early stage fluids.

Calcium and magnesium in the skarn-forming fluid have an initial magmatic
signature (T = 670° and 585°C, Fig. 5B). The increasing trends of 8**Cagpse and
3*Mgpsm.3 values towards the host gneisses and marbles on the §**Cagse versus
3%Mgpsm-3 plot suggest that (e.g., T ~500° and 380°C) there was a greater contribution
from the host rocks of Ca, Mg and Mn during the evolution of the mangan skarns, that
resulted in enrichment in manganese of the skarn-forming fluid (Fig. 6B). The
Panorama mangan skarn displays a decreasing trend of §'*Om20 and ¥’Sr/*%Sr values
(Fig. 6C). This trend is most probably related to fluid-rock interaction due to the
increased influence and isotopic equilibration of the PU marbles, rather than the PU
gneisses, with the skarn-forming fluid (see Fig. 4G and Tornos and Spiro, 2000, c.f.,
Fig. 8). However, the Thapsana mangan skarn displays the opposite trend as
temperature decreases (from the Jhn-Sps zone to the Sps-Cum zone), i.e.,., towards
increasing 8'30 and ¥7Sr/%Sr values (Fig. 5C) which is interpreted as predominant fluid-
rock interaction and isotopic equilibrium with the BU gneisses.

The temporal evolution of the mangan skarns (i.e., from the ~26 Ma Panorama
granite to the ~ 24.8 Ma skarns and from ~7.4 Ma Thapsana leucogranite to the ~6.0
Ma skarns) and simple cooling (from T = 585° or 670° down to 480° and 380°C),
coupled with the observed trends on Figures SA, B and C, indicate that the mangan
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skarn-forming fluids tend to equilibrate with their host rocks, at progressively higher
water-to-rock ratios. Fluid-rock interaction is also indicated by our petrochemical
results (e.g., log(Mn/Fe) versus log(Al/Ca) and Rb/Sr versus Rb/Ba plots, Figs. 4D, F).
The Thapsana leucogranite is characterized by relatively elevated 8'0mn20, D and
87Sr/%%Sr(;, values, which are suggestive of its peraluminous affinity (Fig. 5C).
Additionally, for the Panorama granite the above values are lower, and so the calcic
skarn may be related to its metaluminous lithophases. At Panorama, fluid-rock
metasomatism and buffering with the PU marbles was probably more intense and at
higher temperature, which could explain why the Panorama skarn is a transitional phase
between a mangan and a calcic skarn (e.g., formation of the Grt-Wo, Grt-Px zones).
Based on our fluid inclusion and isotopic results we propose two different sources
for manganese. At Thapsana mangan skarn (e.g., Rdn and Jhn-Sps zones), the source
for manganese was partly the Thapsana leucogranite due to its peraluminous affinity.
The main process responsible for the enrichment of manganese in the skarn-forming
fluid for both the Panorama and Thapsana late mangan zones (e.g., Grt-Ep and Sps-
Cum zones) was its remobilization from both the peraluminous granitoids and the host

PU marbles and BU gneisses due to fluid-rock interaction (Fig. 6A, B, C).

7.2. Tectono-metallogenic model of mangan skarn formation
The Panorama and ACM granitoids are commonly peraluminous granites-to-
leucogranites in composition. These comprise higher silica and water contents (e.g., 7-
8 wt. % H>0), oxygen and strontium isotopic compositions and low iron, sodium and
potassium contents. Their magmas were initially mildly oxidizing. Furthermore, they
were emplaced at relatively low temperature (e.g., T <~700°C) and mid-crustal depths
(e.g., P ~300 MPa). During their fractionation and under mildly oxidizing conditions,
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the moderately incompatible manganese was released through anatexis of the CBU-
enriched meta-volcanosedimentary rocks (reported from the islands of Andros, Tinos,
Evia, Kythnos, Syros, Ikaria and Naxos and Varnavas, Attica, with <13.10 wt. % MnO,
Stouraiti et al., 2022). Our geochemical data for these peraluminous granitoids are
consistent with derivation from ~50 to 60% anatexis (Panorama granite) and ~35 to
45% (Thapsana leucogranite) of a plagioclase-rich metasedimentary source (as their
Ca0O/Na;O ratios are > 0.3, Fig. 4F, ESM 1, Table 8, Sylvester, 1998; Stouraiti et al.,
2010, 2022), i.e., metagreywacke (Stouraiti et al., 2010) which is most probably
represented by the BU gneisses (Fig. 4F).

It is proposed that manganese was enriched in the residual melts as they evolved to
more peraluminous compositions due to cooling (as shown experimentally by Maner et
al., 2019). The Panorama, Paros, Ikaria, Naxos and Tinos peraluminous granites-to-
leucogranites (emplaced at T =~ 670° to 585°C, at logfO, values between HM-4.9 and
HM-2.0) contain Mn-enriched-amphibole (< 0.63 apfu), -biotite (< 0.33 apfu) and -
muscovite (< 0.05 apfu), as well as -magnetite (< 0.10 apfu) and ilmenite, -tourmaline
(schorl or Mn-schorl, < 0.15 apfu) and spessartine (Sps~40-60), cordierite, sillimanite
and apatite (Mn < 0.1 apfu) as accessory minerals (Meyer, 1968; Jones et al., 1992; Pe-
Piper, 2000; Mastrakas and Seymour, 2001; Hezel et al., 2011; Kevrekidis et al., 2015).
The formation of the Greek mangan skarns is linked to magmas relatively enriched in
volatiles (e.g., in boron, Pe-Piper, 2000; Kevrekidis et al., 2015, Table la), as the
crystallization of biotite helped manganese to be fixed in manganoan tourmaline, and
so to be enriched in the residual melts.

Volatiles and incompatible manganese tend to concentrate even further in the skarn-
forming fluid. Chemical elements driving skarn metasomatism, e.g., Na, K, Ca, Fe, CI
and Mn (Table 1) are dominantly partitioned into the circulating fluid phase. If such
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skarn-forming fluid, is enriched in manganese, and then exsolved the Thapsana and
Panorama mangan skarns could have been formed (at T ~550° down to ~300°C and
pressure of 150 MPa). Moreover, the skarn-forming fluid is expected to interact (at T <
400°C) with this highly differentiated melt (comprising < 0.12 wt. % MnO, Jones et al.,
1992; Pe-Piper, 2000; Mastrakas and Seymour, 2001; Kevrekidis et al., 2015), or the
surrounding PU and BU rocks that are also relatively enriched in manganese (< 13.10
wt. % MnO, Pe-Piper, 2000; Stouraiti et al., 2010, 2022; Papaspyrou, 2016). The
metasomatic phase tends to remobilize part of the initial manganese of these granites-

to-leucogranites and/or PU marbles and BU gneiss.

8. Conclusions

Our conclusions, based on the synthesis of geological, mineralogical, chronological
and isotopic data and thermodynamic modeling of the Greek mangan skarns, are as
follows:

e The anhydrous manganoan skarn assemblages were deposited at T = 550°C and
were followed by hydrous manganoan assemblages (T = 500°C and = 380°C), at
pressures of ~150 MPa, during uplift.

e  Our modeling suggests that the manganoan skarn assemblages were to the
products of phase separation (at ~480°C and ~120 MPa, and ~400°C and ~100 MPa),
mixing, cooling, dilution and fluid-rock interaction, fluctuation of pH and logfO> values
and manganese redox state of the skarn-forming fluid.

e Two different sources are proposed for manganese, the peraluminous

granitoids, which are enriched in manganese, and the host PU marbles and BU gneisses.
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e Manganese is enriched in reduced skarns related to peraluminous granites-to-
leucogranites produced by the anatexis of ~60 to 35% of a meta-volcanosedimentary
manganese-enriched source.

This study addresses two main issues. The first is why the Ikaria, Tinos and Naxos
leucogranites do not seem to be associated with mangan skarn formation, and the
second is why the Panorama and Paros mangan skarns do not comprise any Pb-Zn
(£Ag) deposits. The proposed answer to the first issue is that the metasomatic fluids in
Panorama and Paros were liquid-like fluids that have the capacity to store elevated
amounts of manganese, in contrast to those at Tinos (Tombros and Fitros, 2019), Naxos
and Ikaria which were vapor-like skarn forming fluids. The second issue most probably
relates with the distance from their parental leucogranite. As manganese, lead and zing
have the capacity to travel longer distances, using as an example the Paros leucogranite,
it is expected that manganoan-oxide skarn ores will develop closer to the leucogranite
(e.g., at Thapsana, Lakos Angerias, Paraga and Tripiti mineralizations). At greater
distances Pb-Zn (£Ag) sulfide mineralizations may occur in “fluid escape structures”
(following Meinert et al., 2005, e.g., the Monastiria, Agios Georgios, Prasovounia, Kaki
skala, Lioria, Grafia, Bougouka and Skarvaneli in Despotico isle, vein-type
mineralization comprising galena, sphalerite, chalcopyrite and pyrite) in the
neighboring Island of Antiparos. Even further from the Paros leucogranite the
hydrothermal, supergene manganese (+iron) oxides/hydroxides (e.g., Xatzovounia,

Manganies in Antiparos) may occur (Fig. 8).
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Figure captions

Fig. 1. (A, B). Simplified geotectonic maps of the geology of the Rhodope and
Attico-Cycladic Metallogenetic Massifs (modified after Kilias, 2021; Jolivet et al.,
2015); (C, D, E) Simplified map of Panorama in Drama and Paros Island (modified
after Ntagkounaki, 1999; Papaspyrou, 2016; Bargnesi et al., 2013; Laurent et al., 2015).

Fig. 2. Field photographs of: (A) The tectono-intrusive contact between the
Panorama (Grt), calcic skarn (Ca-Sk) and host marble; (B) Representative hand
specimen of the Grt-Ep zone in Panorama composed of epidote (~80 vol. %) and garnet
(~20 vol. %); (C) Overview of mangan skarn (Mn-Sk) zonation in relation to the host
marble and hornfels, in Thapsana, Paros; (D) Stage I mangan assemblage in relation to
the Rdn and Sps-Cum zones comprising jacobsite, hausmannite and braunite crosscut
by epidote veinlets; (E, F) Hand specimens of the Rdn and Jhn-Sps zones from
Thapsana, Paros (Rdn = Rhodonite, Sps = Spessartine, Jhn = Johannsenite, Jac =
Jacobsite, Hsm = Hausmannite and Br = Braunite, Grt = Garnet, Ep = Epidote, in all
figures mineral abbreviations are after Whitney and Evans, 2010).

Fig. 3. (A). Representative crossed-polarized thin-section photomicrographs of the
Grt-Ep zone in Panorama mangan skarn; (B). X-ray map of Mn (Ka) of the epidote
crystal from cores to rims (the reddish and orangish-to-yellowish colors are attributed
to represent the Mn®" and Mn?* contents); (C, D). Ternary plots showing compositional
variations of pyroxene and garnet from the Panorama and Thapsana mangan skarn

© 2023. This manuscript version is made available under the CC-BY-NC-ND 4.0 license
http://creativecommons.org/licenses/by-nc-nd/4.0/



1118

1119

1120

1121

1122

1123

1124

1125

1126

1127

1128

1129

1130

1131

1132

1133

1134

1135

1136

1137

1138

1139

1140

1141

1142

Tombros, S., Kokkalas, S., Triantafyllidis, S., Fitros, M., Tsikos, H., Papadopoulou, L., Voudouris, P.,
Zhai, D., Skliros, V., Perraki, M., Kappis, K., Spiliopoulou, A., Simos, X., Papavasiliou, J., and
Williams-Jones, A. 2023, Genesis of a new type of mangan skarn associated with peraluminous

granitoids in Greece: Chemical Geology, v. 623, p. 121369

(mauve, cyan, green and red squares, triangles and circles represent the cores,
intermediate areas and rims of pyroxenes and garnets from Grt-Wo, Grt-Px, Grt-Ep and
Jhn-Sps zones from Panorama and Thapsana, respectively); (E, F, G, H).
Representative photomicrographs of the Sps-Cum and Jhn-Sps zones and mangan ores
from Thapsana mangan skarn. At the down-right corner the composition of spinels is
shown on the ternary Jac-Glx-Mag plot (yellow cycles); (G). Spessartine replaced by
jacobsite in which the microprobe traverse method was applied (pink dots, scale bar =
2 mm), (Px = Johannsenite-Diopside series, Cum = Cummingtonite, Sps = Spessartine,
Ep = Epidote, Jac = Jacobsite, Hsm = Hausmannite, Br = Braunite, Hol = Hollandite,
Glx =Galaxite and Mag = Magnetite).; (I, K). Micro-traverse profiles of the garnet and
pyroxene crystals (core-to-rim) displaying the variation of the spessartine (Sps),
andradite (Adr), grossular (Grs), diopside (Di), johannsenite (Jhn) and hedenbergite
(Hd) components (for both Panorama and Thapsana).

