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The Lavrion deposit (SE Attica, Greece): geology, mineralogy
and minor elements chemistry
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Abstract: In southeastern Attica the Cycladic “Blueschist” and the “Basal” units are superposed and separated by a detachment
fault. The widespread carbonate-hosted massive sulfide Pb–Zn–Ag ores of Lavrion are spatially related to the detachment fault,
shear bands within marbles, and the shear contact between marbles and the intercalated metaclastics of the Basal Unit. The ores
are both structurally and lithologically controlled. A low tonnage Ag-rich tension gash vein, hosted within hydrothermally altered
hornfelses surrounding the Lavrion granodiorite, is structurally related to the regional stress field with roughly N–S direction.
The ore mineral suite consists of base metal sulfides and a variety of sulfosalts and native elements. Galena and fahlore are the
main silver carriers. There are no significant enrichments in minor elements other than Cd, Ag and Au. The sulfide mineral as-
semblages and the range of FeS compositions of sphalerite coexisting with pyrite, indicate an intermediate sulfidation state for
the hydrothermal fluids generating the manto ores. Mineral assemblages characteristic of low or high sulfidation state are locally
present. The ore geometry, structural and lithological control of the mineralization, textural features, carbonate alteration and si-
licification, and the mineralogic and chemical composition of the ores suggest a carbonate-replacement deposit affiliation.
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Introduction

The area of Lavrion in the SE part of Attica, is known as
a center of silver and lead production. Exploitation
started possibly 3.000 years ago. Mining flourished dur-
ing the 5th –4th centuries B. C. It has been estimated that
over 3500 t of silver and 1.4 Mt of lead had been pro-
duced during those centuries (Conofagos 1980). The
fact that Athens had silver and lead resources had a fun-
damental bearing on Athens’ rise to economic and cul-
tural flourishing. Mining declined toward the end of the
3rd century B. C. and revived during the Roman times.
The Lavrion mines re-opened in 1866 and the exploited
ore was processed mainly for recovery of silver, lead and
zinc. Minor amounts of copper, speiss and fluorite were
also produced (Marinos & Petrascheck 1956). As2O3

was produced from speiss during metallurgical process-
ing of galena concentrates comprising native arsenic and
As-bearing minerals. Part of mining during the 19th and
20th centuries A. D. was of supergene ore. Supergene
non-sulfide Zn, Fe, Ag and Pb ores (Skarpelis 2004)

were of significant economic importance. The mines
closed permanently in 1978 due to exhaustion of eco-
nomic mineralization. More than 430 hypogene and su-
pergene mineral species, excluding those formed on
slags, have been identified so far (for a complete list of
Lavrion minerals see Wendel & Rieck 1999, Baum-
gaertl & Burow 2002).

Numerous outcrops of sub-economic Miocene miner-
alization occur within the Aegean back-arc region and
especially the Attic–Cycladic belt. The area during the
ancient times was a center of stone quarrying, and min-
ing and processing of ores for the production of metals,
such as copper, lead, silver and iron (Renfrew 1967,
Skarpelis 2003). Skarn ores within the contact meta-
morphic aureoles of granitoids, carbonate replacement
massive sulfides, detachment-fault related mineraliza-
tion, and precious- and base-metals epithermal quartz-
and barite-veins associated with steeply dipping, brittle
normal faults were explored (Fig. 1) (Skarpelis 2002).
Extensional tectonics favored their generation. They are
part of the Tertiary–Quaternary metallogenic province in
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Fig.1. Miocene ore deposit types in the Attic-Cycladic Belt (ACB)
(Skarpelis 2002): carbonate replacement massive sulfides (solid
circle), skarn ores (open circle), detachment-fault related mineral-
ization (rectangular), and epithermal veins (bar).

the Aegean, which extends from the Rhodope and the
Serbo-Macedonian belts in the north, to the NE Aegean
islands (Lemnos, Chios, Lesbos) and Minor Asia, up to
the South Aegean Active Volcanic Arc.

The geology and metallogeny of Lavrion were studied
by Marinos & Petrascheck (1956). Different metallo-
genetic models were proposed for the Lavrion massive
sulfide mineralization: replacement-type of Miocene age
(Marinos & Petrascheck 1956), Lower Mesozoic syn-
genetic with remobilization during the granodiorite emp-
lacement (Leleu 1966), Mississippi Valley Type (MVT)
or vein Pb–Zn in calcareous rocks (Kalogeropoulos
& Mitropoulos 1983).

Although Lavrion is the major Pb–Zn–Ag ore deposit
in the central Aegean, a complete mineralogical study of
non-skarn type primary ores, including their paragenetic
sequence as well as minor elements chemistry is still
lacking. Besides pure mineralogical interest, this study
also aims at determining the style and the major struc-
tural controls of the mineralization in the frame of the
Miocene geodynamic evolution of the Attic-Cycladic
Belt. It should be considered as a necessary background
for further work on the origin of the deposit. The results
are compared with other occurrences of carbonate-
replacement mineralization in the world.

Geological setting

Regional context

The area of Lavrion forms part of the Attic-Cycladic
belt, which is composed of a stacked sequence of nappes
mainly established in the Early Eocene.

In the Attic-Cycladic belt two major groups of tecto-
nic units can be distinguished, tectonically overlying a
remnant of a para-autochthonous unit (Basal Unit) (e. g.
Dürr et al. 1978, Papanikolaou 1987, Schliestedt et
al. 1987, Okrusch & Bröcker 1990).

a. The Basal Unit is comprised of Mesozoic platform
carbonates and a Tertiary anchimetamorphic flysch (e. g.
Dürr et al. 1978, Bonneau 1984). In Attica and south-
ern Evia the para-autochthon (referred to as “Almyropo-
tamos – Attica Unit” by Katsikatsos et al. 1986), is
composed mainly of a thick sequence of Triassic-Jurrasic
to middle Eocene marbles with schist intercalations
(Marinos & Petrascheck 1956, Katsikatsos 1977),
overlain by a metaflysch consisting chiefly of metapeli-
tes of Eocene–Oligocene age (Dubois & Bignot 1979).
Glaucophane relics and Si-rich phengites in the metaf-
lysch, demonstrate that the para-autochthon suffered a
HP–LT metamorphism (~ 10 kbar/350 ˚C; Shaked et al.
2000). Rb–Sr dating on high–Si–phengite from mica-
rich metapelites yielded c. 23 Ma ages (Ring & Reisch-
mann 2002). These dates along with similar Rb–Sr
dates on high–Si–phengite from the Basal Unit on Tinos
(Bröcker & Franz 1998) and 40Ar– 39Ar ages from Sa-
mos (Ring et al. 2001), were interpreted by Ring &
Reischmann (2002) as the age of the high-pressure met-
amorphism. Bröcker et al. (2004), instead, suggested
that this age constrains the timing of the greenschist fa-
cies overprint. The sedimentological, structural and met-
amorphic characteristics of the Basal Unit are compara-
ble with those of the para-autochthonous Olympos Unit
(e. g. Schermer et al. 1989).

b. The Lower Unit (Cycladic Blueschist Unit), domi-
nating the Attic-Cycladic area, was thrust onto the Basal
Unit. It is mainly comprised of pre-Alpine basement
orthogneisses and metamorphosed Permo-Mesozoic car-
bonates, clastic sediments, basic and acidic volcanics
and serpentinites (e. g. Dürr et al. 1978, Henjes-Kunst
& Kreuzer 1982, Andriessen et al. 1987, Okrusch &
Bröcker 1990). The protoliths of the Cycladic Blue-
schist Unit were affected by two subsequent metamor-
phic events: A high-pressure blueschist metamorphism
during the Eocene (P ~ 12–20 kbar, T ~ 450–550 ˚C)
(e. g. Altherr et al. 1979, 1982, Maluski et al. 1987,
Matthews & Schliestedt 1984, Wijbrans &
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McDougall 1986, Bröcker et al. 1993, Trotet et al.
2001a), was followed by a medium-pressure, Barrovian
overprint at the Oligocene/Miocene boundary (P ~ 5–9
kbar, T ~ 450–550 ˚C) (e. g. Bröcker et al. 1993, Parra
et al. 2002). In the southern Cyclades (Naxos, Paros), the
overprint culminated in anatectic processes and the for-
mation of thermal domes (e. g. Jansen & Schuiling
1976, Altherr et al. 1979, 1982, Wijbrans &
McDougall 1988).

