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        1. Introduction   

 Ancient miners at Lavrion were interested in exploi-
tation of Ag-rich ore. Silver and lead production in an-
cient times (until the fi rst century BC) amounted to 
3500   t and 1,400,000   t, respectively. According to calcu-
lation, the tonnage of ancient slag found in the area in 
1864 was 1,500,000   t containing 10% Pb and 50   g/t Ag. 
The tonnage of ore waste was estimated at 10,000,000   t 
containing 7% Pb and 140   g/t Ag ( Conofagos, 1980 ). 
Additional Zn-rich mineral waste (sphalerite and 

smithsonite) remained either at surface or under-
ground. The large amounts of Pb- and Ag-rich slag and 
the mineral waste were processed and smelted after 
the reactivation of the mines in 1864. 

 Minor exploitation and processing of iron ore in an-
cient times took place during the classical era. The 
clamps and dowels of the Erectheion (Acropolis, Athens) 
as well as various tools necessary for exploration 
and exploitation of the ores at Lavrion were made of 
iron processed locally ( Conofagos & Papadimitriou, 
1981 ). It is also possible that large amounts of iron were 
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used for construction purposes in Athenian temples 
and public buildings (G. Papadimitriou, pers. comm., 
2007). Because primary iron ore in the area is lacking, it 
is concluded that ancient miners exploited gossan. Iron 
ore was exploited during the post-1864 operations of 
the Lavrion mines. Approximately 1.5   Mt of iron ore 
was produced up to 1950 (Argyropoulos, 1955; cited in 
 Marinos & Petrascheck, 1956 ). The iron ore was ex-
ported to Europe for metallurgical processing, because 
proposed investment in a ferrous metallurgical plant 
never materialized. 

 Of special signifi cance for the industrial develop-
ment of the country in the second half of the 19th cen-
tury was the processing (calcination) of calamine. The 
term “calamine” is here used to indicate zinc-rich ore, 
rather than the discredited mineral name synonymous 
with smithsonite. Processing of calamine ore took place 
between 1876 and 1930. The calamine-rich waste from 
the ancient mining operations along with the exploited 
raw material was used to produce high-grade zinc ox-
ide in various types of kilns. Exploitation of calamine 
took place in several mines at Lavrion, with Kamariza 
being the most important. The calcined calamine was 
exported to Central Europe for the production of 
metallic zinc. It is reported that approximately 1.1   Mt 
of calcined calamine containing 30 – 60% Zn was pro-
duced from 1876 to 1917 ( Dermatis, 2000, 2003 ). Mining 
activity in Lavrion for base metals and silver was con-
tinuous from 1864 to 1978, when the mine was closed 
due to exhaustion of economic sulfide ore. Recent 
assessment of the supergene mineral resource at Lavrion 
is lacking. Although non-sulfi de zinc ores are now 
considered as attractive targets for the mineral indus-
try, extensive historical mining, recent urban devel-
opment, and the need for protection of signifi cant 
archaeological, archaeomining and metallurgical sites 
combine to make Lavrion an unsuitable area for 
mineral exploration. 

 This paper describes the geology, mineralogy, and 
geochemistry of the supergene ores and discusses the 
origin of supergene ore bodies formed as fi llings of 
vertical to subvertical fractures and of caverns in the 
marble.  

  2. Geological background 

 The Lavrion area is part of the Attic – Cycladic crystal-
line belt, which is a polymetamorphic terrane within 
the Alpine orogen of the Hellenides (   Fig.   1 ). The 
polymetamorphic development of the belt in Oligocene –
 Miocene times consists of Late Cretaceous (?) – Eocene 

high pressure/low temperature metamorphism with 
a greenschist to amphibolite facies overprint ( Altherr 
 et al. , 1982 ). Recent studies on metamorphic core com-
plexes exposed in the Cyclades suggest that this 
regional-scale retrograde overprint of the Cycladic 
Blueschist Unit was a result of back-arc extension. 
Large-scale extension in the Aegean was achieved by 
low-angle normal faulting (e.g.  Lister  et al. , 1984; Avigad 
 et al. , 1997 ). Magma generation, emplacement of plu-
tonic rocks, and minor volcanic activity took place in 
the Late Miocene. Mineralization in the Cyclades is 
associated with successive stages of tectono-plutonic 
evolution and is closely related to the extensional fault-
ing ( Skarpelis, 2002 ). Invasion of marble by ascending 
hydrothermal fl uid and deposition of carbonate-hosted 
massive sulfi de ore (CRDS) accompanied skarn forma-
tion associated with contact metamorphism around 
granitoid intrusions. Late NW – SE-trending tension 
gashes acted as conduits for ascending hydrothemal 
fl uid with concomitant formation of veins containing 
barite and base and precious metal sulfi des ( Fig.   1 ). 