Fig. 4. Major and trace element classification plots demonstrating the petrochemistry
of the Panorama and Thapsana pluton lithotypes: (A) SiO: versus (K2O+NazO) plot for
petrography and geochemical composition (fields are after Le Maitre et al., 1989); (B).
Si0O; versus Fe;O3/FeO+Fe;03 plot of Panorama and Thapsana (field boundaries for
skarn oxidation state are after Meinert et al., 2005); (C) Al/(Ca+Na+K) versus
Al/(Na+K) plot outlining the alkaline, metaluminous and peraluminous, and I- and S-
type granitoids (fields are after Maniar and Piccoli, 1989; Chappell and White, 1992);
(D) Log(Mn/Fe) versus log(Al/Ca) plot displaying the possible source of manganese in
skarns; (E) Log(Y+Nb) versus Rb discrimination plot. The petrotectonic fields are after
Pearce (1996); (F) Log(Rb/Sr) versus log(Rb/Ba) ratios for the peraluminous
granitoids. The dashed purple line separates granitoids formed by anatexis of clay-poor
with higher plagioclase and CaO/Na2O contents source (C-p) in respect to those
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produced from clay-rich with lower plagioclase and CaO/Na;O contents source (C-r).
Modeling of the calculated compositions of pelite (Pe)- and psammite (Ps)-derived
peraluminous granitoids, the average compositions of basalt (B), shale (S) and
greywacke (QG), and the calculated melt mixing curve (black dashed line) is also shown
(after Sylvester, 1998); (G) Chondrite-normalized REE patterns (after McDonough and
Sun, 1995) of the Panorama and Thapsana granitoids and mangan skarn zones
(Panorama granite: solid black-, Grt-Wo, Grt-Px and Grt-Ep zones: dashed black-,
Thapsana leucogranite: solid red-, Rdn, Jhn-Sps, Sps-Cum zones: dashed red-, Tinos
leucogranite: dashed green-, Naxos leucogranite: dashed blue- and Ikaria leucogranite:
light mauve-colored lines). In all the above plots we have used published geochemical
data for Panorama, Paros, Ikaria Naxos, Samos and Tinos granites-to-leucogranites
(crossed-open symbols) from Jones et al. (1992); Ntagkounaki (1999); Pe-Piper (2000);
Mastrakas and Seymour (2001); Altherr and Siebel (2002); [liopoulos (2005); Pe-Piper
and Piper (2007); Stouraiti et al. (2010); Papadopoulos (2011); Kevrekidis et al. (2015).

Fig. 5. Photomicrographs of multiple fluid inclusion assemblages in spessartine host
from Thapsana mangan skarn (photographed at + 22.5°C in plane-polarized transmitted
light, scale bar = 50, 100, 200 and 250 um): (A and B) Primary (P), and secondary (S)
L-V, V-L and S-L-V inclusions (e.g., sample PTS1, A: Cores, and B: Rims), (C and D)
Isolated primary Si,23-L-V inclusions comprising antarcticite (And), rhodochrosite
(Rds), manganese chlorides (MnClx) and COz. The inclusions are best described in the
system H>O-NaCl-MnCl,-CaCl,. (E) Liquid-vapor homogenization temperature versus
salinity plot (C: Cores, R: Rims), (F) Temperature versus pressure plot showing
trapping conditions of the Thapsana mangan skarn, (G) Log(Mn"%/Ca*" versus logCI-
/HCO3+CO2%) plot of fluid inclusion compositions Temperatures were obtained from
gas and liquid-phase geothermometers of fluid inclusions (Table 1b).

© 2023. This manuscript version is made available under the CC-BY-NC-ND 4.0 license
http://creativecommons.org/licenses/by-nc-nd/4.0/



1168

1169

1170

1171

1172

1173

1174

1175

1176

1177

1178

1179

1180

1181

1182

1183

1184

1185

1186

1187

1188

1189

1190

1191

Tombros, S., Kokkalas, S., Triantafyllidis, S., Fitros, M., Tsikos, H., Papadopoulou, L., Voudouris, P.,
Zhai, D., Skliros, V., Perraki, M., Kappis, K., Spiliopoulou, A., Simos, X., Papavasiliou, J., and
Williams-Jones, A. 2023, Genesis of a new type of mangan skarn associated with peraluminous

granitoids in Greece: Chemical Geology, v. 623, p. 121369

Fig. 6. (A) Hydrogen versus oxygen isotope plot showing the calculated water
compositions from the Panorama and Thapsana mangan skarn. The “Meteoric Water
and Kaolinite Lines”, “Subduction-Related Vapor, Arc and Crystal Felsic Magma”, “I-
and S-type magmas”, “Sedimentary rocks”, “Metamorphic water box”, “Formation
waters” and “Primary magmatic water” are after Bowman (1998) and Kuscu et al.
(2011), (B) **Capsk versus 8*°Mgps.3 isotope plot showing the compositions of garnet
from the Grt-Ep skarn zone. The “Plutonic rocks” and “Host rocks (Gneisses-Marbles)”
fields are after Marshall and DePaolo (1989) and Li et al. (2010); (c). §'"®Om0 versus
87Sr/%6Sr () plot of the mangan skarn showing their spatial and temporal evolution (ages
are given in ESM Fig. 2, and in all the above plots we have used published isotope data
Naxos, lkaria and Tinos leucogranites from Altherr et al. (1998) and Brocker and Franz
(1998); (D, E) Isobaric (P = 150 MPa) temperature versus logfos (Xcoz2 =0.1) and Xco2
versus temperature plots in the system MnO-CaO-Al>03-Si0,-H,0-CO; displaying the
estimated conditions and evolution of the Thapsana and Panorama mangan skarns
(using thermodynamic theoretical and experimental data from Goldsmith and Graf,
1957; Bricker, 1965; Faryad, 1994; Theye et al., 1996, and the EQMIN spreadsheet,
Martin, 1996). Mineral reactions and abbreviations are listed in ESM Tables 10a, b.
The Hematite-Magnetite (HM) and Jacobsite = Hausmannite + Hematite buffers are
also shown.

Fig. 6. Modeling of the metasomatic fluid related to the Thapsana and Panorama
mangan skarns due to its simultaneous cooling (from 600° to 250°C) and fluid-rock
interaction (1000 g of gneiss or marble with 1056.33 g of fluid): (A) Manganoan-
aluminosilicates, -carbonates and -oxides skarn assemblages over cooling; (B) pH and

oxygen fugacity changes (the red, green and black lines represent the Rdn (£ Tep), Sps-
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Jhn and Sps-Cum zones, respectively); (C) Variation of ion complexes and gas
concentrations of the metasomatic fluid; (D) Activity-temperature plot showing
relationships at pressure of 150 MPa of the system MnO-Ca0O-Al,03-Si02-H,0-CO» as
function of the activity ratios log[omn>"/(an")?] and log[omn> /(an’)*]. (The Rdn ( Tep),
Sps-Di-Cum and Pmt-Phl assemblages are conjectural). Mineral reactions and
abbreviations are listed in ESM Tables 10a, b.

Fig. 7. Tectono-metallogenic model for the formation of the mangan skarns in

Greece (Horizontal axes is not to scale).
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Table 1a. Primary fluid inclusion microthermometric data from spessartine of the Thapsana mangan skarn.

Host mineral Tteice Trm-ice Tht Salinity? Pressure
+] )O
Sample Spessartine VIVHL)% Type O O O (wt.% NaCl equiv) (bars)
L+V
PTS13 Core 11to 25 (n=9) -46t0-28 -30.7t0-16.3  418to 502 18 to 30 1087 to 1305
V-L
PTS1 Core 50to 72 (n=5) -41 to -27 -7.91t0-2.5 425 10 530 31013 1105 to 1378
S-L-V
PTS1 Core 12to 37 (n=12) -42 to -27 -47t0 -34.8 305 to 565 28 t0 45 832 to 1469
. L+V
PTS1 Rim 9to0 29 (n=9) -33t0-22  -15.2t0-5.2  320to 423 810 15 793 to 1110
. V-L
PTS1 Rim 49t0 70 (n=5) -30to -20 -8.1t0-3.9 339 to0 470 6to 11 881 to 1222
. S-L-V
PTS1 Rim 20to 39 (n=6) -56to-44  -48.2t0-34.7 33910438 48 to 33 881 to 1139

LAverage temperature of homogenization of ~435°C, st.d. = 67. The homogenization temperatures range from 305° to 565°C for the cores and from 320° to
470°C for the rims.

2Average salinity of ~24 wt. % NaCl equiv, st.d. = 13.5. Salinity ranges between ~3.0 and ~44.0 wt. % NaCl equiv for the spessartine cores and from ~6.0
to ~48.0 wt. % NacCl equiv for the rims.

3Test Run, Abbreviations: Trice: First melting of ice, Tm-ice: Last melting of ice, Tn= Total fluid homogenization temperature, S= Solid, L= Liquid and V=
Vapor.

Samples location: PTS = Thapsana skarn, Sps-Jhn zone.

The fluid inclusions sizes are mostly < 20 to 25 and up to 80 in diameter (um). The trapped solids were rhodochrosite (S1), antarcticite (S>),
Mn-chlorides (S3) and calcite (S4), in addition to halite (based on their optical properties and Raman analyses in fluid inclusions that the vapor
bubble occupies < 40 vol. %, Fig.6). The polyphase L-V and S-L-V inclusions homogenize to liquid.
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We have also used the equations of Knight and Bodnar (1989) to estimate the critical P-T-d properties of the Panorama, Thapsana in Paros,
Tinos (Tombros and Fitros, 2019), Ikaria and Naxos skarn-forming leucogranite-related fluids. The critical T, P and d of this ore fluid were Teritical
= 680°C, Pcriticas = 0.01 GPa and deriicas = 0.40 cm®/g, for an average salinity of 24 wt. % NaCl equiv. Under these conditions the Panorama and
Thapsana metasomatic fluids most likely were liquid-like fluids, whereas the ones at Tinos, Ikaria and Naxos were vapor-like skarn-forming fluids

(see also Tombros and Fitros, 2019 and Pokrovski et al., 2013, cf. Fig. 1).

Table 1b. Primary fluid inclusion gaseous and liquid Raman data from spessartine of the Thapsana mangan skarn.

Gaseous phase

Sample Host mineral- XH20 Xco2 Xh2 Xn2
P Fluid inclusiontype (Mol %)  (mol %*) (Mol %) (mol %)
PTS1 Vapour 86.9t094.1 56t086 00to05 0.0t00.7
Liquid phase
Sample FI]'LCJ)iSc; :2::32?(')” Si? Na K Mg Ca’ AP Pb*!
type (ppm®) (ppm©P) (ppm®<P) (ppmP) (Ppm©) (ppm) (ppm)
- 124.7 to
PTS1 Liquid 1185.0 to 1598.4 12.8t060.4 0.3t016.5 3.21t0224.5 13.8t0423.2 289.4 34.6t0134.5
Salinity
total - 2+
'(me) COs* (ppm) HCOs (ppm) SO+ (ppm) ( Clm) (Fem) (corresponding wt.
PP PP PP % NaCl equiv)!
PTS1 Liquid 960.8 to 4455.0 3321.5t05009.5 213.5t03404 0.0to 325 3384.5 t0 4389.6 0.3t0 102.7 27.71042.9
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Temperature estimates based on fluid inclusions gaseous phase data used the #CO,-geothermometer (Henley et al., 1984, Table 3.2). The calculated
temperatures range from 413° to 528°C. The average log(Xco2/XH20) range from -1.2 to -0.9 and -0.4 under a total pressure ranging between ~480 to ~700 bars
(The error for all gases analyzed was + 1%).
Temperature estimates based on fluid inclusions liquid phase data used the Na-K8-, Na-K-Ca®- and K-MgP-geothermometers (Henley et al., 1984, Table

5.3). The calculated temperatures range from 351° to 565°C. For the Na-K-Ca geothermometer the log ,C%\la +2.06 values >0, and T > 100°C and so $ =0.7.

Traces of Ba?* (< 7.5), F (£ 4.1), B¥ (2.1 t0 9.3) and Li* (< 1.8) were only occasionally detected (in ppm). The average values of the liquid phase are
log(Mn®®@/Ca2*) = 0.9 to 2.4, log(Mn?*/Mn®*) = 0.6 to 0.9, log(CI/COs*+HCOj3’) = -0.1 to 0.0 and log(HCO3/CO3*) = -1.4 to -1.0 (For the cations and anions
the error was +£0.01 ppm).

'Independent calculation of the skarn-forming fluid salinity was based on solubility Raman data using the method of Wang Z and Wang L (2011). The
calculated salinities range between 27.7 and 42.9 wt. % NaCl equiv, with a standard error of + 2.8%.
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Table 2 Oxygen, carbon, hydrogen, calcium, magnesium, 8’Rb/®Sr and 8/Sr/®Sr isotope data obtained from Panorama in Drama, and Thapsana
in Paros Island granite-to-leucogranite, skarns, ores and host rocks.