U–Pb zircon geochronology of HP rocks from Syros
and Tinos indicate that subduction-related processes pos-
sibly evolved from Cretaceous to Eocene (Bröcker &
Enders 1999, Bröcker & Keasling 2006). Geochro-
nology studies on zircons from high-pressure/low tem-
perature meta-igneous lithologies from Syros, along with
U–Pb ages and white mica Ar–Ar ages for the same
samples support the conclusion that Eocene is the age of
high-pressure metamorphism on Syros (Tomaschek et
al. 2003). HP rocks are best preserved in the upper parts
of the Cycladic Blueschist Unit, whereas retrogressed
rock sequences predominate the lower parts of this unit
(Trotet et al. 2001b).

c. The Upper Cycladic Unit consists of non-metamor-
phic upper Permian to Jurassic volcaniclastics and car-
bonates, remnants of Eo–Hellenic ophiolites transgressi-
vely covered by upper Cretaceous limestones, and vari-
ous sequences of high temperature-low pressure (HT–
LP) metamorphic rocks. The HT–LP metamorphic rocks
are mainly comprised of orthogneisses, amphibolites and
a dismembered ophiolite. Radiometric ages of HT–LP
rocks mostly indicate Late Cretaceous metamorphism
(e. g. Reinecke et al. 1982, Altherr et al. 1994, Pat-
zak et al. 1994), but indications for a Tertiary overprint
were also recognized (e. g. Bröcker & Franz 1998,
Zeffren et al. 2005).

Orogenic crustal-scale extension overprinted the
stacked nappes. Extensional contacts operated sub-
sequently to the overthrusting of the eclogites above the
lower-grade sequences (Avigad et al. 1997 and refer-
ences therein). Post-orogenic extension reworked earlier
syn-orogenic thrusts and extensional contacts from the
Late Oligocene until the Pliocene (Jolivet & Faccenna
2000). Studies on metamorphic core-complexes in the
Cyclades suggested that back-arc extension began at
least in the Early Miocene, when the Eocene HP rocks
underwent the greenschist to amphibolite facies met-
amorphism (e. g. Lister et al. 1984, Gautier & Brun
1994, Gautier et al. 1999). Exhumation was accommo-
dated by underthrusting of more external units and re-
moval of overburden mainly by extension. Most struc-
tures were formed during the exhumation stage and are
often associated with syn-orogenic detachments (Joli-

vet et al. 2003). Brichau (2004) and Brichau et al.
(2006), using low-temperature thermochronology, con-
strained the timing and slip rates of the detachment faults
in the central Aegean. The work of these authors indi-
cates that at about 15–10 Ma, when the granites intruded,
the detachment faults (brittle part of the extensional sys-
tem) at Samos, Ikaria, Mykonos, Serifos and Ios started
to operate, while those at Tinos and Naxos/Paros contin-
ued to remain active. Slip rates were estimated at ~ 8–
7km/Myr. Miocene extension in the Attic–Cycladic belt
was accompanied by the emplacement of I- and S-type
granitoids between 15–9 Ma (Altherr et al. 1982, Alt-
herr & Siebel 2002, Pe-Piper & Piper 2002). The
Cycladic islands and Lavrion became part of the mag-
matic arc in Late Miocene and are now in a back-arc po-
sition. Intrusion of the granitoids in the Miocene was
coeval with ductile N–S to NE–SW on N-dipping de-
tachments (e. g. Lister et al. 1984, Gautier & Brun
1994, Lee & Lister 1992). Contact metamorphic aureo-
les including skarns and skarn ores were developed
around several intrusive bodies (Baltatzis 1981, Sale-
mink 1985, Skarpelis & Liati 1991, Bröcker &
Franz 1994).

Geology of Lavrion area

In the Lavrion area, two tectonostratigraphic Units are
exposed, representing the northwestern-most continua-
tion of the Attic-Cycladic belt: the “Basal” (para-autoch-
thon) – possibly equivalent to lower Mesozoic marbles
of the HP–LT metamorphosed Almyropotamos Unit in
Evia – and the “Blueschist Unit” (allochthon, also
termed as “phyllite nappe”), which is a part of the Cycla-
dic Blueschist Belt. A detachment fault separates the
Basal Unit from the Blueschists (Figs 2, 3). The original
contact between them was a major thrust fault (Marinos
& Petrascheck 1956, Kessel 1990 a). The detachment
fault brings the Blueschist Unit into contact with the Up-
per and Lower marbles, the “Kaesariani schists” (Mari-
nos & Petrascheck 1956) and their equivalent contact
metamorphic rocks (this study) (Fig. 3). The rocks imme-
diately above the detachment are cataclastically re-
worked mylonites (Kessel 1990b).

The ”Basal Unit” is comprised of metaclastic rocks
(“Kaesariani schists”) sandwiched between marbles
(“Upper” and “Lower” marbles). On the basis of fossil
findings it was concluded that sedimentation of the pro-
toliths took place during upper Triassic– lower Jurassic
times (Marinos & Petrascheck 1956). HP–LT met-
amorphosed granitoid bodies occur mainly within met-
apelites of the “Kaesariani Schists”, as well as within the
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Fig. 2. Geological map of
Lavrion area modified after
Marinos & Petrascheck
(1956), showing also aban-
doned mines where sam-
pling took place (Mt: skarn
type magnetite ore, Po:
skarn-free carbonate-hosted
pyrrhotite mineralization, F:
fluorite mine; numbers of
galleries indicate elevation
at the adit.
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Fig.3. Schematic graphs (not to scale) showing the tectono-stratigraphy and the geological setting of the Lavrion mineralization. A. Plaka
area (roughly N–S, to the east of the outcrop of granodiorite stock), B. Elafos (W–E). Dashed line shows projection of gallery-80.

Upper marble. The marble subunits are mainly calcitic.
Horizons of mica-bearing marbles are rather rare. Synfo-
lial lenses (pods) of Mg-calcite, siderite, kutnohorite, an-
kerite with dispersed pyrite altered to goethite and hema-
tite, are observed within the marble subunits (e. g. Spit-
haropousi, Kato Sounion). They were referred to as “an-

keritized marbles” by Marinos & Petrascheck (1956),
and indicate fluid channeling along mylonitic foliation
planes. An early Miocene HP–LT metamorphism is as-
sumed for the “Basal Unit” by analogy with the age and
type of metamorphism of the Almyropotamos Unit in
Evia.
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Shear zones separate the metaclastic subunit from the
footwall and hangingwall marbles. Mylonitic and cata-
clastic rock fabrics are observed in a narrow zone along
those shear zones. As a result of intense shearing, the
thickness of individual subunits varies regionally to a
great extent.

The ”Blueschist Unit” consists of HP–LT metapelites
and metasandstones with minor intercalations of carbon-
ates and blueschist metabasites retrogressed to green-
schists. The metabasic rocks had experienced a progres-
sive transformation of possibly eclogite facies rocks
through epidote blueschists into greenschists (Baltatzis
1996). Deformed granitoid bodies with penetrative struc-
tures (Papanikolaou & Syskakis 1991) occur within
metapelites. An Eocene age was suggested for the HP–
LT metamorphic event (Altherr et al. 1979).

Upper Cretaceous limestones (Leleu & Neumann
1969), resembling stratigraphically equivalent carbonates
of the Upper Cycladic Unit, and Middle Miocene lacus-
trine and brackish sediments (Marinos & Petrascheck
1956) tectonically overlie the Blueschist Unit (Fig.2). The
former are pervasively carbonatized and silicified above
the fault contact with the underlying metapelites, indicat-
ing fluid movement along that regional tectonic structure,
during the late stages of ductile to brittle transition.

Miocene igneous rocks

Late brittle tectonics resulted in normal faulting of the
Basal Unit, which facilitated emplacement of quartz-sye-
nite to granite porphyries. The porphyritic rocks occur as
undeformed subvertical dykes, striking WNW–ESE to
WSW–ENE (Fig. 2). In the Kamariza area more than ten
dykes were reported to occur, mainly underground
(Campresy 1889), being affected mainly by supergene
alteration. A granodiorite stock intruded the Basal Unit.
Intrusion of the granodiorite was accompanied by con-
tact metamorphism of the surrounding “Kaesariani
schists” (Marinos 1937). An age of 8.27 ± 0.11 Ma by
K–Ar on biotite was reported by Altherr et al. (1982).
Marinos (1971) obtained a K–Ar whole rock age of 8.8
± 0.5 Ma. A fission track age of 7.3 Ma on apatite (G.
Wagner, in Altherr et al. 1982) indicates rapid cool-
ing of the plutonite. The age of emplacement and the
geochemical features of the Lavrion granodiorite suggest
that it is a part of the Late Miocene Cycladic granitoid
province (Altherr et al. 1982, Altherr & Siebel
2002). The granodiorite is variably altered. Sericitic hy-
drothermal alteration and pervasive silicification have
been recognized. The orientation of the porphyritic dy-

kes indicates a regional extensional stress field with a
roughly N–S direction. It seems that the exhumation and
extension of the metamorphic units was accompanied at
a late stage by the intrusion first of the dykes and then
the granodiorite. A tension gash array oriented
WNW–ESE, with barren quartz, occurring within the
hydrothermally altered sector of the granodiorite, is pos-
sibly associated with the same extensional field.