 The geology of southeast Attica is dominated by 
metamorphic and igneous rocks (   Fig.   2 ). The metamor-
phic rocks belong in two distinct tectonostratigraphic 
units separated by a detachment fault: a Basal Unit 
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         Fig. 1  �   Miocene ore deposit types in the Attic – Cycladic 
belt (ACB) ( Skarpelis, 2002 ). ( ● ) Carbonate replace-
ment massive sulfi des, ( ○ ) skarn, ( ■ ) detachment fault-
related mineralization, and ( –  – ) epithermal veins.   
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consisting of Lower Marble, a metaclastic subunit 
(Kaesariani schists), and the Upper Marble; and the 
overlying Cycladic Blueschist Unit. The detachment 
fault was active during late Miocene times as deduced 
from the age of granitoid sills emplaced along and 
close to the fault plane. U-pb ion microprobe (CSHRIMP)  
  dating of zircons from   lensoid orthogneiss bodies in 
the metaclastic subunit indicates an Early Triassic age for 
part of the Basal Unit ( Liati  et al. , 2007 ). Non-metamorphic 
rocks in the area consist of Late Cretaceous carbonates 
( Leleu & Neumann, 1969 ) and Neogene lacustrine and 
brackish-water deposits ( Marinos & Petrascheck, 1956 ), 
both tectonically overlying the Blueschist Unit. The 
igneous rocks of Lavrion are the northwesternmost 
outcrops of granitoid intrusions in the Attic – Cycladic 
belt and were emplaced during the Miocene exten-
sional event ( Skarpelis  et al. , 2008 ). Two distinct rock 
types are identifi ed: a granodiorite stock cropping out 
in the Plaka area; and subvertical dikes of porphyritic 
rocks occurring throughout the Basal Unit ( Fig.   2 ). 
Intrusion of the granodiorite was accompanied by 
contact metamorphism of the surrounding “Kaesariani 
schists” ( Baltatzis, 1981 ). A K-Ar minimum age of 
9.4   ±   0.3   Ma was returned by K-feldspar from a dike in 
the Basal Unit ( Skarpelis  et al. , 2008 ). 

 Massive skarn-type base metal sulfi de ore contain-
ing pyrrhotite is hosted by marble in the contact meta-
morphic aureole. The ore was exploited for its Ag, Zn, 
and Pb contents. Low-tonnage, WNW – ESE-trending, 
Ag-rich, vein-type mineralization is hosted by hydro-
thermally altered hornfels, and contains a variety of 
base metal sulfi des and Ag-rich sulfosalts ( Skarpelis, 
2007 ). The widespread carbonate-hosted massive Pb-
Ag-Zn sulfi de ore bodies at Lavrion are structurally 
and lithologically controlled. They are spatially related 
to the late Miocene detachment fault, shear bands 
within calcitic marbles, and shear contacts between the 
marbles and the intercalated metaclastic subunit 
(   Fig.   3 ). The principal sulfi des are pyrite, sphalerite, 
and galena, accompanied by lesser amounts of chalco-
pyrite, arsenopyrite and tetrahedrite. Cu-pyrite ore 
bodies consist mainly of pyrite, arsenopyrite, chalco-
pyrite plus minor sphalerite, galena and sulfosalts. 
Fluorite, barite, quartz and carbonate are the gangue 
minerals. A polymetallic geochemical signature char-
acterizes the mineralization. Lead, Ag, Zn and Cu con-
tents are similar to those of the carbonate-hosted 
replacement deposits. Galena and tetrahedrite-tennantite 
are the main Ag carriers. Refractory Au is associated 
mainly with pyrite and arsenopyrite. Gold content of 
pyrite – arsenopyrite concentrates and Cu-pyritic ore 
from mantos ranges from 0.6 to 6 and 1.2 to 5.9   g/t, 
respectively ( Skarpelis, 2007 ). Fluid inclusion studies 
show sulfi de deposition in the manto-type ore bodies 
at temperatures of approximately 280°C from fl uid 

  

         Fig. 2  �   Geological map of the Plaka – Kamariza area, 
Lavrion (from  Skarpelis, 2007 ).   