8Cv.roe  8'®Ov-smow oD 5*Cagse 5?°Mgbswm-3

H 1 87 86 87 86 87 86 1\2

Sample Mineral (per mil) (er mil)  (per mil)  (per mil) (per mil) Rb/%Sr  #Sr/*°Sr  %/Sr/*°Sr(i) Age
PAN_1

- hol k - 11.22 - 1.2 -0.22 2. 7134 711
(Granite) whole roc %8 8 0 % 0ns3 07116 25.79+0.22
PAN_2 Ma

= - 9.26 -75 - - 053 0.7144 0.7127
(Granite) Qz
PAN_3

y w - 8.51 -67 0.52 -1.73 191 0.7145 0.7128
(Wo-Grt) ©

92+ 0.
PAN_% Di-Hd - 8.89 -69 0.79 -1.25 047  0.7131 0.7114 24.92+0.24
(Px-Grt) Ma
PAN_S Grs - 14.56 -71 0.63 -1.47 052 0.7128 0.7111
(Ep-Grt)
PAN_S Cal -2.18 16.32 -42 0.28 -0.63 056  0.7169 0.7131 -
(Marble)
PTHAP—.l whole rock - 10.46 -64 1.14 -0.16 0.69 0.7156 0.7152
(Leucogranite)

PTHAP 2 7.38+£0.13 Ma

—. Qz - 9.81 -82 - - 0.65 0.7149 0.7144

(Leucogranite)
PT(:'::)—?’ Rhd - 10.37 -42 0.59 -1.44 0.59 0.7169 0.7165
PTHAP_4 Jhn” - 9.92 -57 0.94 -1.85 0.61 0.7149 0.7146
(Jhn-Sps)
+

PTHAP_S Sps” - 8.26 -65 0.87 -1.74 059 0.7150 0.7146 6.29+0.12 Ma
(Jhn-Sps)
PTHAP_6 Sps - 10.34 -69 0.79 -1.68 0.58  0.7155 0.7151

© 2023. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/



Tombros, S., Kokkalas, S., Triantafyllidis, S., Fitros, M., Tsikos, H., Papadopoulou, L., Voudouris, P., Zhai, D., Skliros, V., Perraki, M., Kappis, K., Spiliopoulou, A., Simos, X., Papavasiliou, J., and Williams-Jones, A. 2023,
Genesis of a new type of mangan skarn associated with peraluminous granitoids in Greece: Chemical Geology, v. 623, p. 121369

(Jhn-Sps)
PTHAP_7
(Sps-Cum)
PTHAP_8
(Sps-Cum)
PTHAP_9

(Gneiss)
PTHAP_10_

(Mn ore)

Sps? -

Mn-Ep®

Qz -

Jab -

10.85

12.53

17.38

7.15

-75

-80

48

-83

1.01

1.06

0.51

161

-1.49

-1.36

-0.61

-1.07

0.52

0.67

0.58

0.58

0.7166

0.7167

0.7176

0.7176

0.7161

0.7162

0.7171

0.7171

6.11+£0.15 Ma

Temperatures for the mineral-H,O calculations were obtained from fluid inclusions microthermometry, the CO; and Na-K-, Na-K-Ca- and K-
Mg-geothermometers, the #johannsenite-spessartine (Jhn-Sps zone) and Bspessartine-epidote (Sps-Cum zone) isotopic pairs (using the equations
of Zhao and Zheng, 2003) and the garnet-clinopyroxene (Pattison and Newton, 1989), garnet-biotite (Ferry and Spear, 1978 as revised by Holdaway
et al., 1997) and two-feldspar (Whitney and Stormer, 1977 as modified by Putirka, 2008) geothermometers. The obtained temperatures range from
305° and 565°C (av. ~435°C). For Panorama mangan skarn the initial temperature of formation was considered to be ~585° (accessory spessartine
in granite), the average was ~470° and the minimum was ~380°C. For Thapsana the initial temperature of formation was ~565°, the average was
~435° and the minimum was ~305°C (maximum, average and minimum temperatures obtained from fluid inclusion microthermometry).

2The initial 8’Sr/®Sr values were calculated for Panorama using an age of 26.8 + 0.5 Ma (Mayer, 1968), and for Thapsana an age of 7.5 = 0.6
Ma (Bargnesi et al., 2013).

Sample location: PAN = Panorama, and PTHAP = Paros, Thapsana.
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ESM Sampling and analytical techniques
Skarns and related Mn-ores were sampled from the mine galleries of Panorama in Drama and

Thapsana in Paros Island. For this study, over fifty samples were collected (e.g., PPS1-32, and PTS1-20,
e.g., Fig. 2B, E, F) from seven sites representing the different skarn zones (e.g., Grt-Wo, Grt-Px, Grt-Ep
zones at Panorama, and Rdn, Jhn-Sps and Sps-Cum zones at Thapsana). The mineralogical and textural
features of the skarns were studied in polished thin sections under polarizing optical and scanning
electron microscopes (SEM). Mineral microanalyses were performed using a JEOL JSM-6300 SEM
equipped with energy dispersive and wavelength spectrometers (EDS and WDS) and INCA software at
the Laboratory of Electron Microscopy and Microanalysis, University of Patras, Greece. Operating
conditions were accelerating voltage 25 kV and beam current 3.3 nA, with a 4-um beam diameter. The
total counting time was 60 s and dead-time 40%. Standards used for gangue and ore minerals were natural
marialite (Cl), tourmaline (B, F), orthoclase (K), diopside (Ca, Si), ilmenite (Ti), rhodonite (Mn), fayalite
(Fe), jadeite (Na), forsterite (Mg), corundum (Al), chlorite, epidote, plagioclase and muscovite, natural
chalcopyrite, tetrahedrite, tennantite, stibnite, pyrite, sphalerite, galena, hausmannite (Mn?*), manganite
(Mn®"), pyrolusite (Mn**) and synthetic CoNiAs, SnO2 and CdTe, as well as the native metals Ag, Au,
Te and Se. Detection limits are ~ 0.01% and accuracy better that 5% was obtained.

Major and trace element analyses were obtained from a total of eighteen samples, which include ten
samples from the different intrusive facies, i.e., Panorama granite and Thapsana leucogranite and eight
from the different skarn zones. The geochemical analyses were performed at the ActLabs Ancaster,

Ontario. FeO and loss on ignition (LOI) were analyzed by the wet chemical method whereas the other
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major element compositions were obtained by FUS-ICP analysis following the method of Taggart et al.
(1987). Trace element compositions were measured by inductively coupled plasma mass spectrometry
(ICP-MS) techniques of Meier et al. (1994). Detection limits were 0.001 wt. % for MnO and TiO> and
0.01 wt. % for the rest of the major elements; 2 ppb for Au; 0.01 ppm for Lu, 0.05 ppm for Pr, Eu and
Tm; 0.1 ppm for La, Ce, Nd, Sm, Gd, Tb, Dy, Ho, Er, Yb, Ta, Tl, Th and U; 0.2 ppm for Hf; 0.4 for Bi;
0.5 ppm for Ag, Cs and Sb; 1 ppm for Sc, Be, Co, Ga, Nb, W and Y; 2 ppm for Ba, Sr, Zr and Rb; 5 ppm
for Pb, As and V; 10 ppm for Cu; 20 ppm for Cr and Ni, and 30 ppm for Zn. To quantify the Ce and Eu
anomalies we have used the equations of Bau et al. (1996) and the normalizing values of McDonough
and Sun (1995). In the log(Mn/Fe) versus log(Al/Ca) plot (Fig. 4D) we have added the geochemical data
obtained from the mangan skarns (half-filled symbols) in order to illustrate possible differences between
parental plutons and skarns.

Microthermometric measurements were performed on 5 doubly polished 50-100 um thick wafers, on
samples containing spessartine from Thapsana (e.g., Jhn-Sps zone), using a LINKAM TMSG600
heating-freezing stage coupled to a ZEISS microscope at the Department of Materials Science,
University of Patras, Greece. The stage was calibrated with commercially available standards, e.g., with
synthetic inclusions at -56.6°C (triple point of CO2), 0.0°C (melting point of ice) and +374.1°C (critical
point of H20). Fluid inclusion assemblages (FIAs) including randomly distributed, primary irregular-
shaped, negative-formed inclusions were analyzed, focusing on less deformed crystals. Temperatures
were measured with an alumel-chromel thermocouple and freezing-heating rates were maintained
between 0.2° and 5°C/min. Measurements were accurate to = 0.2°C for T < 100°C, and + 2°C for T >
100°C. Microthermometric data were reduced using the Q2, AQSO3e and Bulk software (Bakker, 2003).
Prior microthermometric analysis, a subgroup of the fluid inclusions in spessartine were analyzed using
Laser Raman spectroscopy. Confocal Raman spectra were obtained with a Renishaw inVia Reflex micro-

Raman at the School of Chemical Engineering, Technical University Athens, Greece. Spectra were

excited at ambient conditions with the 532 nm line of an Ar* laser through an OLYMPUS %100 short
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distance objective, in the spectral range 100 to 4000 cm™. Two accumulations of 10s each were made to
provide the best signal-to-noise ratio. The inclusions were analyzed for the common minerals, gases,
mono- and poly-atomic ions and molecules. Spectra were treated with the WIRE 3.4 software using the
reference catalog of Frezzotti et al. (2012). The relative concentrations (in mol %) of these species were
calculated from the equations of Frezzotti et al. (2012) using the LabSpec software. Temperatures were
determined independently based on Raman analyses of the gaseous and liquid phase of fluid inclusions
employing the CO, and Na-K-, Na-K-Ca- and K-Mg-geothermometers (details in Henley et al., 1984,
Tables 3.2 and 5.3), the johannsenite-spessartine (Jhn-Sps zone) and spessartine-epidote (Sps-Cum zone)
isotopic pairs (Table 1) using the equations of Zhao et al. (2003), and the garnet-clinopyroxene (Pattison
and Newton, 1989), garnet-biotite (Ferry and Spear, 1978 as revised by Holdaway et al., 1997) and two-
feldspar (Whitney and Stormer, 1977 as modified by Putirka, 2008) geothermometers.

Qualitative analyses and subsequent solubility calculations included the cations Mn?*, Mg®*, Si**, Na*,
K*, Mg?*, Ca?*, Pb*?, Fe?*, Ba** B®* and Li?" and the anions COs*, CI;, HCOs’, F and SO* (Table 1b).
Only the most suitable trace elements were used. Limitations include certain elements with abundances
close to detection limits, concentration ranges, inclusion geometry and homogeneity of the host quartz
crystals. The average logZ(Na™+K*+Ca?*+Mg?"+Mn**+Mn3")/CI- +COs%) values which represent the
ratio of total cationic to anionic charge of the ions contained in the mineralized fluid solution are ~ 1.2.
Deviation from the ideal value of 1.0 suggests possible oxidation, the presence of ions that have not been
measured (e.g., Mn*, HS") and analytical errors. The logZcations/Zanions values of all the analyzed
spessartine crystals are positive suggesting deficiency of anions. The analytical precision for the analyzed
gases was =+ 0.1%, whist for the cations and anions the analytical precision was + 0.01 ppm.

Material of 500-mg splits for stable and Ca, Mg and Rb/Sr isotope studies were obtained from
Panorama granite and Thapsana leucogranite (whole rock), as well as coarse-grained pyroxenoids,

garnet, pyroxene, epidote, quartz, jacobsite and hollandite (from the Grt-Wo, Grt-Px and Grt-Ep zones

in Panorama and Rdn, Jhn-Sps and Sps-Cum zones in Thapsana). Calcite from the host marble in
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Panorama and quartz from the gneiss in Thapsana were also analyzed for stable and radiogenic isotopes.

All minerals selected were handpicked and checked under a binocular microscope to ensure a purity of
> 95%. Isotopic analyses were performed at the Beijing Research Institute of Uranium Geology, China
National Nuclear Corporation (CNNC), the Modern Analysis Center, Nanjing University, Nanjing,
China, the State Key Laboratory of Geological Processes and Mineral Resources, as well as the Chinese
Academy of Geological Sciences (CAGS), Beijing, China. Isotopic compositions of oxygen, hydrogen
and carbon were analyzed using a MAT-253 stable isotope ratio mass spectrometer. Oxygen and
hydrogen were released using the BrFs extraction technique of Friedman and O’ Neil (1977), whereas
carbon was liberated as CO> after Clayton et al. (1972). Hydrogen was released from fluid inclusions by

thermal decrepitation. The samples were pre-heated at = 200 ° C, and then re-heated at = 500 ° C,
and reacted with zinc powder at ~ 400 ° C to generate hydrogen, and by this treatment we have largely

eliminated the effects of the secondary fluid inclusions to the hydrogen isotope composition as most of
them were decrepitated. The isotopic ratios are reported in standard & notation per mil relative to SMOW
for oxygen and hydrogen and PDB belemnite for carbon. Analytical precision was better than + 0.2 %o
for 5180 and &'3C and + 2 %o for 8D. The AlphaDelta software of Beaudoin and Therrien (2009) was
used to compute the isotopic fractionation factors and equilibrium temperatures.