The contact metamorphic aureole

Calc-silicate hornfelses and Ca-skarns occur within the
contact metamorphic aureole. Mineral assemblages in
the hornfelses indicate that the protoliths were met-
amorphosed at temperatures between 440 and 600 ˚C in
the presence of a H2O-rich fluid (Baltatzis 1981).
Hornfelses were massively replaced by stratabound Ca-
skarns, composed mainly of andradite-rich garnet, he-
denbergitic-diopsidic clinopyroxene, hornblende, feld-
spar and scapolite. Epidote, actinolite, chlorite, calcite
and opaques are common retrograde skarn minerals. The
retrograde stage is characterized mainly by base metal
sulfides and Ag-rich sulfosalts. The sharply discordant to
the original bedding of the surrounding calcschists intru-
sive contact, along with the control of the retrograde
mineral deposition by brittle structures, indicate a shal-
low skarn setting.

Stratabound massive magnetite to magnetite-pyrrho-
tite skarn ore (location marked as “Mt” on the map of
Fig. 2), is developed within the Upper marble. Studies of
the magnetite ore were carried out by Marinos & Pet-
rascheck (1956), Leleu et al. (1973) and Economou et
al. (1981). Scheelite is dispersed within mineralized bo-
dies and the garnetites. Massive pyrrhotite ore (Fig. 4)
and base metal massive sulfide ores with pyrrhotite,
being a distal expression of skarn mineralization (skarn-
free replacements as defined by Gilg 1996), are hosted
into the Upper marble within the contact metamorphic
aureole at Plaka (Fig. 3 A). Base metal sulfide ores were
exploited and processed for their Zn, Pb and Ag con-
tents. The bulk of sulfide mineralization is coincident
with retrograde alteration and postdates the garnet-pyro-
xene formation. There is a progressive higher sulfide and
lower calc-silicate gangue content of ore with increasing
distance from the granodiorite stock. The Upper marble
within the contact metamorphic aureole is crosscut by
subvertical brittle fractures (tension gashes), which lo-
cally are mineralized with base metal sulfides and termi-
nate at the detachment fault. The petrology of the overly-
ing Blueschist rocks, immediately above the detachment
fault, indicates that they were not affected by contact
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metamorphism, nor were they attacked by the hydro-
thermal fluids, which gave rise to the aforementioned
sulfide veinlets. Massive sulfide ores into the skarn sys-
tem (e. g. at Vilia mine), located within the Upper marble
close to the detachment fault, are weakly sheared
(Fig.5).

Uplift and progressive erosion of the Lavrion Units
brought the ores to the surface, resulting in oxidation of
the sulfides and generation of gossans. Influx into open
fractures of the country rock of highly acidic metal-rich
waters, owing to the oxidation of pyrite-rich sulfide pro-
tore, lead to dissolution and reprecipitation of Fe and Zn
into the sequence of the host marbles, producing econo-
mically attractive Fe-ores and non-sulfide zinc deposits,
which were exploited at the end of the 19th beginning of
the 20th centuries (Skarpelis 2004).

Methods of investigation

Descriptions of ore bodies are based on observations in
abandoned underground mines mainly in the Kamariza
and Plaka mining districts (Fig. 2). Ore bodies located in
an area delineated approximately by the Ilarion, Serpieri

Fig. 4. Slab of stratabound pyrrhotite ore (po) into the Upper
marble (mr) (Plaka).

Fig. 5. Slab of Pb–Zn–Ag massive sulfide ore with shear-type
deformation (Vilia mine). Arrow shows upper part of ore body
(py: pyrite, gn: galena, sph: sphalerite).

and J. Batiste shafts (Fig. 6) were sampled at Kamariza
(galleries mainly on the 2nd and 3rd levels). Old mines
and exploratory trenches at Vilia, Adami, Elafos, Megala
Pefka, St. Barbara and Kato Sounion were additionally
sampled. The mineralogy and textures of ore were stud-
ied by reflected light microscopy. Doubly polished thin
sections were used for better understanding of the tex-
tural relationship between minerals. Etching by various
agents was applied as well. Selected samples were inves-
tigated by Scanning Electron Microscopy using a JEOL
JSM-5600 with EDX system at the Faculty of Geology
& Geoenvironment, University of Athens. Accelerating
voltage was 20 KV, the beam current 0.5 nA and the
beam diameter < 2 µm. Natural sulfides and metal stand-
ards were used. Diffraction patterns for identification of
pyrrhotite type were obtained using a Siemens D-5005
diffractometer with CuKα radiation. The quartz 200 peak
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Fig. 6. Map showing sampling sites in a part of the mine workings
in the Kamariza underground mine.

(2.128 Å) was used as an internal standard. It is known
that the monoclinic type of pyrrhotite displays three (To-
konami et al. 1972) or four (Morimoto et al. 1975) re-
flections between 2.046 and 2.069 Å. The hexagonal ty-
pes produce a single, sharp, symmetrical reflection at
2.065 Å. Mineral analyses were performed on a CA-
MECA SX50 microprobe equipped with 1 energy disper-
sive and 4 wavelength spectrometers at the Department
of Earth and Environmental Sciences, Ludwig Maximi-
lians University of Munich. Accelerating voltage was
15 kV and the beam current 40 nA. Natural sulfides and
metals were used as standards. The beam diameter was
2 µm and the analytical software was the Xmas 4.5 from
SAMx enterprise run under Windows NT. The data were
reduced with the aid of the PAP algorithm. Trace ele-
ments in sphalerite and galena concentrates, as well as in
bulk samples of Cu-pyrite ore were analyzed by OMAC
Labs (Ireland) with Inductively Coupled Plasma Atomic
Emission Spectrometry (ICP-AES) and Atomic Absorp-
tion Spectrophotometry.

Ore geometry and control

Two gross end-members of non-skarn massive sulfide
ores can be distinguished: manto-type and vein-type ores.

1. Manto-type ores: Most of the Pb–Zn–Ag sulfide
ore bodies bear the typical features of manto-type depo-
sits. The thickness of the mantos varies from a few centi-
meters to a few meters. They occur within marbles as
massive replacements. A spatial relationship of the Late
Miocene porphyritic dyke rocks with the mantos is not
obvious. Wall-rock alteration adjacent to sulfide ore is
characterized mainly by cm-scale carbonatization,
marked by precipitation of calcite, Mg-calcite, siderite
and minor ankerite. Silicification of the host marble is
locally observed. The marbles were decarbonatized prior
to and during introduction of secondary carbonates and
quartz. Tabular to sheet-like and lensoid ore bodies, as
well as irregular pods are observed and are localized as
follows (Fig.3):

a. Within the two marble subunits: Ore bodies within
the marbles are either partly conformable or partly cross-
cutting with respect to the mylonitic foliation. They oc-
cur as synfolial lenses, as planar layers oriented parallel
to the foliation plane, along shear bands of the marbles
or close to/at the shear contact with the interlayered
“Kaesariani schists”. Relatively smaller ore bodies were
explored within marble intercalations in the “Kaesariani
schists” (subordinate ore). On a deposit scale these ores
are both lithologically and structurally controlled. Tex-
tural relationships of the sulfides demonstrate that emp-
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lacement of the mineralization was coeval with exten-
sional deformation. Their mode of occurrence indicates
that mineral deposition by hydrothermal fluids took
place mainly during the transitional ductile – brittle de-
formation stage of the host rocks. Chimney-like ore bo-
dies are very rare (e. g. J. Batiste mine, location marked
with open triangle at top left side of Fig. 6). They are
oriented at high-angle to the foliation plane of the marb-
les and consist of banded sulfides and quartz. They were
possibly developed within faults at the stage of brittle
deformation of the host rocks. The role of those faults as
feeders, channeling ore fluids to favorable zones of ore
deposition, is not clear since any spatial relationship with
neighboring mantos is not evident.

b. Along the detachment fault: Mineralization along
the detachment fault is localized predominantly in brittle
structures mainly within the hangingwall carbonate beds
of the Blueschist Unit (e. g. Kamariza, Elafos, Spitharo-
pousi, St. Barbara, Kato Sounion), or into the Upper
marble close to the detachment fault (e. g. “3rd Km”).
Most ore bodies appear as replacement pods, stockworks
and veinlets. Semimassive and disseminated sulfides oc-
cur along shear bands of carbonate rocks and usually ex-
hibit primary undeformed textures. Stockworks of quartz
and fluorite occur along tension gashes oriented perpen-
dicular to the detachment fault. Mineralization is inten-
sely oxidized. Close to the detachment fault a dramatic
increase of hydrothermal alteration of the footwall and
hangingwall rocks is observed, suggesting that hydro-
thermal fluids channeling along that regional tectonic
structure infiltrated the fractured rocks. Hydrothermal al-
teration (carbonatization, minor silicification) is re-
stricted to a narrow zone parallel to the detachment fault.

It is worth mentioning that a razor-sharp contact separa-
tes non mineralized – non hydrothermally altered marb-
les of the Basal Unit, from mineralized hangingwall
marbles and schists of the Blueschist Unit (e. g. Kato
Sounion, Elafos), indicating post-mineralization slipping
of the hangingwall over the footwall. The weak deforma-
tion of massive sulfide ores at Kato Sounion is possibly
related to shearing along the detachment.