  

         Fig. 3  �   Schematic geological section (not to scale) 
( Skarpelis, 2007 ) showing the setting of the hypogene 
ore and supergene non-sulfi de iron and zinc mineral-
ization in the Kamariza area. ( - - - ) Current erosion 
level. Most of the mature gossans (M-Go) are located 
along the detachment fault, whereas both immature 
gossans and supergene non-sulfi de ore bodies (ImmGo-
Supg) occur at depth. A, supergene non-sulfi de iron 
ore; B, supergene non-sulfi de zinc ore; b 1 , open-space 
fi lling of joint planes and tension gashes; b 2 , strat-
abound marble replacement; b 3 , lining walls of karstic 
cavities.   
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with salinities between 14 and 17   wt% NaCl eq. In con-
trast, fl uorite deposition occurred at lower tempera-
tures (125 – 250°C) from fl uid with highly variable 
salinities (1 – 19   wt. % NaCl eq.) ( Skarpelis  et al. , 2007 ).  

  3. Materials and methods 

 Sampling of the oxidized ore was conducted in several 
old underground mining sites at Kamariza, near the 
Ilarion, Serpieri and J. Baptiste shafts, and at Plaka 
(   Fig.   4 ). Additional samples of weathered ore from 
open pit mines at Plaka, Elafos and the “third kilome-
ter” were studied mineralogically. Chip-channel sam-
pling of supergene ore bodies was also carried out. 
Bulk samples of supergene ore and mineral separates 
of smithsonite were analyzed commercially at OMAC 
  Labs (Galway, Ireland) using aqua regia digestion and in-
ductively coupled plasma – optical emission spectrom-
etry (ICP-OES). Tin was analyzed on iodide fusion/ICP 
and Au on fi re assay. Purity of smithsonite concentrates 
was checked on X-ray diffraction. The mineralogy of 
the supergene ore was studied by the application 
of conventional X-ray diffraction techniques on bulk 
samples and on mineral concentrates devoid of goe-
thite and hematite, combined with scanning electron 
microscopy. A Siemens D-5005 diffractometer with 

Cu K �   radiation and a JEOL JSM-5600 scanning elec-
tron microscope (SEM) in energy-dispersive mode 
were used.  

  4. Supergene ore 

 The massive sulfi de ore at Lavrion is intensely oxidized 
as a result of uplift of the Attic – Cycladic belt, progres-
sive erosion of the landscape, development of fractures 
(tension gashes) under extensional conditions, and 
consequent weathering of the protore. The current oxi-
dation front at the Kamariza and Plaka mines is at ap-
proximately sealevel, because the water table lies at an 
elevation of approximately +5   m. Mines in the Plaka 
area, even at the +135-m level, are usually fl ooded in 
winter, but the water table drops during the summer 
and autumn. The oxidized zone observable today may 
exceed 270   m in thickness, bearing in mind that mining 
records state that oxidized ore bodies were explored 
even below sealevel. This thickness estimate is reason-
able if it is recalled that at approximately 18,000 BC the 
sealevel was 125   m lower than at present and that it 
rose due to global-scale climatic change ( Chapell & 
Charleston, 1986 ). 

 Weathering of sulfi des continues today and effl o-
rescent salts (e.g. halotrichite, copiapite, hexahydrite, 
chalcanthite, ferricopiapite, melanterite, rosenite, fi -
broferrite) are formed at the expense of pyrrhotite and 
pyrite. Acid mine drainage is evident. Water samples 
collected from the underground mines of Kamariza 
and Plaka have pH between 2 and 7. Stagnant or slowly 
draining waters close to sulfi de ore bodies give a pH of 
approximately 2 and are characterized by strong metal 
enrichment ( Skarpelis  et al. , 2004 ). Neoformation of Cu 
and Zn sulfate minerals (e.g. devilline, ktenasite) and 
gypsum on the walls of galleries and mining chambers 
supports mobilization of Zn, Cu and SO 4  2−  as well. 
Local mobilization of Fe due to the low pH of descending 
water is evidenced by the recent formation of goethitic 
stalactites and limonitic aggregates along vertical to 
subvertical joints and fi ssures in the marble. Chemical 
analyses of groundwater samples from drillholes above 
the water table show that they are heavily polluted 
( Stamatis  et al. , 2001 ). 