Ca and Mg isotope analyses were performed using a Thermo-Fisher Triton multicollector thermal
ionization mass spectrometer, following the method of Husson et al., (2015). Measurements were made
yielding a **Ca beam intensity which was typically between 3.5 and 4.0 V. Mass 43.5 was measured,
which records doubly charged ®Sr to correct for Sr interference. Every sample is bracketed by
measurements of an in-house high-purity ICP Ca standard. Typical uncertainties *Ca/*’Ca, “*Ca/**Ca
and “*Ca/*?Ca ratios range between 0.01 and 0.02 per mil (all errors are reported at + 26) where “°Ca/**Ca
=47.162 and **Ca/**Ca = 0.31221. Similar to Ca, precision of Mg isotope measurements is assessed also

by synthetic dolomite standard. For both the Ca and Mg isotopes the analytical accuracy was better than
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+ 0.01 per mil. Reproducibility for §*/*2Ca was 0.09 per mil (+ 20) and §**°Ca values are reported
relative to Bulk Silicate Earth (BSE), while for Mg was 0.1 per mil (+ 20) relative to DSM-3 (Deep
Sea Magnesium).

The same samples were analyzed for their Rb and Sr isotopic compositions using a VG-354 ionization
mass spectrometer and the methodology described by Papanastassiou et al. (1978) and DePaolo (1980).
The total procedure blanks for Rb and Sr were 20 pg and 50 pg, respectively. The standard used for
87Sr/%Sr ratios was NBS987, and so the analytical precision was better than 0.00001 (all errors are
reported at = lo). The normalizing factors used to correct for isotopic fractionation of Sr was
83r/88Sr=0.1194. Four granitoid samples were also obtained for zircon U-Pb dating. These comprise the
Panorama granite and Thapsana leucogranite (Fig. 1C, D). Zircon crystals were separated using standard
heavy-liquid and magnetic techniques, followed by hand-picking under a binocular stereoscope. Prior to
LA-ICP-MS analysis, the zircon crystals were imaged by cathodoluminescence. The U-Pb age
determinations were carried out using a LA-ICP-MS and the zircon crystals were ablated using an
excimer laser ablation system (UP193SS). A laser spot size of 35 um, laser energy density of
8.5 J/cm? and a repetition rate of 10 Hz were applied during analysis. Uranium, Th and Pb concentrations
were calibrated by using °Si as an internal standard and NIST 610 glass as the reference standard. The
207pp/206pp, 206pp/238Y, 207pp/2BY and 2°8Pb/?®2Th ratios were calculated using the GLITTER 4.4.1
software and corrected for both instrumental mass bias and depth-dependent elemental and isotopic
fractionation using Harvard zircon 91500. The zircon standard, TEMORA, was used as a secondary
standard to monitor the deviation of the age measurement/calculation (Black et al., 2003). The Rb-Sr
isochron and U-Pb Concordia ages were calculated using IsoplotR (Vermeesch, 2018).
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ESM Tables

Electronic Supplementary Material, Table 1. Representative electron microprobe analyses of
pyroxenoids from the skarn of Panorama, Drama and Thapsana, Paros (all results in wt. %).

Mineral: Wollastonite!, Vessuvianite?, Rhodonite 3

Locality and exoskarn-type Panorama calcic Thapsana mangan
Mineralogical Zone Wo - Grt Rhd (£ Ves)
Analyzed Spots Core! Rim?! Core? Rim? Rhd?® Ves?
SiO; 51.16 51.63 35.76 36.87 48.00 34.39
TiO; 0.00 0.00 0.05 0.00 0.22 0.00
Al20s3 0.00 0.00 14.92 9.45 0.00 14.52
FeO 0.00 0.00 8.11 16.54 0.89 9.98
MnO 0.00 0.00 2.38 0.95 41.23 7.33
MgO 0.87 1.06 0.26 0.21 2.72 0.00
CaO 47.42 47.34 35.28 36.41 5.36 33.58
Na.0O 0.00 0.00 0.35 0.00 0.00 0.00
K20 0.00 0.00 0.10 0.00 0.00 0.00
Total 99.45 100.03 97.21 100.43 98.42 99.80
N° of atoms based on
Sjtoa! 5.99 6.04 19.32 19.91 10.14 17.27
Ti 0.00 0.00 0.02 0.00 0.03 0.00
Fes* 0.00 0.00 0.00 0.00 0.14 0.00
Fe? 0.00 0.00 3.66 7.47 0.00 4.19
Aled 0.00 0.00 9.50 6.02 0.00 8.59
Mn?* 0.09 0.11 0.21 0.03 7.11 0.11
Mn3* 0.00 0.00 0.98 0.39 0.27 3.07
Mg 0.00 0.00 0.21 0.17 0.86 0.00
Ca 5.94 5.93 20.42 21.07 1.21 18.06
Na 0.00 0.00 0.37 0.00 0.00 0.00
K 0.00 0.00 0.07 0.00 0.00 0.00
Total 12.02 12.08 54.65 55.08 19.75 51.23
O (normalized) 18.00 18.00 78.00 78.00 30.00 78.00
Solid solution classification (%)
Wo 98.57 98.26 - - - -
En 0.00 0.00 - - - -
Fs 1.43 1.74 - - - -
MnSiO3 0.00 0.00 - - 76.96 -
CaSiO; 0.00 0.00 - - 12.61 -
MgSiOs; 0.00 0.00 - - 8.97 -
FeSiOs 1.43 1.74 - - 1.46 -

Wollastonite and *rhodonite formulae have been calculated normalized on 18 and 30 oxygens respectively, based on the
formula MXO3 (M = Mg, Ca, and Mn, X = Si, Al'Y, C, Ge and B) after Thompson et al. (2016).

2Vessuvianite formula has been calculated normalized on 78 oxygens, based on the formula X19Y13Z18T0-5068W11 (X =
Ca, REE, U, Th, Pb, Sb, K, Na, Ba and Sr, Y = Al, Mg, Fe*, Fe?*, MnO?*, MnQO®%*, Ti, Zn, Cr and Cu?* , T = B, Al, Fe®*,
MnQ3* and Mg, Z = Si and W = OH, F, O and CI) after Gnos and Armbruster (2006). Vesuvianite from Thapsana belongs to
the manganvesuvianite variety (see Gnos and Armbruster, 2006). Abbreviations are after Whitney and Evans (2010).

[23]
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Electronic Supplementary Material, Table 2. Representative electron microprobe analyses of
pyroxene from the skarn of Panorama, Drama and Thapsana, Paros (all results in wt. %).
Mineral: Pyroxenes®

Panorama calcic

Locality and
exoskarn-type

Thapsana mangan

Mineralogical Zone Wo - Grt Grt - Px Jhn - Sps
Analyzed Spots Core Rim” Core Rim” Core Rim” Core RimA
SiO; 54.67 52.53 52.57 51.96 51.72 52.54 48.80 50.97
Al;O3 1.12 0.54 0.75 0.51 0.32 0.28 11.90 12.92
FeO 4.06 4.87 8.91 9.61 9.35 8.80 0.98 0.00
MnO 0.33 1.02 2.15 2.59 331 2.21 27.06 26.41
MgO 15.06 15.30 11.18 11.02 11.23 11.80 0.96 2.60
CaO 24.77 25.14 24.33 24.33 23.85 24.49 0.00 3.17
Na.0 0.38 0.14 0.10 0.07 0.16 0.17 0.85 0.00
K20 0.11 0.00 0.13 0.08 0.16 0.00 8.94 3.56
Total 100.50 99.61 100.12 100.17 100.10  100.29 100.00 99.63
Ne° of atoms based on
Sjtotal 1.99 1.94 2.00 1.98 1.97 2.00 1.94 2.02
Fetow! 0.12 0.15 0.28 0.30 0.30 0.28 0.03 0.00
Albotal 0.05 0.02 0.03 0.02 0.01 0.01 0.56 0.61
Mn?2* 0.01 0.02 0.07 0.08 0.11 0.07 0.91 0.89
Mn3* 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Mg 0.82 0.84 0.64 0.63 0.64 0.67 0.06 0.15
Ca 0.97 0.99 0.99 0.99 0.97 1.00 0.00 0.13
Na 0.03 0.01 0.01 0.01 0.01 0.01 0.06 0.00
K 0.01 0.00 0.01 0.00 0.01 0.00 0.45 0.18
O (normalized) 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00
Solid solution classification (%)
En/Hd 42.63 41.66 50.15 49.47 48.32 49.48 0.00 11.46
Fs/Di 6.98 9.12 48.11 46.77 47.49 49.76 11.38 26.16
Wol/Jhn 50.40 49.22 1.74 3.75 4.19 0.76 88.62 62.39
Temperature estimate
T2 (°C) - 524 - - - 494 - 482

Pyroxene formulae have been calculated normalized on 6 oxygens, based on the formula M2M1Z,06 (M = Na, Ca, Fe?*,
Mn and Mg, M; = Mn, Fe?, Fe®*, Mg, Cr, Al"Y, and Ti and Z = Si and AIY', where M,>M) after Morimoto (1989) and
Thompson et al. (2016). Abbreviations are after Whitney and Evans (2010).

AApplication on the garnet-clinopyroxene geothermometer of Pattison and Newton (1989) which fits best for skarns. The
calcium, magnesium and manganese distribution between clinopyroxene and garnet has been calibrated by Krogh
Ravna (2000). In their calibration, ferric iron in the garnet has been calculated on a stoichiometric basis assuming Z = Si =
3.0, and recalculating ZXY = 5.0, with £X = (Ca + Mn + Fe?*+ Mg) = 3.0 and Y = (Fe®* + Al + Cr) = 2.0. For the co-existing
clinopyroxene, which all are Na- and Al-poor, Fe**/Fe®* has been estimated by assuming no jadeite component. Thus, Al has
been distributed equally on the four and six coordination sites and Fe®* = Na. The solid solution model for clinopyroxene
assumes equal partitioning of Fe and Mg atoms between M; and M; sites and ignores possible cross-site interactions. Also,
Mg# is supposed to be equal in both M; and M, and mixing on the tetrahedral site of cpx is assumed to be ideal and coupled
to octahedral site substitutions. The main limitations of the pyroxene-garnet geothermometer are that the clinopyroxene
and garnet crystals (herein their rims) are in equilibrium and minimum compositional uncertainties must be
considerably greater than 0.01Mg# values of analytical error. The number of Ca cations in the structural formulae of garnet
and clinopyroxene was normalized on 12 and 6 oxygens, respectively, and Fewt = Fe?*. For Panorama, the X®c,, X% and
XCryg values for garnet range from 0.98-1.00, 0.05-0.10 and 0.00-0.01 and X™ca, X™e and XPygq values for clinopyroxene
range from 0.51-0.52, 0.14-0.16, and 0.32-0.35, respectively and the InKp values are 100. Application on the clinopyroxene-
garnet geothermometer of Pattison and Newton (1989) as re-calibrated by Krogh Ravna (2000) using an average calculated
pressure of ~150 MPa gave temperatures ranging from ~ 470° to ~ 500°C for the Wo-Grt and Grt-Pyx zones in Panorama
(524°C and average of 499°C and st.d. of 5.6°C). For Thapsana, the X®"c,, X®". and XCMygq values for garnet range from 0.50-
0.52,0.79-0.80 and 0.21-0.23 and XP*ca, X™e and XP*yq values for clinopyroxene are 1.00 and 0.00, respectively for the same
InKp values. Using an average calculated pressure of ~150 MPa the obtained temperatures range between ~ 440° to ~ 510°C

[24]
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for the Jhn-Sps zone (average of 501°C and st.d. of 18.3°C). For our calculations we have used the GrtCpxThermoV35 excel
sheet utilizing the equation of Krogh Ravna (2000).
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Electronic Supplementary Material, Table 3. Representative electron microprobe analyses of garnet
from the skarn of Panorama, Drama and Thapsana, Paros (all results in wt. %).

Mineral: Garnet!