2. Vein-type ores: A low tonnage Ag-rich vein-type
(tension gash) sulfide mineralization is hosted in hornfel-
ses within the contact metamorphic aureole at Plaka mine
(Vein F80) (Fig. 3 A). The hornfelses are hydrothermally
altered, revealing the vein postdates contact metamorphic
phenomena. Argillic alteration assemblages, where kaoli-
nite is the predominant clay mineral, were identified. The
ore, with an overall thickness of a few decimeters, is con-
trolled by a high-angle normal fault trending roughly
WNW–ESE, dipping 40–55˚ SSW, being related to the
Upper Miocene regional extensional stress field with
roughly N–S direction. Within the contact metamorphic
aureole heterolithic mineralized breccia crosscut hornfel-
ses along high-angle fault zones.

Ore mineralogy and textures

Textures

Manto-type sulfide mineralization: The upper and
lower contacts between massive sulfide ore and carbon-
ate rock may either be razor sharp or gradational out-
ward to disseminated. Massive sulfide ores display textu-
res indicating wholesale replacement of marble (Fig.7 A,

Fig.7. A. Marble replacement by massive Pb–Zn–Ag sulfide ore (Kamariza mine). B. Marble replacement by sulfide ore (ms). Alteration
is restricted to calcite and Mg-calcite deposition, and pyrite dispersions (cb-py). Note the mylonitic foliation of the host marble (right
side) (Kamariza mine).
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Fig. 8. A. Alternations of thin bands of sulfides and sulfosalts with bands of siderite, ankerite and fluorite. Late white calcite cements
fragments of banded ore (mineralized tension gash, Plaka mine). B. Multiple, alternating thin bands of sulfides, sulfosalts, fluorite and
siderite (1), (3); microbreccia (2) of hydrothermally altered wallrock (wr) between bands of galena and sulfosalts (gn), siderite (sd) and
sphalerite (sph). (mineralized tension gash, Plaka mine). Abbreviations: marble (mr), galena (gn), pyrite (py), sphalerite (sph), carbonates
(cb), massive sulfide ore (ms), siderite (sd), calcite (cc), wall rock (wr).

B) generally along mylonitic foliation or shear bands.
Deposition of ore involved marble dissolution and re-
placement, and open space filling. The amount of open-
space filling, such as incomplete infilling of voids, is
minor revealing that replacement is the dominant mode
of mineralization.

The ore is comprised of various proportions of sulfide
minerals with a gangue dominated by carbonates
(usually calcite, Mg-calcite, siderite, ankerite), fluorite,
barite and quartz. Pyrite, sphalerite and galena are the
major mineral constituents of most of the mantos, fol-
lowed by chalcopyrite, arsenopyrite and tetrahedrite. Cu-
pyrite ore bodies mainly consist of pyrite, arsenopyrite,
chalcopyrite and minor sphalerite, galena and sulfosalts.

Ore and gangue minerals occur as granular inter-
growths of varying grain size on local and ore body-wide
scale. Grains of galena, sphalerite, pyrite and the gangue
are commonly of a medium to coarse size. The propor-
tions and textures of ore minerals vary widely between
neighboring sulfide ore bodies and between various parts
of the same ore body. The ore is mostly not deformed as
can be recognized both macro- and microscopically.
Textures are usually interlocking between anhedral to
subhedral grains. Replacement textures are dominated by
mutual embayments between individual sulfides. Most
sulfosalts are intimately associated with galena, pyrite

and chalcopyrite and the study of textures indicates that
they were among the latest formed mineral species.

Vein-type mineralization: It has a banded appearance
owing to crustification, indicating filling of open space.
Alternations of thin bands of sulfide minerals and sulfo-
salts with bands of siderite, Mg-calcite, minor ankerite
and fluorite are usual (Fig. 8 A). The ore mineral suite
consists of galena, sphalerite, freibergite, tetrahedrite,
pyrargyrite-proustite, pearceite-polybasite, bournonite,
arsenopyrite, native silver, native arsenic, argentite and
rarely stibnite and realgar. It is brecciated locally. Late
calcite cementing the fragments generally is associated
with native silver and realgar (Fig.8 B).

Mineralogy

Pyrrhotite is associated with sphalerite, chalcopyrite, ga-
lena, sulfosalts and siderite in massive, skarn-free, base
metal stratabound carbonate-hosted ore bodies, which
occur within the contact metamorphic aureole at Plaka
mine. An X-Ray Diffraction study revealed that both he-
xagonal and monoclinic pyrrhotite types exist, with the
former predominating over the latter in most samples.
Some pyrrhotite grains have been partly altered to a fine-
grained mixture of pyrite and marcasite (dominantly
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showing a bird’s eye texture). Relictic hexagonal pyrrho-
tite is found in massive sulfide ores along the detach-
ment fault (e. g. Kato Sounion). Pyrrhotite replacement
by marcasite and late euhedral pyrite (Fig. 9 A), indicates
increased sulfidation and perhaps more oxidized condi-
tions over the course of time of ore formation.

Pyrite is by far the most abundant sulfide in the Lav-
rion deposit. It occurs as euhedral to subhedral grains
that are usually embayed and replaced by sphalerite,
chalcopyrite, arsenopyrite and galena, indicating most
pyrite crystals were early formed. Crystal growth zoning
is evident. In massive pyritic and Cu-pyritic ore bodies it
shows partial replacement by chalcopyrite and smaller
grain sizes in relation to the Zn–Pb-rich massive sulfide
ore. Marcasite in the mantos occurs in minor amounts in
voids and in microgeodes of massive sulfide ore. Aiki-
nite, emplectite and lilianite occur as overgrowths or in-
clusions in pyrite. Minute inclusions smaller than 1 µm
of a Cu–Fe–Sn sulfosalt were identified by SEM in py-
rite from an ore body close to the Serpieri shaft at the
2nd level of the underground mine. Qualitative chemical
analysis indicates that it is possibly stannite.

Arsenopyrite occurs in all mineralization types usually
as euhedral rhomb-shaped to subhedral grains (Fig. 9 B).
Arsenopyrite crystals are commonly interlocking with
euhedral to subhedral pyrite and sphalerite, indicating
texturally that they partly co-precipitated. Replacements
of arsenopyrite by pyrite, sphalerite, chalcopyrite and ga-
lena are common. Gersdorffite is associated with sulfides
and fluorite in semi-massive sulfide mineralization in
marbles along the detachment fault (Vilia, “3rd km”) and
the chimney-like ore body at J. Batiste mine.

Sphalerite grains range in shape from equant and sub-
hedral to highly irregular and embayed, replacing mainly
pyrite and, to a lesser extent, chalcopyrite and arsenopy-
rite. Grain size ranges from several µm to several mm.
Crystal growth zoning and annealing twinning are ob-
served. Chalcopyrite disease is very common.

Galena: Galena grains in the mantos are usually sub-
hedral to euhedral replacing mainly sphalerite, chalcopy-
rite and pyrite. Mutual interpenetrating boundaries be-
tween galena, sphalerite and pyrite suggest that, to some
extent, they co-precipitated. Late galena in vugs and fis-
sures within massive sulfide ore is more coarsely crystal-
line, usually consisting of euhedral cubic forms up to
1cm in size. Galena from the tension gash vein-type ore
in the Plaka mine forms crustiform texture in ankerite
and calcite (Fig. 9 C). Inclusions of Ag-sulfosalts, native
silver, native arsenic, bournonite and löllingite are com-
mon.

Chalcopyrite is abundant in the massive pyrite–arse-
nopyrite ore bodies, whereas it occurs in moderate abun-

dance in the massive sphalerite-galena ones. It is intersti-
tially developed between pyrite and chalcopyrite grains
in the former or intergrown mainly with arsenopyrite,
pyrite and sphalerite in the latter ore type. Inclusions of
chalcopyrite in galena indicate the latter had replaced the
former. Chalcopyrite rods and blebs in sphalerite occur
either disseminated or commonly orientated along
crystal growth zones or concentrated along cleavages
and grain boundaries (chalcopyrite disease). The texture
indicates that chalcopyrite has been formed later than
sphalerite. Geode-like textures enclosed in chalcopyrite,
usually exceeding 100 µm, are rarely found in pyritic or
Cu-pyritic ore bodies. Those textures are comprised of a
core of subhedral late crystals of enargite and quartz,
surrounded by radial aggregates of pyrite, marcasite and
barite. A rim of enargite, partly altered to covellite, is
usually present (Fig. 9 D). The microscopically observed
geode-like textures represent either micro-geodes or sec-
tions of mineralized microconduits for hydrothermal
fluids.

Bornite is a rather rare mineral closely associated with
chalcopyrite.

Fahlore is the most abundant sulfosalt in Lavrion mi-
nes. It is a minor, though widespread mineral in all ore
bodies. Tetrahedrite, the dominant fahlore in the ores,
and freibergite occur as anhedral grains commonly de-
veloped interstitially between sulfides. They usually oc-
cur as blebs less than 1mm in size as well as fine disse-
minations in galena (Fig. 9 E, J), whereas they com-
monly replace chalcopyrite and sphalerite.