 Massive sulfi de ore bodies unaffected by oxidation 
are uncommon. Depending on paleo-hydrologic con-
ditions, immature gossan may occur adjacent to the 
massive sulfi de ore bodies in the underground mines. 
The local geology of individual ore bodies indicates that 
differences in the depths of oxidation refl ect different 
local paleo-hydrological settings rather than differential 
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         Fig. 4  �   Maps showing sampling sites of gossan and su-
pergene non-sulfi de ore. (a) Kamariza abandoned un-
derground mine; (b) Plaka abandoned mines.   
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block movements whereby the oxidation profi les could 
be differentially displaced. More than 400 euhedral 
to subhedral, coarse- to medium-grained, open-space-
fi lling supergene minerals were identifi ed (for a com-
plete list of Lavrion minerals see  Wendel & Rieck, 1999; 
Baumgaertl & Burow, 2002 ). 

 In addition to the immature gossans, supergene ore 
bodies were explored along tension gashes and joints, 
and in karstic cavities in marble. 

  4.1 Gossan 

 Underground mining at Kamariza was organized 
through a network of horizontal and inclined galleries 
and shafts on four main levels: +137, +80, +50 and +30 m, 
  whereas at Plaka there are various levels from +45 
to +170   m. Mining involved the “room and pillar” 
method. Gossan is found on all mine levels, especially 
at Kamariza. Typical iron-rich gossan   is found at and 
close to the surface as a product of the oxidation of 
massive sulfi de ore on the detachment fault (e.g. Ela-
fos, Thorikos, third kilometer, Sounion). The gossan 
was collectively described by  Marinos and Petrascheck 
(1956)  as “ferromanganese formation”. 

 Several textural gossan types may be identifi ed: 
colloform, massive, honeycomb and ochre-like (limo-
nite). The gossan is mineralogically and chemically 
complex, depending on the hypogene mineralogy, the 
degree of oxidation and leaching of elements and the 
local hydrologic conditions. Barite, fl uorite and quartz 
remain as relict minerals. The most notable relict 
mineral is barite, which is relatively unaffected by 
the acidic environment attending sulfi de oxidation 
( Thornber, 1985 ) and is residually enriched in the gossan 
(e.g. Plaka). 

 The supergene minerals in gossan and partly weath-
ered massive sulfi de ore may be broadly classifi ed 
into the following groups: oxides, hydroxides, sulfates, 
carbonates and hydroxycarbonates, arsenates, phos-
phates, silicates and native metals (   Table   1 ). The most 
abundant are: goethite, hematite, cerussite, anglesite, 
jarosite, smithsonite, hemimorphite, hydrozincite, 
plumbojarosite, adamite, azurite, malachite, annaber-
gite, gypsum, scorodite, covellite, beudantite, olivenite, 
hetaerolite, hydrohetaerolite, Mg-calcite, aragonite, 
ankerite, ktenasite, cyanotrichite, chalcanthite, bro-
chanthite, chrysocolla, cuprite, and beudantite. 
Gypsum massively replaces the marble, especially 
at their lower contact with the ore bodies where it 
forms massive crystal aggregates locally exceeding 1   m 
in length. The gypsum formed by attack of the marble 