Locality and exoskarn-type Panorama calcic Thapsana mangan
Mineralogical Zone Wo - Grt Grt - Px Grt-Ep Jhn - Sps Sps - Cum
Analyzed Spots Granite®  Core Rim Core Rim*  Core Rim Core Rim Core Rim”
SiO; 35.69 37.49 3729 38.74 38.82 3791 37.58 38.88 38.64 38.84 38.49
TiO; 0.07 0.04 0.23 0.17 1.12 131 151 0.00 0.00 0.00 0.00
Al>,O3 19.56 9.82 5.91 2255 21.72 12.04 12.64 17.99 18.77 19.93 18.76
FeO 22.82 16.87 21.55 0.00 0.53 12,77 1145 3.20 2.49 1.38 1.72
MnO 17.96 0.59 0.56 4.65 7.43 2.24 3.10 33.61 3416 31.61 33.37
MgO 0.41 0.23 0.24 0.00 0.23 0.00 0.28 1.59 1.12 1.67 1.26
CaOo 2.84 34.68 3452 3286 29.54 3354 32.29 473 4.82 6.56 6.38
Na,O 0.00 0.00 0.00 0.15 0.00 0.00 0.35 0.00 0.00 0.00 0.00
Cr203 0.00 0.00 0.00 0.00 0.00 0.44 0.76 0.00 0.00 0.00 0.00
Total 99.35 99.72 100.30 99.12 99.39 100.25 99.96 100 100 99.99 99.98
N° of atoms based on
Sjtotal 2.96 3.00 3.01 2.96 2.98 2.99 2.97 3.13 3.12 3.10 3.10
Ti 0.04 0.00 0.01 0.01 0.06 0.08 0.09 0.00 0.00 0.00 0.00
Fetotal 2.17 1.13 1.46 0.01 0.04 0.84 0.76 0.21 0.16 0.10 0.11
Alotal 1.93 0.93 0.56 2.03 1.96 112 1.18 1.71 1.78 1.87 1.78
Mn?* 1.13 0.00 0.04 0.00 0.00 0.00 0.00 2.27 2.29 211 2.21
Mns3* 0.12 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.04 0.02 0.06
Mg 0.05 0.03 0.00 0.00 0.03 0.00 0.03 0.19 0.13 0.20 0.15
Ca 0.24 2.97 2.99 2.69 2.43 2.83 2.74 0.41 0.42 0.56 0.55
0] 12.00 12.00 1200 12.00 12.00 12.00 12.00 12.00 12.00 12.00 12.00
Solid solution classification (%)
Alm 38.99 0.00 0.00 0.00 0.30 0.00 0.00 0.00 0.00 0.00 0.00
Adr 4.49 49.00 67.40 0.00 0.00 36.30 32.30 7.20 450 1.30 5.60
Grs 5.11 48.50 30.00 89.80 82.40 56.60 56.20 2.80 740 16.70 8.60
Prp 0.79 1.00 1.10 0.00 0.90 0.00 1.20 6.90 4.80 7.0 5.30
Sps 50.62 1.50 1.50 10.20 16.40 5.50 7.60 83.10 83.30 75.0 80.50
Uv 0.00 0.00 0.00 0.00 0.00 1.50 2.60 0.00 0.00 0.00 0.00
TB (°C) 585 - - - - - - - - - 369

!Garnet formulae have been calculated normalized on 12 oxygens and 8 cations, based on the formula X3Y2Z301, (X =
Ca**, Mn?*, Fe?*, Mg?*, Na*, Y = AI', Fe**, Ti and Cr®, and Z = Si and AIY!, where X > Y, with Fe?*/Fe3* calculated
assuming full site occupancy, and for high Cr and Mn contents MnO corrected for Cr interference). For our calculations we
have used the excel sheet GNTCALC provided by GabbroSoft. Abbreviations are after Whitney and Evans (2010).

AApplication on the garnet-clinopyroxene geothermometer of Pattison and Newton (1989).

BApplication on the garnet-biotite Fe-Mg exchange thermometer of Ferry and Spear (1978) as revised by Holdaway et al.
(1997). The Fe?* and Mg?* ions partitioning in the garnet-biotite geothermometer is depended on the temperature and pressure
changes. It is assumed that mixing and substitution in garnet and biotite between Fe-Mg is ideal or nearly ideal, Al® = 0.5(Al
— 1) and Fe** in biotite occurs in the octahedral site. The main limitation is that pressure ranges from 1 to 4.5 kbar. Application
on the garnet-biotite geothermometer of Ferry and Spear (1978) using a calculated pressure of ~300 MPa gave temperatures
~ 585° for the Panorama granite. For Thapsana. Using an average calculated pressure of ~150 MPa the obtained temperatures
for the Sps-Cum zone are ~ 370°C. We have calculated the temperature of formation of the accessory spessartine from the
peraluminous granites-to-leucogranites. The estimated temperatures are 585° (Panorama granite), 610° (Tinos), 620°
(Naxos), 650° (Ikaria) and 670°C (Paros) at pressure of 200 MPa using our mineralogical data, as well as the
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already published from Jones et al. (1992); Mastrakas and Seymour (2001); Pe-Piper (2000); Hezel et al. (2011);

Kevrekidis et al. (2015).

[27]
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Electronic Supplementary Material, Table 4a. Representative electron microprobe analyses of plagioclase from the skarn of
Panorama, Drama and Thapsana, Paros (all results in wt. %).

Mineral: Plagioclase!

Locality and exoskarn-type Panorama calcic Thapsana mangan
Mineralogical zone Grt - Px Sps - Cum
Analyzed Spots Rim® Int Int Int Int Core Rim¢ Int Core
SiO; 55.12 56.02 56.19 55.67 56.05 56.37 64.45 64.38 64.02
Al203 28.39 27.76 27.77 27.93 27.64 27.43 23.47 22.61 22.47
FeO 0.32 0.23 0.12 0.39 0.00 0.08 0.00 0.00 0.00
MnO 0.00 0.00 0.00 0.00 0.00 0.00 2.67 5.12 6.79
CaO 10.83 10.07 10.03 10.44 9.77 9.61 4.94 3.77 3.72
Na,O 5.45 5.60 5.55 5.64 5.52 5.72 2.38 2.79 2.01
K20 0.00 0.10 0.00 0.00 0.43 0.03 1.09 0.13 0.00
BaO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 100.11 99.78 99.66 100.07 99.41 99.24 99.00 98.80 99.01
Ne° of atoms based on
Si 2.48 2.52 2.53 2.51 2.53 2.55 2.85 2.86 2.85
Al 151 1.47 1.47 1.48 1.47 1.46 1.22 1.19 1.18
Fes* 0.01 0.01 0.01 0.02 0.00 0.00 0.00 0.00 0.00
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.19 0.26
Ca 0.52 0.49 0.49 0.50 0.47 0.46 0.23 0.18 0.18
Na 0.40 0.49 0.48 0.49 0.48 0.50 0.20 0.24 0.17
K 0.00 0.01 0.00 0.00 0.03 0.00 0.06 0.01 0.00
Ba 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0] 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
Solid solution classification (%)
Or 0.0 0.6 0.0 0.0 2.5 0.2 10.3 1.2 0.0
Ab 47.7 49.9 50.0 49.4 49.3 51.8 34.0 38.8 28.6
An 52.3 495 50.0 50.6 48.2 48.1 55.7 60.0 71.4
Cn 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Temperature estimate
T (°C) 375 - - - - - 376 - -
[28]
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Electronic Supplementary Material, Table 4b. Representative electron microprobe analyses of alkali feldspar from the skarn of
Panorama, Drama and Thapsana, Paros (all results in wt. %).

Mineral: alkali feldspar?

Locality and exoskarn-type Panorama calcic Thapsana mangan
Mineralogical zone Grt - Px Sps - Cum
Analyzed Spot Rim® Int Int Int Int Core Rim® Int Int Core
SiO; 63.82 63.97 64.52 64.65 64.96 64.93 63.69 63.39 63.38 64.00
Al;03 18.22 18.38 18.71 18.35 18.28 18.55 18.29 18.33 18.59 18.29
FeO 0.34 0.38 0.00 0.03 0.13 0.00 0.00 0.00 0.00 0.00
MnO 0.00 0.00 0.00 0.00 0.00 0.00 1.21 0.86 0.95 1.03
CaO 0.14 0.33 0.33 0.21 0.00 0.25 0.27 0.48 0.03 0.28
Na.0 0.22 0.57 1.11 0.69 0.71 0.6 0.77 0.26 0.59 0.83
K20 16.00 15.48 14.8 15.66 15.75 15.89 15.62 15.68 15.69 15.19
BaO 0.98 0.76 0.61 0.04 0.33 0.02 0.17 0.92 0.74 0.39
Total 99.72 99.87 100.08 99.63 100.16 100.24 100.02  99.92 99.97 100.01
N° of atoms based on
Si 2.98 2.98 2.98 2.99 3.00 2.99 2.97 2.97 2.96 2.98
Al 1.00 1.01 1.02 1.00 0.99 1.01 1.00 1.01 1.02 1.00
Fes* 0.01 0.02 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.03 0.04 0.04
Ca 0.01 0.02 0.02 0.01 0.00 0.01 0.01 0.02 0.00 0.01
Na 0.02 0.05 0.10 0.06 0.06 0.05 0.07 0.02 0.05 0.08
K 0.95 0.92 0.87 0.93 0.93 0.93 0.93 0.94 0.94 0.90
Ba 0.02 0.01 0.01 0.00 0.01 0.00 0.00 0.04 0.01 0.01
) 8.00 8.00 0.01 0.00 0.01 0.00 0.00 0.02 0.01 0.01
Solid solution classification (%)
Or 95.5 91.8 87.3 92.7 93.0 934 87.4 90.5 89.8 86.8
Ab 2.0 5.1 10 6.2 6.4 5.4 6.5 2.3 5.1 7.2
An 0.7 1.6 1.6 1.0 0.0 1.2 5.8 5.6 3.8 5.3
Cn 1.8 1.4 1.1 0.1 0.6 0.0 0.3 1.6 1.3 0.7

1'2Plagioclase and alkali feldspar formulae were calculated normalized on 8 oxygens, based on the formula XZ40s (X = Na and Ca, and Z = Si and Al).

CApplication on the two-feldspar geothermometer of Whitney and Stormer (1977) as modified by Putirka (2008). The two-feldspar geothermometer is based
on the distribution of the albite component between plagioclase and alkali feldspar crystals during crystallization from a liquid or vapor. It can be expressed by the
reaction: NaAlSizOgikali-felaspars) = NaAISisOsgpiagiociase). The basic limitations in using the two-feldspar geothermometer are that chemical equilibrium between alkali

[29]
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feldspars and plagioclases must be attained and the presence of other mineral phases (e.g., feldspathoids) is negligible. There is a serious discrepancy at very high-
albite contents, and lastly, the vapor phase pressure ranges from 2 to 10 kbars (Whitney and Stormer, 1977). The basic assumptions of the two-feldspar
geothermometer are that assumption that the inter-crystalline coupled CaAl-(Na,K)Si exchange was slow and potassium component has no effect on the plagioclase
and the calcium component on the alkali feldspar (Whitney and Stormer, 1977; Putirka, 2008). For Panorama the analyzed Ab contents in the plagioclase rims in
equilibrium with orthoclase are Aba77 and Aba.o, respectively. The obtained temperature based on the application on the two-feldspar geothermometer of Whitney
and Stormer (1977) is 383.3°+ 10°C. For Thapsana the analyzed Ab contents in the plagioclase rims in equilibrium with orthoclase are Abss.o and Abg s, respectively,
and the obtained is estimated at 372.6° + 5°C. For our calculations we have used the excel sheet two-feldspar geothermometer of Putirka (2008).

[30]
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Electronic Supplementary Material, Table 5. Representative electron microprobe analyses of biotite/phlogopite and amphibole from

the skarn of Panorama, Drama and Thapsana, Paros (all results in wt. %).
Mineral: Biotite!, Ampibole?

Locality and exo-skarn type Panorama calcic Thapsana mangan
Mineralogical Zone Grt-Ep Sps - Cum
Analyzed Spots Granite®  Core?P Int?P Int?P Rim2P Core?®  Rim?P  CorelE Rim®E
SiO; 46.41 47.64 45.44 47.72 45.25 51.62 50.22 50.63 48.80
TiO; 0.99 1.36 1.3 1.38 1.77 0.00 0.00 0.00 0.51
Al203 11.82 8.14 7.37 6.75 7.85 12.57 15.00 13.24 11.90
MnO 2.11 0.61 0.91 0.89 1.24 1.99 2.84 1.28 1.81
Mn20s 0.00 0.00 0.00 0.00 0.85 0.00 0.00 0.00 0.00
FeO 22.99 14.97 18.28 16.42 17.56 0.88 0.00 0.61 0.98
MgO 6.39 12.03 11.14 10.93 9.80 27.92 25.07 28.20 27.06
CaO 0.11 11.27 12.51 11.97 12.21 1.89 3.75 0.00 0.00
Na.O 0.36 1.67 0.60 1.19 0.91 0.00 0.00 0.00 0.00
K20 9.32 0.72 0.76 0.66 1.16 291 2.74 6.05 8.94
H20 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
O=F,Clcak 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Total 100.00 98.41 98.31 97.91 97.75 99.78 99.62 100.01 100.00
N° of atoms based on
Si 6.53 6.70 7.49 7.65 7.43 6.85 6.70 6.47 6.40
Ti 0.11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05
AlY 1.36 1.30 0.51 0.35 0.57 1.15 1.30 1.53 1.60
Zbowl (1), T!(2) 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00
Al 0.74 0.05 0.25 0.11 0.01 0.08 0.05 0.00 0.00
Fe?*(1), Fe®*(2) 2.78 0.00 0.11 0.13 0.13 0.00 0.00 0.07 0.11
Mn3* 0.23 0.00 0.43 0.29 0.60 0.00 0.00 0.00 0.00
Mg 1.25 3.95 4.22 4.11 4.26 4.19 3.95 5.37 5.29
Yol (1), Clotl(2) 5.00 5.00 5.00 5.00 5.00 5.00 5.00 6.04 5.88
Mn?* 0.01 0.32 0.27 0.42 0.38 0.22 0.32 0.14 0.20
Mg 0.00 1.04 0.28 0.00 0.04 1.33 1.04 0.00 0.00
Ca 0.02 0.54 1.01 1.19 1.24 0.27 0.54 0.00 0.00
Na 0.09 0.00 0.44 0.39 0.34 0.00 0.00 0.00 0.00
Blow! 0.00 1.89 2.00 1.99 2.00 1.93 1.89 0.00 0.00
K 1.56 0.47 0.00 0.07 0.00 0.49 0.47 0.97 0.95
Na 0.00 0.00 0.18 0.14 0.17 0.00 0.00 0.00 0.00
Xuoal (1), Abtl(2) 1.56 0.47 0.18 0.21 0.17 0.49 0.47 0.97 0.95
H20 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
OH 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Total 15.09 15.36 15.18 15.21 15.17 15.42 15.36 15.01 14.84
[31]
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) 22.00 22.00 22.00 22.00 22.00 22.00 22.00 22.00 22.00
Species Bt Cum Mg-Mn-HIlb ~ Mg-Mn-HIb Mg-Mn-HIb Cum Cum Phl Phl
Mg/(Mg+Fe?) 0.33 - - - - - - 0.99 0.98
P (MPa) based on

Anderson and Smith (1995); 302 131 112 124 189 99 139 122

Uchida et al. (2007).