An enargite-luzonite polytype is interstitially devel-
oped between pyrite–chalcopyrite grains. It appears also
as rims around pyrite and arsenopyrite crystals set in a
chalcopyrite matrix and as veinlets in chalcopyrite. Opti-
cal properties indicate it is enargite.

Greenockite coexists with sphalerite and galena in sul-
fide samples unaffected by supergene processes, a fact
that indicates it is hypogene (Fig. 9 F). Elsewhere in Lav-
rion mines greenockite appears as thin coatings and
overgrowths on partly weathered sphalerite grains indi-
cating it should be of supergene origin.

Löllingite forms radial aggregates of euhedral crystals
usually less than 100 µm intergrown with galena and car-
bonates. Rammelsbergite was reported to occur at the
mine “3rd km” by Marinos & Petrascheck (1956).

Bournonite can be fairly common in Lavrion ores as a
very minor mineral constituent associated with galena
and tetrahedrite (Fig. 9 J). It usually occurs as platelets in
galena, preferably orientated along crystallographic pla-
nes commonly with crystal sizes < 15 µm and lamellar
twins. Lead sulfantimonites were identified as inclusions
in galena. They occur as acicular crystals or rods less
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Fig. 9. BSE–EDS images of ore sam-
ples. A. Marcasite displaying typical
lamellar texture, replacing pyrrhotite
(deformed skarn-free Pb–Zn–Ag
massive sulfide ore at Vilia mine; see
also Fig. 5), B. Euhedral to subhedral
open space filling arsenopyrite inter-
locking with pyrite and chalcopyrite
(manto type ore, Kamariza mine), C.
Microbreccia of banded galena-spha-
lerite ore cemented by ankerite and
calcite. Late argentite filling cracks
(vein-type ore, Plaka mine), D. Micro-
geode in chalcopyrite, filled with py-
rite, marcasite and enargite. Thin film
of enargite between pyrite – marcasite
and the host chalcopyrite. Black area
is polishing pit (manto type ore, Hila-
rion – Kamariza mine), E. Freibergite
in galena (vein-type ore, Plaka mine),
F. Greenockite intergrown with spha-
lerite and galena (vein-type ore, Plaka
mine), G. Argentite, pyrargyrite, ga-
lena and native silver in calcitic ma-
trix (vein-type ore, Plaka mine), H.
Mutual intergrowths between prous-
tite, pearceite and argentite (vein-type
ore, Plaka mine), I. Dendritic inclu-
sions of native arsenic in galena
(vein-type ore, Plaka mine), J. Inclu-
sions of freibergite, tetrahedrite and
bournonite in galena (vein-type ore,
Plaka mine). Abbreviations: arsenopy-
rite (asp), pyrite (py), sphalerite (sph),
galena (gn), chalcopyrite (cp), freiber-
gite (fh), tetrahedrite (tt), bournonite
(brt), calcite (cc), ankerite (ank), ar-
gentite (arg), enargite (enr), gree-
nockite (grn), pyrargyrite (pyrg), pyrr-
hotite (po), marcasite (mrc), proustite
(prt), pearceite (prc), native silver
(ag), native arsenic (as).
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than 30 µm in length. Relics of bismuthinite are found in
ore bodies close to the Serpieri shaft (2nd level) usually
associated with bismutite and native gold.

A silver sulfide is intergrown with galena, pyrargyrite-
proustite, iron-deficient sphalerite and carbonates (Fig. 9
G, H). It is also identified as crack-filling veinlets in ga-
lena, argentiferous tetrahedrite, proustite, pearceite and
carbonates in ore samples mainly from the vein-type ore
at Plaka mine. Due to the small grain size and the lack of
crystallographic data, compositions within the Ag–S
system in this paper are nominated as argentite.

Native silver occurs in the vein-type mineralization as
massive and wire varieties in close association with Ag-
rich galena (Fig. 9 G), argentite, polybasite, proustite,
pearseite, iron-deficient sphalerite and late calcite. It is
rather pure with traces of Au, Hg, Sb and S.

Pyrargyrite-proustite is rare and occurs as anhedral to
subhedral grains closely associated with galena, pearcei-
te–arsenpolybasite, argentite and sphalerite. In some
sections it appeared to form aggregates of subhedral to
anhedral crystals into a calcitic matrix.

Pearceite–arsenpolybasite is associated with pyrargy-
rite–proustite, galena, argentite and native silver.

Native arsenic appears as dendritic inclusions in ga-
lena in the vein ore, generally of a size ranging from 1 to
200 µm (Fig. 9 I). It also appears as botryoidal and crusti-
form aggregates on open cracks of carbonate minerals.

Roquesite is the first hypogene indium mineral re-
ported from Lavrion. Rare small grains of roquesite
(maximum diameter 5 µm) are intergrown with enargite
and chalcopyrite in Cu-pyritic ore from ore bodies close
to the Serpieri shaft.

Late-stage realgar from the Plaka vein-type ore is as-
sociated with calcite or stibnite and base metal sulfides.

Miargyrite, diaphorite, andorite, owyheeite, pyrostilp-
nite and argentopyrite had additionally been reported by
Meixner & Paar (1982).

Calcite, Mg-calcite, siderite and ankerite are the dom-
inant gangue. Euhedral crystals of carbonates (mainly
calcite, siderite and ankerite), several cm in size, fill
vugs in the sulfide ore. Fluorite is the latest mineral
formed, and it is closely associated with late galena. It is
a minor but persistent constituent of most of the ore bo-
dies. It occurs as clear, white, lavender and light purple-
bluish euhedral to subhedral crystals usually < 1cm. Po-
diform fluorite ore bodies are found within the Upper
marbles, especially at Sounion area. Euhedral to sub-
hedral coarse fluorite (up to 5 cm) forms cockade textu-
res or vug fills. Minor silicification associated with cal-
cite recrystallization is observed. Fluorite as a minor
mineral constituent of the vein-type mineralization at

Plaka, usually occurs in the form of thin bands alternat-
ing with sulfides, sulfosalts and siderite.

Barite is usually found as euhedral platy crystals, as-
sociated with sulfides or their supergene alteration prod-
ucts (e. g. Vilia, Plaka). Crystal sizes up to several centi-
meters are common.

Apatite occurs intergrown with sulfide minerals
(mainly pyrite) with grain sizes around 40 µm. The tex-
ture indicates it is not an accidental relic from the host
carbonate rocks, whereas qualitative analyses indicate it
is fluorapatite.

Quartz is present as euhedral and subhedral crystals in
vugs and as a late formed crack filling mineral. The
amount of quartz in the ore bodies is fairly less than the
other gangue minerals. Euhedral quartz crystals up to
5 cm are quite rarely found. A silicification of host marb-
les was observed in several ore bodies. Silica replacing
marble occurs locally adjacent to the mantos and never
extends more than a few centimeters away from the ore
contact.

Paragenetic sequence

The following simplified paragenetic mineral sequence
of the manto-type mineralization (Fig. 10) is based on
textural relationships. Pyrrhotite is the earliest mineral
formed. Pyrite deposition commenced early and contin-
ued throughout the mineralization history, followed by
arsenopyrite, sphalerite, chalcopyrite, greenockite, ga-
lena and sulfosalts. Deposition of silver-bearing min-
erals, other than fahlore took place late in the sequence.
Fluorite, barite and quartz are among the latest hypogene
minerals formed. The paragenetic sequence of the vein-
type ores at Plaka (F80) is roughly similar to that of man-
tos. The textures indicate that native silver, realgar and
stibnite had been formed late in the sequence.

Fig.10. Paragenetic sequence of the manto type mineralization.
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Table 1. Microprobe analyses of sulfides.

Pyrrhotite1 mean (n = 26) max min sd

Fe wt % 61.04 62.2 59.5 0.74
S 38.66 40.1 37.7 0.78

Sphalerite mole%ZnS mole% FeS mole%MnS

Skarns2 mean (n = 50) 80.37 20.04 0.83
sd 0.99 0.75 0.07

max 82.88 21.64 1
min 78.49 18.08 0.69

Mantos3 mean (n = 53) 86.70 12.95 0.12
sd 2.45 2.46 0.12

max 90.04 18.95 0.5
min 82.95 9.91 0.01

Galena3 Pb* Ag Bi S

mean (n = 37) 85.19 0.19 0.13 13.24
max 86.66 0.40 0.26 14.33
min 79.98 0.04 0.01 11.46
sd 1.23 0.09 0.07 0.50

Pyrite4 Fe S As Ni

mean (n = 79) 47.03 52.66 0.64 0.01
max 48.92 54.66 2.93 0.07
min 43.18 40.87 0.03 0.01
sd 1.17 1.74 0.81 0.02

Arsenopyrite5 Fe As S

mean (n = 22) 33.34 32.47 33.94
max 33.82 36.46 37.11
min 31.4 29.18 31.56
sd 0.76 2.61 1.54

1 Pyrrhotite from skarn ores and skarn-free replacements (locations
marked as Mt, Po, Vilia mine on Fig.2).

2 80.
3 CAR, SERP, ILA, SUB, SN.
4 CAR, SERP, ILA, SN. 5 CAR, SERP, ILA.
* Analyses of galena, pyrite and arsenopyrite in wt %.
See Appendix for sample location and description.