     Table 1  �   Minerals identifi ed in analyzed samples of gossan  †       
Oxides
 �  Hematite Fe 2 O 3   
 �  Cuprite Cu 2 O  
 �  Bismite Bi 2 O 3   
 �  Pyrolusite MnO 2   
Hydroxides  
 �  Goethite  � -FeOOH  
 �  Psilomelane Ba(Mn 2+ Mn 4+ ) 8 O 16 (OH) 4   
Sulfates  
 �  Gypsum CaSO 4 ·2H 2 O  
 �  Anglesite PbSO 4   
 �  Epsomite MgSO 4 ·7H 2 O  
 �  Hexahydrite MgSO 4  ·6H 2 O  
 �  Cyanotrichite Cu 4 Al 2 SO 4 (OH) 12 ·2H 2 O  
 �  Chalcanthite CuSO 4 ·5H 2 O  
 �  Brochanthite Cu 4 SO 4 (OH) 6   
 �  Copiapite Fe 2+ Fe 3+  4 (SO 4 ) 6 (OH) 2 ·20H 2 O  
 �  Jarosite KFe 3+ (SO 4 ) 2 (OH) 6   
 �  Plumbojarosite PbFe 3+  6 (SO 4 ) 4 (OH) 12   
 �  Beudantite PbFe 3 AsO 4 SO 4 (OH) 6   
 �  Serpierite Ca(Cu,Zn) 4 (SO 4 ) 2 (OH) 6 ·3H 2 O  
 �  Tamarugite NaAl(SO 4 ) 2 ·6H 2 O  
 �  Melanterite FeSO 4 ·7H 2 O  
 �  Devilline CaCu 4 (SO 4 ) 2 (OH) 6 ·3H 2 O  
 �  Ktenasite (Cu,Zn) 5 (SO 4 ) 2 (OH) 6 ·6H 2 O  
 �  Rostite  ‡  AlSO 4 (OH, F)·5H 2 O  
 �  Moorhouseite  ‡  (Co,Ni,Mn)SO 4 ·6H 2 O  
 �  Peretaite  ‡  CaSb 4 O 4 (OH) 2 (SO 4 ) 2  2H 2 O  
 �  Khademite  ‡  AlSO 4 F ·5H 2 O  
 �  Bieberite  ‡  CoSO 4 ·7H 2 O  
Carbonates and hydroxycarbonates  
 �  Cerussite PbCO 3   
 �  Smithsonite ZnCO 3   
 �  Aragonite CaCO 3   
 �  Ankerite Ca(Mg,Fe 2+ ,Mn)(CO 3 ) 2   
 �  Azurite Cu 3 (CO 3 ) 2 (OH) 2   
 �  Malachite Cu 2 (CO 3 )(OH) 2   
 �  Rosasite (Cu,Zn) 2 (CO 3 )(OH) 2   
 �  Hydrozincite Zn 5 (CO 3 ) 2 (OH) 6   
 �  Bismutite (BiO) 2 CO 3   
Arsenates  
 �  Adamite Zn 2 AsO 4 (OH)  
 �  Olivenite Cu 2 AsO 4 OH  
 �  Mimetite Pb 5 (AsO 4 ) 3 Cl  
 �  Scorodite Fe 3+ AsO 4 ·2H 2 O  
 �  Manganarsite  ‡  Mn 2+  3 AsO 4 (OH) 4   
Phosphates  
 �  Monetite  ‡  CaHPO 4   
 �  Chalcosiderite  ‡  CuFe 3+  6 (PO 4 ) 4 (OH) 8 ·4H2O  
Chloride  
 �  Sophiite ‡ Zn 2 (SeO 3 )Cl 2   
Silicates  
 �  Chrysocolla (Cu, Al) 2 H 2 Si 2 O 5 (OH) 4 ·nH 2 O  
 �  Hemimorphite Zn 4 Si 2 O 7 (OH) 2 ·H 2 O  
Native metals  
 �  Silver Ag  
 �  Bismuth Bi  
 �  Gold Au  

      †  Formulas from  Williams (1990) .    
    ‡  Identifi ed in Lavrion for the fi rst time.       
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by acidic SO 4  2− -rich meteoric water during protore 
weathering. 

 The principal supergene alteration minerals of the 
sulfi des consist of the following: Pyrite and pyrrhotite 
are replaced by jarosite and goethite. Cerussite, angle-
site and plumbojarosite are the main weathering 
products of galena. Sphalerite was converted to smith-
sonite, hemimorphite and hydrozincite, along with 
hetaerolite and goethite. Chalcopyrite and enargite 
are replaced mainly by chalcocite, goethite, covellite, 
copper hydroxycarbonates, cuprite, native copper 
and copper arsenates. Arsenopyrite oxidation re-
sulted in mainly precipitation of scorodite, goethite, 
mimetite and unidentifi ed hydrous iron arsenates. 
Gersdorffite is replaced mainly by annabergite. 
Uncommon supergene native bismuth and gold 
grains (Ag content approx. 13   wt. %) are dispersed 
within bismutite – bismite aggregates ( Skarpelis, 2002; 
Solomos  et al. , 2004 ).  