Biotite formulae were calculated normalized on 22 oxygens, based on the formula IM2-3010T4010A2 (I = Cs, K, Na, NHq4, Rb, Ba and Ca, M = Li, Fe?, Fe®*,
Mg, Mn?*, Mn®*, Zn, AIV!, Cr, V and Ti, o = Vacancy, T = Be, Al"Y, B, Fe** and Si, and A = CI, F, OH, O and S, Rieder et al., 1998).

2Amphibole formulae were calculated normalized on 23 oxygens, based on the formula AB,"'Cs'VTs022W; (A = Ca, Li, Na, Pb and K, and B = Fe?*, Mn?*,
Mg, Li, Ca, Sr and Na, C = Ti*, Cr, AlY!, Sc, V, Mn®*, Fe**, Co, Ni, Zn, Mn?*, Fe?*, Mg and Li, T = Si, P, Be, Al"Y, Ti* and Fe3*and W = OH, F, Cl and O,
Hawthorne et al., 2012). Amphiboles from the Sps-Cum zone form hypidiomorphic crystals showing intensive pleochroism in shades of green.

PFor the estimation of pressure of the Grt-Ep zone in Panorama and Grt-Cum zone in Thapsana, we have employed on the Al-in-hornblende geobarometer of
Hammarstrom and Zen (1986). In the magmatic hornblende the Al content correlates linearly with crystallization pressure. The Al-in-hornblende geobarometer
was re-evaluated by Johnson and Rutherford (1989) and Schmidt, (1992). The calibration studies have emphasized that the Al-in-hornblende geobarometer should
be applied for the assemblage hornblende + biotite + plagioclase + K-feldspar + quartz + titanite + Fe-Ti oxides. The analyzed hornblendes from Panorama and
Thapsana have Al°® values that range from 0.90 to 1.14 and 0.77 to 1.44, respectively. We have used the equation of Anderson and Smith (1995) as it suits better
for skarns. For our calculations we have used the excel sheet Pmeter-Al-in-HbBt). The estimated pressure during the emplacement of Panorama granite was ~300
MPa, while for the formation of the Grt-Px zone at Panorama ranged from ~120 to ~160 MPa (cores to rims, average of ~150 MPa, st.d. = 20). Likewise, for the
Sps-Cum zone at Paros pressure ranged from ~100 to ~190 MPa (cores to rims, average of ~140 MPa, st.d. = 40 MPa).

EFor the estimation of pressure of the Grt-Cum zone in Thapsana, we have also employed on the TAl biotite geothermometer of Uchida et al. (2007). The
analyzed biotites from Panorama Thapsana have Al*? values that range from 1.60 to 1.71. For our calculations we have used the excel sheet Pmeter-Al-in-HbBt.
The estimated pressure during the formation of the Grt-Cum zone at Thapsana ranged from~120 to ~140 MPa (cores to rims, average of ~120 Mpa, st.d. = 10).

[32]
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Electronic Supplementary Material, Table 6. Representative electron microprobe analyses of epidote
from the skarn of Panorama, Drama and Thapsana, Paros (all results in wt. %).

Mineral: Epidote!

Locality and exo-skarn type Panorama calcic Thapsana mangan
Mineralogical Zone Grt - Ep Sps - Cum
Analyzed Spots Core Rim Core Rim Core Rim
SiO; 37.24 37.28 33.79 36.04 38.88 38.28
TiO; 0.00 0.00 0.29 0.00 0.00 0.00
Al20s 32.58 32.27 19.98 21.78 17.99 17.77
Fe203 0.61 1.26 13.11 12.54 3.2 3.22
MnO 2.37 2.41 0.67 0.05 33.61 34.36
MgO 0.25 0.00 0.00 0.38 1.59 1.42
CaO 24.52 24.28 16.62 18.76 4.73 4.96
Na,O 0.00 0.07 0.17 0.52 0.00 0.00
K20 0.00 0.04 0.00 0.25 0.00 0.00
H20 0.00 0.00 0.00 0.00 0.00 0.00
Lay0s 0.00 0.00 6.26 1.82 0.00 0.00
Ce203 0.00 0.00 5.51 4.64 0.00 0.00
Nd.Os 0.00 0.00 0.98 1.42 0.00 0.00
HfO; 0.00 0.00 1.11 0.00 0.00 0.00
Total 97.57 97.61 98.49 98.2 100 100.01
N° of atoms based on

Si 3.12 3.13 2.83 3.02 3.26 3.21
Ti 0.00 0.00 0.02 0.00 0.00 0.00
Al 3.22 3.19 1.97 2.15 1.78 1.76
Fed* 0.04 0.09 0.92 0.88 0.22 0.23
M n3+(calculated) 0.17 0.17 0.05 0.00 2.39 2.44
Mg 0.03 0.00 0.00 0.05 0.19 0.18
Ca 2.20 2.18 1.49 1.69 0.43 0.45
Na 0.00 0.01 0.03 0.09 0.00 0.00
K 0.00 0.00 0.00 0.03 0.00 0.00
H-20 1.00 1.00 1.00 1.00 1.00 1.00
La 0.00 0.00 0.19 0.06 0.00 0.00
Ce 0.00 0.00 0.17 0.14 0.00 0.00
Nd 0.00 0.00 0.03 0.04 0.00 0.00
Hf 0.00 0.00 0.03 0.00 0.00 0.00
Total 9.79 9.77 8.74 9.14 9.27 9.25
(0] 12.5 12.5 12.5 12.5 12,5 12.5
Ps 1.31 2.69 31.77 29.00 8.67 11.39
Ca/Al+Fe®* 67.52 66.55 55.59 51.59 21.22 22.48
YREE 0.00 0.00 0.24 0.42 0.00 0.00
SREE/Ca?*+Al+Fe3* 0.00 0.00 9.64 5.11 0.00 0.00
Ce/EREE 0.00 0.00 39.98 59.08 0.00 0.00
La/XREE 0.00 0.00 45.76 23.35 0.00 0.00
Nd/ZREE 0.00 0.00 6.94 17.64 0.00 0.00
H{/ZREE 0.00 0.00 6.94 0.00 0.00 0.00

'Epidote formulae were calculated normalized on 125 oxygens, based on the generalized formula
AxM3[T207][TO4](O.F)(OH.O) (A = Ca, Mn?, Sr, Pb, REE, Th and U, M = Al, Fe*, Fe*?, Mn3*, Crand V, and T = Si,
Armbruster et al., 2006). The epidote-group minerals are divided into three subgroups: The clinozoisite subgroup where A =
Ca, M = Al and T = Si, the allanite and the dollaseite subgroups. In these subgroups which are considered as clinozoisite
derivatives there is one or two heterovalent substitutions of the higher charge REE®* replacing Ca?* in the M3 and M3 and
M site and O4 by O% and F-site, respectively. To assign minerals either to the REE-rich clinozoisite (with a simplified formula
of (Ca, REE);Al,Fe*[Si,07][SiO4]O(0OH)), or the allanite [(Ca, REE)AIl,Fe*[Si07][Si0O4]O(OH)] subgroup the
recommended chemical criterion is that REE + ACT (actinides) > 0.5 apfu. The FeO, MnO and K>O contents are < 0.01.

[33]
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“Efectronic Supplementary Material, Table 7. Representative electron microprobe analyses of stage |
Mn-ores from Thapsana, Paros (all results in wt. %).

Stage | Brt Brt Hsm! Jact Jact Mag* Mn-Mag*  IIm?
Locality and exo-skarn type Thapsana mangan
Mineralogical Zone Jhn - Sps
Analyzed Spots  Core Rim Core Rim Core Rim
SiO2 10.41 15.50 0.00 0.19 0.00 0.00 0.00 0.02
TiO: 0.16 0.50 0.00 0.01 0.82 2.39 6.82 55.86
Fe203 4.23 0.00 0.43 67.84 54.83 0.00 0.00 0.00
FeO 0.00 0.00 0.00 0.00 0.00 95.02 86.92 42.07
Al2O3 0.63 1.57 0.00 6.72 0.00 0.00 0.00 1.17
CaO 1.02 4.51 0.00 0.00 0.00 0.00 0.00 0.00
MgO 0.00 4.29 0.21 0.44 3.42 0.00 0.00 0.00
Mn203 79.16 65.25 62.7 1.06 3.81 0.00 0.00 0.00
MnO 5.16 6.11 32.7 30.07 37.09 2.61 6.26 1.40
Na2.O 0.00 0.08 0.00 0.00 0.00 0.00 0.00 0.00
Total 100.87 100.01 99.91 99.89 99.97 100.02 100.33  100.52

N° of atoms based on

Si 0.84 1.15 0.00 0.00 0.00 0.00 0.00 0.00
Ti 0.01 0.04 0.00 0.00 0.16 0.07 0.19 0.92
Fe® 0.38 0.00 0.01 1.76 1.38 1.87 1.63 0.12
Fe*2(calculated) 0.00 0.00 0.00 0.00 0.00 0.96 0.99 0.90
AlY 0.09 0.21 0.00 0.07 0.00 0.00 0.00 0.03
Mg 0.00 0.31 0.02 0.10 0.26 0.00 0.00 0.00
M3+ (caleulated) 6.11 6.07 1.98 0.05 0.08 0.00 0.00 0.00
Mn?*(calculated) 0.61 0.67 0.91 1.02 1.07 0.08 0.19 0.03
Ca 0.10 0.24 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00
Total 8.15 8.71 3.00 3.00 2.95 3.00 3.00 2.00
@) 12.00 12.00 4.00 4.00 4.00 4.00 4.00 4.00

!Braunite (Br) formula has been calculated normalized on 9 cations and 12 oxygens, whereas hausmanite (Hsm), jacobsite
(Jac) magnetite (Mag) and ilmenite (Ilm) formulae have been calculated normalized on 3 cations and 4 oxygens based on the
formula XY20, (X = Mg, Mn?* and Fe*? and Y = Cr, Al, Mn®" and Fe®"). The ulvospinel (Usp) mol % range from 9.9 to
18.5%. The ilmenite (Ilm) mol % is 93.5%. Based on the magnetite-ilmenite geothermo-oxygen-barometer (Spencer and
Lindsley, 1981) using ILMAT the estimated temperature for the Mag-llm pair is T = 555°C and logfO2 = -17.9.

[35]
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Electronic Supplementary Material, Table 8. Whole-rock geochemistry of the granitoids and skarns
and representative major (wt. %), trace and REE (ppm; Au in ppb) analyses from Panorama, Drama and
Thapsana, Paros.

Panorama granite Panorama mangan skarns

Gtwozone S0 SO e one
Sample PAG.1 PAG 2 PAG 3 PAG 4 PAGS5 PAS_1 PAS2 PAS3 PAS4 PASS
Si0, 6737 6836 7292 7347 7540 37.15 3721 4083 4106 3950
TiO, 0.17 0.39 0.20 0.18 0.15 0.20 0.20 028 028 024
Al,O3 1444 1537 1456 1483  13.20 28.93 28.95 2956 2956  27.40
Fe.03 137 3.07 1.64 0.51 1.13 0.79 0.81 1.46 151  3.18
MnO 0.10 0.12 0.07 0.08 0.03 2.04 2.02 1.75 1.69 1.36
MgO 121 0.93 0.46 0.11 0.10 0.23 0.21 034 035 065
Cao 5.10 3.63 2.28 153 1.10 23.45 2351  18.83 1877  20.44
Na,O 251 3.51 2.87 3.49 3.80 0.08 0.07 055 056 047
K;0 4.37 3.93 4.49 5.41 4.60 0.04 0.04 075 081 056
P,0s 0.06 0.13 0.08 0.04 0.04 0.06 0.06 010 012 0.9
LOI 3.30 0.54 0.42 0.33 0.41 6.93 6.59 555  5.26 6.00
Total 10000 99.98  99.99  99.98  99.96 99.9 99.96  100.00 99.97  99.89
Cu 10 16 21 12 17 11 15 21 45 37
Pb 29 32 25 30 31 12 19 25 38 42
Au 2 2 2 2 2 3 2 2 2 2
Ag 05 05 05 0.6 05 0.6 05 0.6 0.9 0.9
Zn 11 7 10 12 15 24 35 42 17 26
As 10 9 12 11 8 17 19 21 47 48
Sh 13 8 9 14 12 27 16 24 33 42
Be 1 2 2 2 1 3 3 4 3 4
v 34 23 29 21 17 12 10 9 9 11
Co 6 4 3 4 2 14 12 9 7 10
Ni 25 23 29 32 27 31 26 26 23 29
cr 20 20 20 20 21 25 28 20 21 20
Mo 3 5 6 4 11 14 12 13 10 9
w 3 6 12 7 9 17 12 16 8 11
Nb 14.2 18.7 15.3 16.6 20.2 1.3 15 2.2 3.1 33
Th 17.9 18.3 13.9 15.1 22.0 78 3.4 2.7 6.3 5.6
U 2.8 2.7 2.2 3.1 3.3 05 0.7 1.1 2.1 0.7
Bi 3.2 25 2.2 2.9 3.1 05 0.3 0.8 1.1 1.4
Ga 14 15 18 11 14 2 4 2 3 11
Ta 14 13 1.2 15 1.1 1.9 2.0 2.2 2.7 1.8
Zr 154 167 136 221 196 54 45 38 21 34
Cs 2.2 2.7 1.9 16 2.3 05 0.4 0.9 11 13
Rb 129 140 178 205 136 17 12 21 19 8
Sr 299 413 335 312 399 217 302 287 243 226
Ba 361 445 299 307 348 145 189 95 112 167