Mineral chemistry

Electron microprobe analyses of sulfides are given in Ta-
ble 1. Pyrrhotite of skarns and skarn-free replacements is
close to the formula Fe0.86–0.907S. Mean Ni concentration
is 0.1 wt %, whereas that of Co is less than 0.01 wt%.

The mean Ni concentration of pyrite is low (0.01
wt %) with a range from traces to 0.05 wt %. The Co
contents are uniformly low (lower than 0.01 wt %).
Traces to significant concentrations of As were detected
(max. value 3.5 %, mean concentration 0.64 wt %). Arse-
nic is negatively correlated with S, whereas the Fe con-
tent is rather constant. It is possible that As was incorpo-
rated in a metastable solid solution in the S positions or
as a non-stoichiometric element as proposed by Fleet et

Fig. 11. Frequency distribution of sphalerite analyses from manto
ores (open bars) and the pyrrhotite-sphalerite samples within the
contact metamorphic aureole (diagonal).

al. (1993). Bi contents range from traces to 2.93 wt %
(mean concentration 0.64 wt%).

Nearly all sphalerite in the ores is the high iron var-
iety, marmatite. Electron microprobe analyses of sphale-
rites of 9 selected samples from manto-type ore were
carried out. Sphalerites in samples of skarn-type mineral-
ization were additionally analyzed in an attempt to assess
pressure conditions of ore formation and sulfidation
state. The analyses reveal that Fe is the most common
element substituting for Zn. The iron content of sphale-
rite of the mantos varies from 9 to 19 mole% FeS. Spha-
lerites associated with pyrrhotite and pyrite in skarn ore
yielded higher Fe (18 to 22 mole % FeS) (Fig. 11). The
Mn content is low in the analyzed sphalerites (mean
value 0.34 mole % MnS). Cd is distributed unevenly, in
the range 0.20 to 0.58 wt %. Cu and Sn were detected in
trace amounts (mean values 0.08 and 0.03 wt % respec-
tively). The lack of critical buffer assemblage does not
allow application of sphalerite geobarometry on manto
ores. Sphalerites close to contacts with chalcopyrite in-
clusions (chalcopyrite disease) in mantos are Fe-
depleted. Similar FeS depletion and texture from the Fu-
rutobe ores was interpreted as replacement of sphalerite
by chalcopyrite, caused possibly by the reaction of Cu-
bearing solutions and FeS in sphalerite close to chalco-
pyrite (Barton 1978). Sphalerite from the vein type
mineralization at Plaka is Fe-depleted (typical values in
the range of 0.5 to 3 mole % FeS), far below the com-
position of Fe-rich sphalerite related to the mantos and
the skarn ores. Application of sphalerite geobarometry to
sphalerites apparently coexisting with pyrrhotite and py-
rite in skarn ore, yielded unreasonably low pressures
(less than 1 kbar).

Electron microprobe analyses of arsenopyrite of sam-
ples of manto ore from the Kamariza mine were carried
out in euhedral to subhedral grains being in contact with
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Fig.12. Arsenic versus sulfur content (atomic %) of analyzed arse-
nopyrites from manto ores (Kamariza mine).

pyrite. Analyses with totals between 99.0 to 101.0 wt %
and atomic % Fe in the range 33.3 ± 0.7 were accepted
(Table 1). The arsenopyrites have no appreciable concen-
trations of elements other than Fe, As and S. The total
concentration of Ni, Co and Sb in arsenopyrite does not
exceed 0.1 wt %. Electron microprobe analyses indicate
that no significant chemical zoning exists, with the cores
showing weak As enrichment relative to the rims. Arse-
nic and sulfur are strongly negatively correlated follow-
ing the classical substitution FeAs1 ± xS1 ± x. There is a
wide range in chemical composition of arsenopyrite in
terms of As (29.2 to 36.5 at.%) and S (31.6 to 37.1 at.%)
(Fig. 12). Assuming deposition of arsenopyrite in equi-
librium with pyrite, temperatures in the range 300 to
400 ˚C and fS2 fluctuation between 10–7.1 and 10–10.3 is
indicated for arsenopyrites with As at.% between 29.2
and 31.5 (Kretschmar & Scott 1976, Scott 1983,
Sharp et al. 1985). Since pyrrhotite and löllingite were
not identified in the arsenopyrite containing samples, it
is concluded that the analyzed arsenopyrites with higher
than 33.6 at.% As (Fig. 12) were not in equilibrium with
existing pyrite.

Ni is substituted for Fe and Co in gersdorffite (~ 25 %
arsenopyrite and 1% cobaltite).

Maximum concentrations encountered by electron mi-
croprobe analysis of Ag, Bi and Sb in galena were 0.5,
2.33 and 0.22 at.% respectively. Analyses of patches of
galena with Sb and Bi contents up to 2.5 and 3.8 wt %
respectively, are possibly due to submicron size impur-
ities of Sb- or Bi-bearing minerals. Most samples aver-
aged 0.23 at.% Ag, 0.11 at.% Bi and 0.11 at.% Sb.

Fahlore: The first 4 analyses in Table 2 represent com-
positions of a fahlore inclusion in galena from the vein-
type ore at Plaka mine. Since the number of Ag atoms per
formula unit is higher than 3, the fahlore could be charac-
terized as freibergite. Only traces of Pb and Te were de-

termined. Mean at.% concentrations of Bi, Cd and Ni are
0.15, 0.04 and 0.03 respectively. The remaining analyses
of fahlore in Table 2, represent tetrahedrites of various
samples of manto- and vein-type ore. The calculated for-
mula is TR(Cu, Ag)6

TET{Cu3.69–4.25(Fe, Zn)1.93–2.38}
SM

(As, Sb)3.93–4.3S12.85–12.96, which is close to the simple
stoichiometry TR(Cu, Ag)6

TET{Cu4(Fe, Zn)2}
SM(As, Sb)4

S13, corresponding to an ideal structure with full occu-
pancy of the 6 trigonal-planar (TR), 6 tetrahedral (TET)
and 4 semimetal (SM) sites in the formula unit (Wuensch
1964). Cu is strongly substituted by Ag and Fe by Zn.
The Ag content varies between 0.22 to 2.05 at.% where-
as the As/As + Sb ratios are low (0.06 to 0.18). Signifi-
cant variations in Cu/As, Sb/As and Zn/Fe ratios were
not detected within single grains.

Results of electron microprobe analyses of pyrargyri-
te–proustite indicate the mineral is nearly stoichiomet-
ric, with low Cu, Fe and Zn contents. Pyrargyrite, prous-
tite and grains of intermediate composition were deter-
mined in various samples from the vein-type mineraliza-
tion at Plaka mine.

Grains of the pearceite–arsenpolybasite series were
analyzed. By chemical analysis they can be termed pear-
ceite or arsenpolybasite with the ratio As : Sb close to
2 : 1. It is known that pearceite–antimonpearceite and
polybasite–arsenpolybasite probably form complete so-
lid solution series. The two series are isodimorphous,
with the cell dimensions of the polybasite–arsenpolyba-
site being double those of the pearceite–antimonpear-
ceite series (Frondel 1963, Hall 1967). X-ray single
crystal powder diffraction data cannot be obtained due to
the small grain size. Thus the cell dimensions of the
analysed mineral are not known. Hence, based on the
chemistry of the grains, we conclude they may be pear-
ceite or arsenpolybasite.

The analytical formula for lead sulfantimonites (aver-
age value is Pb5.095Sb3.879S11.025) corresponds well to the
ideal formula of boulangerite (a member of the boulan-
gerite homologous series with the general formula
Me9S11, including falkmanite, boulangerite and plumo-
site). Cu and As contents are negligible.

Minor amounts of Ag were detected in bournonite
both in Kamariza and Plaka ores, possibly substituted for
Cu. Micron size inclusions (< 5 µm) of an argentiferous
unnamed Pb–Sb–Cu sulfosalt, were identified within
bournonite.

The analyzed Pb–Bi sulfosalt is chemically close to
the Bi-member of the incomplete solid-solution series
between lillianite (PbBi3S6) and gustavite (PbAgBi3S6)
of the lillianite homologous series as defined by Mako-
vicky & Karup-Möller (1977).
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Table 2. Electron microprobe analyses of fahlore, pyrargyrite-proustite and pearceite-arsenpolybasite (all elements in wt%).