  4.2 Supergene non-sulfi de iron and zinc ore 

  4.2.1 Supergene iron ore 

 Supergene non-sulfi de iron ore normally occurs below 
sulfi de ore bodies or their gossan where they cross-cut 
stratifi cation and resemble vertical to subvertical 
(>80°) quadrilateral pyramids (   Figs   3, 5a ). The iron ore 
developed in dissolution cavities within the marble, 
mainly along joint planes and fractures (tension 
gashes). Structural control of several supergene ore 
bodies by fractures trending NE – SW   was reported by 
 Putzer (1948)  and  Marinos and Petrascheck (1956) . 
Manto-type sulfi de mineralization is cross-cut locally 
by the supergene mineralization. Iron hydro-/oxides 
are banded parallel to the walls of the ore bodies, indi-
cating continued dissolution of marble, development 
of open space and infi lling by supergene minerals. 
Local solution-collapse features are observed. The 
lengths of the supergene ore bodies exceed tens of 
meters, whereas their heights range between a few 
meters and a few tens of meters. Pipe-like Fe-ore 
bodies, with concentric or rhythmic banding, occur as 
apophyses of the main supergene bodies. These super-
gene ore bodies were described as sedimentary miner-
alization within karst structures by  Leleu (1966) . The 
mineralogy of the ores is shown in      Table   2 . Goethite 
and hematite are the predominant minerals, whereas 
smithsonite, adamite, azurite and malachite are the 
main accessories. Smithsonite fi lls voids in the iron 
ore. No relict gangue minerals (e.g. barite, fl uorite, 
quartz) were detected.  

  4.2.2 Supergene zinc ore 

 The non-sulfi de zinc ore occurs mainly as botryoidal 
concretions fi lling open space along vertical to subver-
tical joint planes in the marble, as well as in the form of 
stratabound bedding plane replacements in marble 
( Fig.   3 ). The zinc ore also occurs as botryoidal or globu-
lar aggregates coating the walls of karstic cavities in 
marble ( Figs.   3b  1  – b 3 , 5b). The principal minerals in the 
calamine ore at Lavrion are smithsonite, hydrozincite 
and hemimorphite, with zincian dolomite, calcite, ara-
gonite and goethite as gangue ( Skarpelis, 2005 ). A red-
brown band consisting of calcite and zincian dolomite 

     Table 2  �   Minerals identifi ed in the supergene non-sulfi de 
ore bodies     

  Oxides  
 �  Hematite Fe 2 O 3   
 �  Hetaerolite ZnMn 2 O 4   
 �  Coronadite PbMn 8 O 16   
Hydroxides  
 �  Goethite   �  - FeOOH  
 �  Nordstrandite Al(OH) 3   
 �  Hydrohetaerolite Zn 2 Mn 4 O 8 ·H 2 O  
Sulfates  
 �  Gypsum CaSO 4  ·2H 2 O  
 �  Anglesite PbSO 4   
 �  Epsomite MgSO 4  ·7H 2 O  
 �  Tamarungite NaAl(SO 4 ) 2  ·6H 2 O  
 �  Antlerite Cu 3 SO 4 (OH) 4   
 �  Cyanochroite K 2 Cu(SO 4 ) 2 ·6H 2 O  
 �  Aplowite (Co,Mn,Ni)SO 4 ·4H 2 O  
 �  Ktenasite (Cu,Zn) 5 (SO 4 ) 2 (OH) 6 ·6H 2 O  
 �  Moorhouseite  †  (Co,Ni,Mn)SO 4 ·6H 2 O  
 �  Peretaite  †  CaSb 4 O 4 (OH) 2 (SO 4 ) 2 ·2H 2 O  
 �  Bieberite  †  CoSO 4 ·7H 2 O  
 �  Beudantite PbFe 3+ AsO 4 SO 4 (OH) 6   
Carbonates and hydroxycarbonates  
 �  Smithsonite ZnCO 3   
 �  Azurite Cu 3 (CO 3 ) 2 (OH) 2   
 �  Malachite Cu 2 (CO 3 )(OH) 2   
 �  Hydrozincite Zn 5 (OH) 6 (CO 3 ) 2   
Hydrous Arsenates  
 �  Adamite Zn 2 AsO 4 (OH)  
 �  Olivenite Cu 2 AsO 4 (OH)  
 �  Chenevixite Cu 2 Fe 3+  2 (AsO 4 ) 2 (OH) 4   .  H 2 O  
 �  Clinoclase Cu 3 AsO 4 (OH) 3   
 �  Picropharmacolite Ca 4 Mg(AsO 3 OH) 2 (AsO 4 ) 2 ·11H 2 O  
 �  Manganarsite  †  Mn 2+  3 As 2 O 4 (OH) 4   
  Phosphates   
 �  Chalcosiderite  †  CuFe 3+  6 (PO 4 ) 4 (OH) 8 ·4H 2 O  
 �  Monetite  †  CaHPO 4   
 �  Pseudomalachite Cu 5 (PO 4 ) 2 (OH) 4   
  Silicate   
 �  Hemimorphite Zn 4 Si 2 O 7 (OH) 2 ·H 2 O  