[36]
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Sc 3.1 6.2 4.3 5.8 5.2 6.7 5.8 4.9 75 6.1
Tl 0.24 0.43 0.37 0.33 0.28 0.36 0.20 0.39 0.41 0.50
Hf 1.02 0.95 0.77 0.82 0.90 0.23 0.27 0.45 0.46 0.87
La 8.9 78 11.3 10.4 9.3 2.9 25 3.2 4.1 38
Ce 10.6 125 10.7 115 12.1 4.7 3.8 5.2 4.9 7.2
Pr 13 1.4 2.2 0.7 0.9 0.8 0.9 1.2 1.1 1.8
Nd 15.6 17.8 16.1 125 19.2 1.93 1.74 2.37 2.81 3.16
Sm 2.42 2.18 3.03 1.89 2.24 0.86 0.75 0.56 0.89 0.94
Eu 0.64 0.73 0.82 0.79 0.65 0.24 0.19 0.29 0.33 0.30
Gd 1.03 0.96 0.88 1.12 1.19 0.67 0.72 0.97 1.04 1.19
Tb 0.17 0.14 0.24 0.31 0.22 0.18 0.19 0.24 0.28 0.31
Dy 1.15 1.45 1.36 1.52 1.69 0.75 0.69 0.97 1.05 1.16
Ho 0.18 0.22 0.24 0.33 0.29 0.19 0.24 0.29 0.35 0.39
Er 0.36 0.48 0.42 0.39 0.51 0.24 0.21 0.46 0.55 0.89
Tm 0.19 0.17 0.25 0.33 0.29 0.09 0.16 0.15 0.17 0.21
Yb 0.9 1.7 2.1 16 1.8 15 1.4 18 2.1 2.6
Lu 0.13 0.22 0.18 0.21 0.14 0.33 0.26 0.29 0.32 0.44
Y 19 25 18 28 31 15 17 22 29 25
ASI 0.80 0.93 1.07 1.05 1.00 - - - - -
Mn/Fe 0.07 0.04 0.03 0.16 0.03 2.58 2.49 1.20 1.12 0.43
CaO/Na,0 2.03 1.03 0.79 0.44 0.29 ) ] ; ; )
YREE 4357 4775 4982 4359 5052 15.38 13.75 17.99  19.99  24.39
LREE/HREE 9.60 7.94 7.79 6.50 7.24 2.89 255 2.48 2.41 2.39
Nb/Ta 10.14 1438 1275 1107 18.36 0.68 0.75 1.01 1.15 1.83
Zr/Hf 150.98 17579 176.62 26951  217.78 234.78 166.67  84.44 4565  39.08
ThiU 6.39 6.78 6.32 4.87 6.67 15.60 4.86 2.45 3.02 8.01
K/Rb 339 281 252 264 338 24 33 357 426 699
Rb/Sr 0.43 0.34 0.53 0.66 0.34 0.08 0.04 0.07 0.08 0.04
Rb/Ba 0.36 0.31 0.60 0.67 0.39 0.12 0.06 0.22 0.17 0.05
Rb/Zr 0.84 0.84 131 0.93 0.69 0.31 0.27 0.55 0.9 0.24
(La/Yb)n 6.72 3.12 3.66 4.42 3.51 131 121 121 1.33 0.99
(Gd/Yb)x 1.55 0.76 0.57 0.95 0.89 0.61 0.69 0.73 0.67 0.62
(La/Sm) 2.93 1.39 1.57 1.29 1.35 0.62 0.58 0.34 0.46 0.39
CelCe* 0.67 0.85 0.49 0.73 0.81 0.74 0.61 0.64 0.55 0.66
Eu/Eu* 0.25 0.32 0.28 0.36 0.26 0.22 0.18 0.28 0.25 0.21
Y/Ho 105.56 11364 7501  84.85  106.92 78.95 7083 7586  82.86  64.11

Electronic Supplementary Material, Table 8 (continued)
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Thapsana leucogranite Thapsana mangan skarns
Rhn Jhn-Sps Sps-Cum
zone zone zone
Sample PTG_1 PTG_2 PTG_3 PTG_4 PTG_5 PTS_1 PTS_ 2 PTS_3
SiO, 75.21 73.99 72.56 70.85 71.35 64.30 9.63 12.79
TiO: 0.02 0.03 0.03 0.05 0.03 0.00 0.13 0.05
Al;O3 14.83 14,57 14.99 15.05 15.33 0.32 1.63 6.75
Fe20s 0.56 0.59 1.69 2.07 2.19 1.43 2.74 1.53
MnO 0.08 0.03 0.05 0.07 0.10 17.01 9.78 28.37
MgO 0.07 0.09 0.19 0.69 0.65 0.13 4.55 1.18
CaO 1.19 1.06 1.86 2.34 1.99 4.88 39.44 26.46
Na.O 4.06 3.58 3.45 2.99 4.12 0.05 0.55 0.17
K20 3.92 5.04 4.04 4.13 2.47 0.11 0.17 0.12
P20s 0.02 0.06 0.04 0.08 0.07 0.01 0.07 0.01
LOlI 0.04 0.96 1.11 1.68 1.69 8.94 29.86 20.64
Total 99.96 99.04 98.89 98.32 98.31 97.18 98.55 98.07
Cu 15 13 15 16 12 130 80 30
Pb 13 6 8 12 7 134 6 12
Au 2 2 3 2 2 2 2 2
Ag 0.5 0.7 0.7 1.8 0.9 20 5.6 4.6
Zn 40 30 55 110 67 1970 80 40
As 12 14 13 25 41 189 752 396
Sh 7 12 6 4 6 69 24 43
Be 1 2 1 1 3 3 3 1
\% 9 12 15 13 17 15 5 17
Co 1 1 2 2 4 174 242 224
Ni 20 21 22 20 20 20 21 24
Cr 20 20 20 20 20 20 20 60
Mo 7 4 12 6 11 43 2 4
w 234 167 196 265 289 1710 189 390
Nb 22.4 19.6 14.9 17.3 20.6 15 1.2 1.9
Th 121 15.2 15.9 16.8 19.3 0.4 0.2 0.1
u 25 2.7 14 1.3 0.9 2.2 0.7 11
Bi 2.1 2.2 2.6 1.9 1.7 1.5 1.6 14
Ga 17 18 21 16 20 6 5 10
Ta 25 34 1.8 1.9 2.3 14 0.3 0.3
Zr 113 146 299 175 178 43 35 18
Cs 1.2 1.7 0.5 1.1 0.9 0.5 0.5 1.8
Rb 199 187 203 169 133 15 22 21
Sr 59 145 189 289 222 346 382 466
Ba 440 512 894 367 399 22810 393 158
Sc 31 6.2 7.3 45 3.2 3.4 9.1 6.3
Tl 0.39 0.65 0.54 0.33 0.28 0.41 0.78 0.24
Hf 0.35 0.47 0.87 0.77 0.95 0.21 0.99 0.61
La 121 9.2 15.3 22.2 18.7 3.1 1.7 7.3
[38]
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Ce 20.3 22.7 27.2 33.4 26.5 5.3 2.9 5.7
Pr 11 17 0.6 0.7 0.9 0.6 05 15
Nd 11.1 12.4 19.3 202 17.6 23 25 5.9
Sm 3.15 3.32 2.79 1.88 1.94 0.61 2.53 1.64
Eu 0.91 0.78 0.65 0.57 0.34 0.14 0.18 0.45
Gd 0.79 1.36 1.68 1.9 0.88 0.81 0.78 2.14
Tb 0.19 0.17 0.33 0.29 0.24 0.21 0.18 0.40
Dy 1.02 0.89 1.75 1.68 2.17 111 0.93 2.36
Ho 0.27 0.28 0.26 0.38 0.46 0.31 0.22 0.49
Er 1.43 158 0.94 0.85 1.25 0.41 0.88 152
™ 0.11 0.17 0.25 0.13 0.26 0.21 0.14 0.24
Yb 1.2 2.3 15 1.4 0.9 16 12 18
Lu 0.25 0.32 0.27 0.24 0.19 0.27 0.24 0.31
Y 26 29 21 19 23 47 29 18
ASI 112 1.15 111 1.14 1.09 - - -
Mn/Fe 0.14 0.05 0.03 0.02 0.05 11.90 3.57 18.54
CaO/Na,0 0.29 0.31 0.54 0.78 0.48 ) ) ]
IREE 53.92 57.17 72.82 85.91 72.33 16.98 14.88 31.75
LREE/HREE 9.25 7.09 9.43 11.34 10.39 2.44 2.26 2.43
Nb/Ta 8.96 5.76 8.28 9.11 8.96 1.07 4.03 6.33
ZrIHf 322.86 310.64 343.68 227.27 187.37 204.76 35.35 29,51
Thiu 4.84 5.63 11.36 12.92 21.44 0.18 0.29 0.09
K/Rb 197 270 199 244 186 73 77 57
Rb/Sr 0.43 0.34 0.53 0.66 0.34 0.08 0.04 0.07
Rb/Ba 0.45 0.37 0.23 0.46 0.33 0.01 0.06 0.13
Rb/Zr 1.76 1.28 0.68 0.97 0.75 0.35 0.63 117
(La/Yb)n 6.85 2.72 6.93 10.77 7.11 132 0.96 2.76
(Gd/Yb)n 0.89 0.81 1.52 1.92 1.32 0.68 0.88 1.61
(La/Sm)n 2.86 1.57 2.02 1.46 2.34 0.41 2.29 0.99
Ce/Ce* 1.05 1.32 1.25 1.08 0.98 0.88 0.75 0.41
Eu/Eu* 0.30 0.22 0.20 0.21 0.16 0.14 0.07 0.17
Y/Ho 96.3 103.57 80.77 50.04 49.99 151.61 131.82 36.73
[39]
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Electronic Supplementary Material, Table 9. Zircon U-Pb data of the Panorama granite and Panorama, Drama (Grt-Ep zone) and Thapsana,
Paros (Sps-Cum zone) mangan skarns.

Sample Isotopic compositions
U Th f*206 207p} /206 lo 207pp /235 lo 206p /238 lo 208p /232 lo
(bpm) (bpm) Th/U %) Pb/?%Ph (%) Pb/°U (%) Pb/#8U (%) Pb/2Th (%)
Panorama granite
PPG_1_1 55 28 0.51 0.11 0.032 0.007 0.093 0.003 0.014 0.001 0.005 0.003
PPG_1 2 42 37 0.88 0.18 0.035 0.006 0.095 0.004 0.013 0.005 0.004 0.004
PPG_1 3 38 29 0.76 0.06 0.036 0.005 0.105 0.001 0.015 0.002 0.005 0.005
PPG_1 4 49 27 0.55 0.12 0.035 0.001 0.100 0.008 0.014 0.004 0.005 0.003
Panorama mangan skarn (Grt-Ep zone)
PPSK_17_1 34 14 0.41 0.21 0.035 0.003 0.104 0.001 0.013 0.002 0.005 0.002
PPSK_17_2 47 19 0.40 0.18 0.034 0.008 0.098 0.009 0.012 0.003 0.004 0.003
PPSK_17_3 50 22 0.44 0.26 0.045 0.005 0.107 0.007 0.012 0.002 0.007 0.004
PPSK_17_4 39 28 0.72 0.33 0.041 0.008 0.108 0.006 0.013 0.002 0.008 0.003
PPSK_17_5 43 32 0.74 0.16 0.036 0.002 0.106 0.008 0.014 0.004 0.005 0.001
Paros mangan skarn (Sps-Cum zone)
PTS_1 1 11 6 0.55 0.24 0.009 0.003 0.028 0.007 0.004 0.007 0.001 0.004
PTS_1 1 17 11 0.65 0.35 0.008 0.002 0.024 0.005 0.004 0.003 0.001 0.005
PTS_ 1.1 20 7 0.35 0.19 0.008 0.004 0.025 0.005 0.004 0.005 0.001 0.006
PTS_ 1.1 9 3 0.33 0.31 0.009 0.007 0.026 0.006 0.004 0.002 0.001 0.004
PTS_1 1 15 12 0.80 0.27 0.010 0.002 0.027 0.003 0.004 0.006 0.001 0.002
Electronic Supplementary Material, Table 9 (continued).
Sample Ages (Ma)
t207/206 lo t207/235 lo t206/238 lo t208/232 lo
(%) (%) (%) (%)

Panorama granite

[40]
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PPG_1 1 25.97 0.023 25.18 0.025 26.05 0.027 25.64 0.014
PPG_1 2 25.52 0.029 25.84 0.028 25.59 0.017 25.89 0.024
PPG_1 3 25.82 0.024 26.66 0.013 26.17 0.024 27.01 0.017
PPG_1 4 25.57 0.046 25.63 0.026 26.30 0.028 26.56 0.024
Panorama mangan skarn (Grt-Ep zone)
PPSK_17_1 24.72 0.023 24.94 0.019 24.74 0.029 25.87 0.033
PPSK_17_2 24.28 0.032 23.45 0.029 24.89 0.019 25.13 0.023
PPSK 17 3 25.20 0.026 24.49 0.022 24.68 0.022 24.91 0.019
PPSK 17 4 23.31 0.040 23.42 0.031 24.75 0.026 23.31 0.014
PPSK_17 5 24.83 0.018 25.23 0.012 24.73 0.028 24.52 0.012
Paros mangan skarn (Sps-Cum zone)
PTS 11 6.28 0.008 6.10 0.002 6.17 0.004 6.11 0.001
PTS 11 6.19 0.005 6.25 0.006 6.16 0.003 5.88 0.006
PTS 11 6.01 0.003 5.64 0.001 5.77 0.004 6.66 0.005
PTS 11 6.13 0.009 6.03 0.008 5.91 0.006 6.20 0.004
PTS 11 5.92 0.005 6.39 0.005 5.88 0.009 5.90 0.007

Note: The uncertainty correlation factor (rho) is applied to assess the degree of correlation between 2°7Pb/?%U and 2%6Pb/?%8U ratios.