Sample no Cu Ag Fe Zn As Sb S Total

Fahlore/ PLK 1/1 23.8 18.7 3.2 3.6 3.5 23.4 22.9 99.1
freibergite PLK 1/1 22.9 22.6 2.7 4.1 8.9 14.9 23.2 99.3

PLK 1/1 22.6 21.9 3.5 3.2 5.4 19.4 23.3 99.3
PLK 1/1 20.8 22.9 4.3 3.2 2.4 23.5 22.3 99.4

Fahlore/ PLK 145 28.6 12.9 5.3 3.1 3.6 23.1 24.2 100.8
tetrahedrite PLK 145 31.2 9.7 4.8 3.5 3.9 23.7 23.9 100.7

CAR 5 37.1 3.5 3.1 4.5 4.5 22.9 24.2 99.8
SERP 3 36.6 3.5 3.4 3.6 3.8 25.6 24.8 101.3
ILA 3 34.9 6.9 6.3 1.6 8.5 15.5 25.4 99.1
ILA 5 37.3 3.6 3.7 3.8 8.2 16.9 25.6 99.1

(29 atoms)
6.73 3.12 1.04 0.99 0.84 3.45 12.93
6.35 3.69 0.85 1.1 2.09 2.16 12.8
6.34 3.62 1.12 0.87 1.28 2.84 12.94
5.99 3.88 1.41 0.89 0.58 3.53 12.72
7.66 2.03 1.59 0.79 0.82 3.22 12.85
7.66 2.05 1.59 0.79 0.81 3.23 12.85
9.71 0.54 0.92 1.14 0.99 3.11 12.61
9.61 0.22 1.01 0.92 0.8 3.5 12.91
8.33 1.04 1.83 0.38 1.85 2.08 12.89
9.5 0.54 1.07 0.91 1.78 2.25 12.96

Electron microprobe analyses of pyrargyrite-proustite

Pyrargyrite PLK 1/1 0.01 61.2 0.01 0.01 0.01 20.8 17.9 99.9
Intermediate PLK 1/1 0.01 60.2 0.01 0.01 4.4 17 17.8 99.4
Proustite PLK 1/1 0.03 66.4 0.01 0.6 13.8 0.47 19.5 100.81

PLK 1/1 0.01 65.6 0.01 0.01 14.6 0.01 19.2 99.44
PLK 1/1 0.01 64.6 0.01 0.01 14.9 0.8 19.5 99.83
PLK 1/1 0.01 65.25 0.01 0.23 14.6 0.01 19.6 99.71

(7 atoms)
0.01 3.06 0.01 0.01 0.92 3.01
0.01 2.99 0.01 0.01 0.31 0.76 2.97
0.01 3.03 0.01 0.04 0.91 0.02 2.99
0.01 3.04 0.01 0.01 0.98 0.01 2.99
0.01 2.97 0.01 0.01 0.99 0.03 3.01

0.01 3.02 0.01 0.02 0.96 0.01 3.01

Electron microprobe analyses of pearceite-arsenpolybasite

PLK 1/1 7.7 68.4 5.3 4.1 15.1 100.6
PLK 1/1 6.7 69.6 7.5 1.2 15.4 100.4

(29 atoms)
2.64 13.82 1.54 0.73 10.26
2.28 13.95 2.17 0.21 10.39

A minor substitution of Cu for Fe and Zn was de-
tected in roquesite (up to 0.08 and 0.03 a. p. f. u. respec-
tively).

Microprobe analyses of a diarsenide occurring as in-
clusions in galena indicate it is löllingite, displaying a
minor substitution of Fe for Co and Ni (0.03–0.12 and
0.12–0.37 a. p. f. u. respectively). It is characterized by
low S and Se contents and Me : As ratios indicating it is
very close to the stoichiometric value.

Electron microprobe analyses of the enargite-luzonite
polytype (Table 3) from six samples of Cu-pyritic and py-

ritic ore from the Kamariza mine, indicate there is very
little substitution of As for Sb, and Cu for Fe, Ag and Zn.
The calculated formula is: Cu2.88–3.02As0.98–1.09S4.

Average content of Sb in native arsenic is 6.5 wt %.

Ore chemistry

Production data of ores exploited from various mines in
Lavrion are not available. The Pb, Zn and Ag grade fig-
ures reported by Marinos & Petrascheck (1956) may
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Table 3. Electron microprobe analyses of boulangerite, bournonite, lilianite, roquesite, löllingite, enargite and native arsenic (all ele-
ments in wt%).

Sample no Cu Ag Pb Sb S Total

Boulangerite

CAR 1 55.7 24.6 18.7 99
CAR 2 55.5 25.2 18.5 99.2
SUB 1 54.6 26.6 18.9 100.1

(11 atoms)
5.09 3.83 11.08
5.09 3.93 10.97
4.92 4.08 11

Bournonite
PLK 1 12.4 0.1 43.5 25.1 19.3 100.4
CAR 1 11.5 0.1 44.4 25.1 18.2 99.3
CAR 2 12.3 0.2 43.7 25.9 18.6 100.7

(3 atoms)
0.93 0.01 1.1 1.06 2.93
0.93 0.01 1.1 1.06 2.92
0.97 0.01 1.05 1.06 2.93

Lilianite

Ag Pb Bi S Total
SERP 10 0.4 49.5 34.4 15.8 100.1
SERP 10 a 10.2 18.7 52.7 17.6 99.2

(11 atoms)
0.04 2.92 2.01 6.02
1.06 1.05 2.81 6.12

Roquesite

Cu Fe Zn In S Total
SERP 10 26.4 0.34 0.6 46.1 26.2 99.64
SERP 10 a 24.9 1.6 0.3 46.2 26.4 99.4
SERP 10 b 26.3 0.9 0.8 45.8 26.5 100.3

(4 atoms)
1.02 0.02 0.02 0.98 2.04
0.95 0.08 0.01 0.98 2.02
1.00 0.04 0.03 0.96 2.03

Löllingite (n = 6)

Fe Co Ni As
PLK 1, 1/F mean 18.77 1.73 7.30 71.80

range 16.9–20.6 0.8–3.34 3.4–10.6 70.3–72.2

Enargite (6 samples, n = 10, mean) Native As (n = 13)
CAR 3, SN 2, PLK 3/F As PLK 3/F As Sb
SERP 10, 57,

Cu As S mean 93.5 6.5
ILA 2, 3 47.5 19.4 32.54 sd 2.3 2.5

range 91.1–97.2 2.4–11.6

well be compared with those of carbonate-hosted re-
placement deposits as given by Mosier et al. (1986).

Sphalerite and galena concentrates produced after
chip sampling of representative mantos were analyzed
during this study. Ore grade samples were crushed to ap-
propriate sizes and then handpicked under a binocular
microscope to ensure that the highest possible purity of

the concentrate would be reached. Bulk samples of Cu-
pyritic massive sulfide ore were additionally analyzed.
The compositions of representative samples are given in
Table 4. The gold content of pyrite–arsenopyrite con-
centrates from Pb–Zn–pyrite mantos ranges from 0.6 to
6 and averages 3.4 g/t. Sphalerite concentrates show sub-
stantial quantities of Cd. Cu contents between 0.03 to 0.1
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Table 4. Elemental abundances in sphalerite and galena concentrates and bulk Cu-pyritic ore.

Sphalerite concentrates Galena concentrates

Sample Zn* Cu* Cd Ga In Sn Sample Pb* Bi* Sb* Ag

CAR 1 51.9 0.1 2180 22 9 56 PLK 1/1 84.8 0.25 0.72 5537
80/1 53.3 0.09 2234 30 35 132 PLK 1/2 82.6 0.29 0.65 4932
80/2 53.3 0.06 2258 35 17 87 PLK 1/3 83.1 0.35 0.54 5754
PLK 145 54.2 0.05 2101 23 36 79 SUB 1 82.1 0.11 0.40 2440
SERP 2/5 53.1 0.07 2245 13 34 48 SUB 2 82.3 0.15 0.42 2606
ILA 3/1 50.2 0.01 2015 19 17 84 ILA 3/1 81.6 0.11 0.62 2234
SERP 2/3 52.3 0.05 2210 16 39 104 SERP 3/4 81.7 0.56 0.27 2375
SERP 6 55.2 0.1 2365 25 43 25 ILA 4 82.1 0.68 0.38 2157
SERP 2/2 54.6 0.03 2354 23 7 95 SUB 2 82.8 0.11 0.39 2453
SERP 56 52.1 0.09 2135 22 3 73 SERP 3/3 82.3 0.65 0.35 2200

Chemical analyses of bulk Cu-pyritic ores

Sample Cu* Fe* As* Pb* Zn* Au Ni Sn In Ag Cd

SN 1a 3.9 27.3 20.2 0.2 0.2 5.9 242 42 35 46 621
SN 21 1.1 37.6 1.4 0.1 0.4 3.8 20 143 40 14 112
CAR 3 5.6 38.4 2.5 0.1 0.1 4.5 217 15 72 44 99
SERP 4/2 1.1 42.5 2.7 0.4 0.5 4.3 50 32 25 42 310
SERP 56 1.2 41.1 2.4 3.1 0.1 2.1 98 18 29 150 325
SERP 57 0.5 34.3 8.3 0.1 0.7 1.2 98 56 43 16 430
ILA 3 1.4 26.7 6.7 1.2 3.4 3.2 145 34 54 101 356
SUB 2 0.6 43.3 3.1 0.2 0.3 2.6 13 40 25 18 310

See Appendix for sample location and description. * in wt%; all other elements in ppm.