[41]

© 2023. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/



Tombros, S., Kokkalas, S., Triantafyllidis, S., Fitros, M., Tsikos, H., Papadopoulou, L., Voudouris, P., Zhai, D., Skliros, V., Perraki, M., Kappis, K., Spiliopoulou, A., Simos, X.,
Papavasiliou, J., and Williams-Jones, A. 2023, Genesis of a new type of mangan skarn associated with peraluminous granitoids in Greece: Chemical Geology, v. 623, p.

121369

Electronic Supplementary Material, Table 10a Calculated physicochemical parameters of the metasomatic fluids* from Panorama, Drama and
Thapsana, Paros mangan skarns and thermodynamic data used in simulation modeling.

Reaction

Zone

Calculated activity-fugacity

Mangan skarn

1 SiOz(s) + 2H20(|) = 2H20(|) + SiOz(aq) = H48io4(aq) Tep-Rhnl, Sps-Di-CumZ, Pmt-Phl® |Oga5ioz(aq) =-209,-2.6,-2.3
2 1 MnuSiOys) + COxg) = 2MnSiOs) + MNCOs(s) (Tep = Rhn/Pxm+Rds) Tep-Rhn logXcoz(g) = -0.69
3 | 6MnySiOug) + 405 = 2Mn?*Mn*6SiO1(s) + 4SiO2q) (Tep-Br) Tep-Rhn logfO, = -10.9 = HM+5.7
4 12MnSiOsg + 4021 = 2MnZ*Min¥6SiO1z() + 10502 (RAN-BI) Tep-Rhn logfO, = -11.0 = HM+5.6
Mn2+23i04(5) + 7[(Mn2+,Fe,Mg)]C03(s) +4H" + 10.50,() = (Mg,Fe,Mn2+)7Si08022(OH)z(5) . _
5 4, 7CO0ug) + 2Mn?* g (Tep + Cal = Cum) Sps-Di-Cum logXcoz(g) = -0.86
6 14Mn2+Mn3+2O4(5) + 32Si0z(ag) + 4H20() = 4Mn7SigO22(OH)z(s) + 140, (Hsm-Cum) Sps-Di-Cum logfO; = -13.2 = HM+6.2
7 MHC03(5) + 2H+(aq) = Mn2+(aq) + COz(g) + H20(|) (th) Sps-Di-Cum, Pmt-Phl |Ochoz(g) =-1.12
8 Mn2+Mn3+GSi012(s) + 18H" g = Mn?* + 6Mn3* + SiOz(ag) + 9H20(y + 0.502( (Br) Pmt-Phl logfO, = -26.8 = HM-3.9
9 SiOys) + 2H20¢y = 2H20(y + SiOx(ag) = HaSiOugag) Rhnt, Jhn-Sps?, Sps-Cum?® logasiozag) = -1.5, -1.3, -1.1
+ - - + logX =-0.77,
10 | CaCOs(s) + MN*(aq) + SiOz(s) = MnSiOss) + CO2(g) + Ca**(aq) (M-RN) RhN IogfoczO 210 = HM+55
11 | 2MnSiOgz(s) + SiOz(ag) + CaCOs) = CaMnSizOg(s) + CO2(g) (Rhn-Jhn) Jhn-Sps logXcog = -2.1
12 12MnSi03(5) + 402(9) = 2Mn2+Mn3+GSi012(s) + 103i02(aq) (Rhn-Br) Jhn-Sps |ng02 =-17.9=HM-0.4
13MnSiOs) + 6CaCOs) + 1.505(g) = MnZ*Mn3*SiOs;, +6CaMnSi>Og(s) + 6COx(g) ) _ _ }
13 (Rhd + Cal = Br + Jhn) Jhn-Sps logfO; =-20.3 = HM-2.3
14 | 7MnCOss) + 8SiO2aq + H20¢y = MnzSigO2(OH)as) + 7CO2q (Rds-Cum) Sps-Cum logXcozg = -3.5
14Mn2+Mn3+2O4(s) + 32Si02(aq) + 4H20¢) = 4Mn7SigO2(OH)zs) + 1402 _ _
15 (Hsm-Cum) Sps-Cum logfO, = -24.6 = HM+0.8
Calcic and mangan skarn
16 | SiOy) + 2H20() = 2H20() + SiO2@q) = HaSiO4(ag) Grt-Wo?, Grt-Px?, Grt-Ep® logasioz(ag) = -3.5, -2.8, -1.8
17 SiOz(ag) + CaCOs(s) = CaSiOszs) + COyq) (Qz + Cal = Wo) Grt-Wo logXcoz(g = -1.00
18 3CaSiOs(s) + FesOus) + 3Si02(q) = 3CaFeSioOgs) + 0.50g (Wo + Mag = Hd) Grt-Wo logfO, =-17 = HM-1.8
19 CazAl>Siz012¢) + CO2(g) = CaAl»SioOg(s) + CaCOs(s) + SiOzaq) (Grs = An + Cal) Grt-Px logXcoz(g) = -1.46
CaCOs(s) + 2CaFeSiz0g(S) + 0.502) = CazFesSizO1z¢) + SiO2@g) + COx(g) : _ _ )
20 (Cal + Hd = And) Grt-Px logfO, = -21.2 = HM-3.2
Mn?*3AlSisO1) + 2CaCOgzs +  3SiOzeg +  19Mnd*,y +  87H0p = _
2L Ca,AlMN®*Siz012(0H) e + 3Mn2"Mn*eSiOz + 2C0zq + 57H" e + 1502¢) (Sps-Pmt) Grt-Ep logXcozg = -1.61
22" 3CaAl,5i;0ae + CaCOs + H:00) + 805 = 2CaAlsSis012(OH) + CO, (Grs-Ep) Grt-Ep logfO, = -32.8= HM-7.8

!Assuming for mangan skarn formation average temperatures of 1550°, 2500°and 3380°C, pressure of ~120 and ~150 MPa, and ionic strength of 0.31. Thermodynamic
properties of manganese ligands (c.f., Table 1) and data were compiled from Tian et al. (2014) for the hypothetical zones (e.g., Tep-Rhn, Sps-Di-Cum, Pmt-Phl zones produced
during our modeling), or exposed in the field (e.g., Rhn, Jhn-Sps and Sps-Cum zones for Thapsana, and Grt-Wo, Grt-Rx and Grt-Ep zones for Panorama).

[42]
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The temperature versus Xcoz plot was constructed for T = 500° and 380°C and pressure of 1500 bars, with the following assumptions: (i). Fluid pressure is equal to total
pressure, (ii). Constant volume change of each reaction for the minerals, and (iii). Ideal mixing of H2O¢y and COxg).

We have also calculated the logfO, values of the residual melts of Panorama, Paros, Ikaria, Naxos and Tinos peraluminous granitoids, based on the equation
of Zen (1985) for the assemblage Bt-Sps-Ms-Mag-Qz. The calculated logfO, values of these residual peraluminous melts of these granitoids are HM-4.9 for
Tinos, HM-4.5 for Naxos, HM-3.9 for Panorama, HM-3.3 for Paros and HM-2.0 for Ikaria (where HM is the Hematite-Magnetite buffer).

* The initial composition of the skarn-forming fluid used in the simulation was logasci @ag) = -0.6, 10gancigg) = -1.6, Msi@ag) = MsAlEg) = MsMng = 100 PPM, Mca?* @g) = Mg @g)
= MsFe(aq) = MK gy = 10 ppm, logamn?*@g) = -0.3 and logamn®*(aq = -1.2 (at T = 565°C, pH = 3.5, En = 0.5 V, | = 0.35, anzo = 0.995, solvent mass = 1000 g, solution mass =
1056.33 g, logfcoz(g = -2, chlorinity of 4390 ppm and d = 0.53 g/cm?® (using our fluid inclusions data, Table 1).

[43]
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Electronic Supplementary Material, Table 10b Mineral stabilities and related reactions in the system MnO-CaO-FeO-Fe203-Al,03-Si02-H,0O-
COz as function of the log[amn*/(an*)?] and log[amn®*/(an*)?®] ratios used in thermodynamic modeling of the metasomatic fluids from Panorama,
Drama and Thapsana, Paros mangan skarns.

Reaction Zone Calculated activity-fugacity

Mangan skarn

23 | MnCOss) + 2SiOz(q) + H20q) + Mn*2a= 2MnSiOz(s) + COz(q) + 2H*aq) (Rds-Rhn) Tep-Rhn! log[omn?*/(an*)?] = 7.2
24 | MnCOg9 + 2H"@g) = MN*'(gg) + CO2(g) + H20q) (Rhd) Sps-Di-Cum? log[amn®*/(an*)?] = 5.3
25 | 3Mn*;04 + MN?aq) + SiOzaq) + H20() = MN2*Mn*6SiO1z(s) + 2H*(aq) (Bxb-BI) Pmt-PhI? loglom2*/(an*)?] = 2.9
27 | MnSiOgs) + 2H* () = Mn*?(5q) + SiOzaq) + H202q) (RhN) Rhn log[amn®*/(an*)?] = 6.2
28 | CaCOs) + Mn*2(aq) + HoOqy + 2SiOz(s) = CaMnSizOg(s) + CO2g) + 2H*(ag) (M-Jhn) Jhn-Sps log[amn?*/(an*)?] = 4.9
29 | MNnCOss) + 2H*ag) = Mn?*(5g) + CO2g) + H20() (Rhd) Sps-Cum log[amn?*/(an*)?] = 1.6
30 | Mn3*O(OH)() + 3H*ag = Mn3* () + 2H,0q) (Mgn) Sps-Cum log[omn®*/(ar*)?] = 3.4
Calcic and mangan skarn
31 | Mn*O(OH)) + 3H*@g) = Mn®* (o) + 2H,0¢) (Mgn) Grt-Px log[omn®/(ant)?] = 5.1
32 | MnCOs(5) + 2H"(ag) = MN?*(ag) + CO2(g) + H20() (Rhd) Grt-Ep log[omn®*/(on*)%] = 4.8

Abbreviations: Tep = Tephroite, Rhn = Rhodonite, Pmx = Pyroxmangite, Bxb = Bixbyite, Rds = Rhodochrosite, Br = Braunite, Cal = Calcite, Cum = Cummingtonite, Hsm
= Hausmanite, Di = Diopside, Hd = Hedenbergite, Adr = Andradite, Grs = Grossular, Ep = Epidote, Pmt = Piemontite, An = Anorthite, Qz = Quartz, Wo = Wollastonite, Mag
= Magnetite, Mgn = Manganite, Prs = Pyrolusite, M = Marble.

[44]
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Electronic Supplementary Material, Figure 1. Schematic geological map of the mangan skarn in the mines of: (A) Thapsana in Paros and (B)

Panorama (Wollastonite) in Drama.
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Electronic Supplementary Material, Figure 2. Paragenetic sequence of: (A) Panorama in Drama and (B): Thapsana in Paros mangan
skarns.
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Electronic Supplementary Material, Figure 3. Rb-Sr and U-Pb age results from Panorama granite, and Panorama, Drama and
Thapsana, Paros mangan skarns.
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Electronic Supplementary Material, Figure 4. (A, B): Fourier-Transform Infrared
Spectroscopy (FT-IR); (C, D): Differential Thermal Analysis (DTA); (E, F) Thermal

Gravimetric Analysis (TGA) of spessartine (Sps) and jacobsite (Jac) from the

Thapsana, Paros mangan skarn.
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