wt % are attributed to chalcopyrite inclusions (chalcopy-
rite disease). Ga, In and Sn correlate well with Zn. Ga is
present in amounts between 13 to 35 ppm, In between 3
to 43 ppm, and Sn between 25 to 132 ppm. Ge contents
are below the detection limit of the analytical method (2
ppm). Galena concentrates show substantial quantities
of Ag. The silver content is proportional to the Pb grade.
The highest silver value recorded is 5754 ppm (vein-type
ore, Plaka mine). Antimony has been recorded in
amounts up to 0.72 wt %. Bi is present in amounts be-
tween 0.11 to 0.68 wt %. Average galena compositions
determined by electron microprobe were lower in Ag, Bi
and Sb relative to those measured in galena concentra-
tes, as a result of the occurrence of various mineral in-
clusions as described above. The Cu-pyritic ores have
highly variable compositions in terms of As contents,
mainly in the range 1.4 to 20.2 wt % and their mean As/
Fe ratio is close to 0.22. Analyses of bulk samples
yielded Au values between 1.2 to 5.9 g/t and low Sn and
In contents. Cd ranges between 99 to 621 ppm and Ni
between 13 to 242 ppm. Ga, Hg, Mo, Tl and Ge are be-
low detection (5 ppm). Maximum recorded values for
Sb, Co and Bi are 0.22, 0.01 and 0.01 wt %, respectively.
Selenium was not detected at values higher than 40 ppm
both in galena concentrates and in bulk Cu-pyritic sam-
ples.

Discussion and conclusions

The Lavrion deposit is the second major carbonate-
hosted massive sulfide ore deposit in the Aegean, follow-
ing in tonnage the Madem Lakkos and Olympias depo-
sits in Eastern Chalkidiki. The Lavrion ores occur as re-
placement-style mineralization (mantos) in marbles and
were mined mainly for base metals and Ag. They are
structurally controlled by extensional fractures, and
lithologically by the marbles. Skarn-type and especially
base metal massive sulfide ore bodies within the skarn
system, were of significance for their Zn, Pb and Ag con-
tents. The genesis of the Lavrion deposit is interpreted to
be related to the tectonic evolution of the area in Mio-
cene times as a result of extensional tectonics. The close
spatial relationship, at the district scale, between the
manto-type ores with the detachment fault and the shear
contact between the marble subunit and the “Kaesariani
schists”, indicates that the single most important struc-
tural control of the Lavrion mineralization is related to
the large-scale back-arc Miocene extension in the Ae-
gean. The mineralizing event obviously postdated the
stage of mylonitic deformation of the host marbles, as
proved by the alignment of ore bodies with the mylonitic
foliation planes or by their crosscut relationship. The
precise age of the manto-type of mineralization is un-
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known. A Late Miocene age is indicated if the ages of re-
gional ductile extensional shearing and the time con-
straints of evolution of the brittle extensional detach-
ments in the central Aegean are considered (e. g. Gau-
tier & Brun 1994, Jolivet et al. 2003, Brichau 2004,
Brichau et al. 2006). Shearing of the skarn-free massive
sulfide ores close to the detachment fault, reveals that
slipping of the Blueschist Unit continued after hydro-
thermal activity in the Basal Unit ceased. Overall, recog-
nition that the manto-type ore bodies show various mor-
phologies and association with different structures within
the Basal Unit and along the detachment fault (from my-
lonitic foliation planes to shear bands and brittle struc-
tures of the host rocks), strongly suggests that they
formed continuously during extension, as the rocks were
progressively carried across the transitional ductile-
brittle to brittle stage. The precise temporal relationship
of mantos to the skarn-type mineralization is a matter of
speculation. It is obvious that the vein-type mineraliza-
tion at Plaka postdates the contact metamorphic phenom-
ena and may represent the final mineralizing event.

Mineral zonation at a district scale and in individual
manto-type ore bodies is not evident. Oxidation of the
ores and the lack of reliable data on bulk ore chemistry
from the time of mine production, render discerning of
detailed metal zoning patterns very difficult.

In addition to similarities in ore geometry and controls
of the mineralization, the Lavrion ores have in common
some gross textural features to other carbonate-replace-
ment deposits in the world, like the massive replacement
of carbonate rocks by sulfide mineral assemblages, the
style of alteration and the minor open-space filling. The
textures, the ore and gangue mineralogy as well as the
chemistry of certain minerals (e. g. Fe contents in sphale-
rite) are comparable to those seen in other typical car-
bonate-replacement deposits (e. g. the North American
deposits: Megaw et al. 1988, Megaw 1988, Titley
1996; the Chalkidiki deposits in northern Greece: Kalo-
geropoulos et al. 1989, Gilg 1993).

The main silver carriers in the mantos are galena and
fahlore. The minor modal proportion of fahlore in the
ores highlights the fact that galena is the dominant silver
carrier, and that the abundance of galena is the important
factor in determining silver ore. The high Ag grade of
the vein-filling mineralization at Plaka is mostly due to
the occurrence of freibergite, silver-rich galena, argen-
tite, native silver, pyrargyrite–proustite, pearceite–ar-
senpolybasite.

Elemental abundances of sphalerite and galena con-
centrates and of Cu-pyritic ores of manto-type mineral-
ization indicate there are no significant enrichments in
minor elements other than Cd, Ag and Au. As gold was

not observed by optical and SEM microscopy in pyrite
and arsenopyrite rich samples, it is concluded that either
it is chemically bound in the structure of arsenopyrite
and pyrite or it occurs as submicron size inclusions,
thereby classifying it as “invisible” gold. Gold had never
been considered a significant commodity in Lavrion,
with the pyrite concentrates being used for sulfuric acid
production.

The presence of pyrrhotite in the skarn zone indicates
that low sulfidation state conditions prevailed during
skarn ore deposition (Scott & Barnes 1971, Einaudi et
al. 2003).

The FeS content of sphalerite coexisting with pyrite
varies continuously as a function of sulfidation state
(Scott & Barnes 1971, Czamanske 1974). Therefore
the 9 to 19 mole % FeS compositions of sphalerite co-
existing with pyrite in Pb–Zn–Ag mantos from Lavrion,
indicate fluctuations within the field of intermediate sul-
fidation states, being consistent with the assemblage py-
rite + chalcopyrite + tetrahedrite (Einaudi et al. 2003).
Significant local transitions to high or to very low sulfi-
dation state are evident by the occurrence in mantos of
the assemblage “enargite-pyrite + Fe-poor sphalerite” in
Cu-pyritic ores, and of pyrrhotite and löllingite respec-
tively. The transient sulfidation states may be caused by
local wall rock interactions or by new pulses of sulfur-
rich fluids into the ore-forming fluids (e. g. Barton et al.
1977, Einaudi et al. 2003).

The occurrence of low sulfidation state minerals, such
as arsenopyrite and löllingite, with a mineral suite con-
sisting of native arsenic–realgar–argentite–native silver
and stibnite in the vein-type silver-rich mineralization
hosted within the hornfelses at Plaka, indicates deposi-
tion from hydrothermal fluids possibly at a transition
from low to intermediate sulfidation state along a cool-
ing path.

Lavrion was indeed the most important mining and
metallurgical center in the Aegean during the 5th to 4th

centuries B. C. It is clear that galena, silver-carriers and
possibly supergene minerals resulting from weathering
were exploited and processed for the extraction of silver
and lead metals. Although there has been considerable
speculation, there is as yet no conclusive evidence to
confirm the sources of copper and arsenic in the Aegean
during the Early Bronze Age. The mineralogical and
chemical features of the Lavrion mineralization indicate
that ores rich in Cu and As (most probably those with a
supergene mineralogical signature) should be a potential
source for this metal association for the production of ar-
senical-copper alloy. It is further indicated that the Lav-
rion ores have not the suitable mineralogy and grade for
processing and extraction of the Cu–Sn association.
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Thus Lavrion, as suggested by Skarpelis (2003), cannot
be classified into the Bronze age tin- or potential-tin
sources.
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Appendix: Sample location and description.

Sample Code Sample location (see Figs.2, 6) Description

CAR Along the gallery from the adit to the Serpieri I shaft – 2nd

mining level
Massive sulfide ores (mantos) within the Lower Marble

SUB Along the gallery from the adit to the Serpieri I shaft – 2nd

mining level
Massive sulfide ore within marble intercalation into the
“Kaesariani schists” (“subordinate ore”)

SERP Various sites between the J. Batiste, Clemance and Isabelle
shafts (2nd and 1st mining levels)

Massive sulfide ores (mantos) within the Lower Marble

ILA Various sites to the NE of the Ilarion shaft – 3rd mining level Massive sulfide and disseminated ores (mantos) within
the Lower Marble

SN Kato Sounion (mines 7, 12) Massive sulfide ores (mantos) along the detachment fault

80 Gallery 80 Massive skarn ore (mt, po, base metal sulfides)

PLK 145 Gallery 145 Massive Zn–Pb–Ag ore – skarn-free replacements
within the skarn system

PLK 1 Vein 80 (F80) (located to the west of gallery 80, approximately
550 m to the north of the adit of the gallery)

Banded vein-type sulfide ore within the hornfelses
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