      †  Identifi ed in Lavrion for the fi rst time  .       
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normally occurs between the host marble and botryoi-
dal smithsonite concretions ( Fig.   5b ). Vugs into the 
red-brown band are fi lled with smithsonite, whereas 
microcrystalline goethite is interspersed with the dolo-
mite and calcite grains. Beudantite, adamite, hetaero-
lite, coronadite and hydrohetaerolite are uncommon 
minerals intergrown with the smithsonite ( Fig.   5c – e ). 
Hemimorphite occurs as aggregates of euhedral crys-
tals or as open-space fi llings in the smithsonite encrus-
tations ( Fig.   5f ). Hydrozincite post-dates deposition of 

smithsonite and occurs as thin whitish crusts on the 
botryoidal concretions. Botryoidal concretions of calcite 
and aragonite are common in karstic cavities. Micro-
probe analyses of smithsonite show minor substitution 
of Zn by Ca, Fe, Mn and Cd. Chemical analyses of 
concentrates, and SEM indicate that the yellow smith-
sonite variety from Kamariza is characterized by 
high Cd, Fe and Mn content, whereas the blue variety 
has high Cd and Cu (   Table   3 ). These data agree with the 
results of the combined mineralogical – microchemical 
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         Fig. 5  �   (a) Supergene iron ore (Fe) along a tension gash in marble (Kamariza mine, Ilarion shaft). (b) Botryoidal smithsonite 
(Sm) on the wall of karstic cavity. The arrows show a dark grey band made up mainly of calcite, zincian dolomite and 
disseminated goethite. (c) Hetaerolite (Het) coexisting with smithsonite (Sm) in fi ssure-fi lling zinc ore (Kamariza mine). 
Bar, 100  � m. (d) Aragonite band (Arg) with adamite (Adm) and hydrozincite coating (Hz) on smithsonite encrustations 
(Sm) replacing calcitic marble (Cc). Bar, 100  � m. (e) Coronadite (Crd) and hetaerolite (Het) fi lling voids in Mg-calcite 
(Mgc) and calcite (Cc) in marble. Bar, 20  � m. (f) Aggregates of euhedral hemimorphite crystals (Hmt) in smithsonite 
encrustations (Sm). Siderite (Sd) is relict. Note the thin hydrozincite crust (Hz). Bar, 50  � m. (c – f) Scanning electron micro-
scope secondary micrographs  .   
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investigation on smithsonite color ( Frisch  et al. , 
2002 ): Cd and Fe in solid solution are the coloring 
agents in yellow smithsonite, whereas Cu accounts 
for the blue variety, and Cu and Mn for the greenish 
variety.    

  5. Geochemistry 

 The grade of the supergene mineralization is highly 
variable, ranging from iron ore to low-grade calamine. 
The descriptive chemical statistics for bulk samples of 
gossan and supergene non-sulfi de ore are presented in 
 Table   4 . Most samples of iron ore have a median Fe 
content of 50.5   wt%. Samples rich in calamine yielded 

Zn values up to 38   wt% and moderate Cd contents. 
Average sulfur contents are low: 0.2   wt% and 0.1   wt% 
in gossan and supergene ore samples, respectively. Both 
ore types are enriched in Cu, whereas the As content is 
low. Silver, Bi, Co, Ni, Sb, Mn, P, Au, Sn, Mo, Mn and Tl 
concentrations are extremely low. 

 Varying element mobility, under changing Eh and 
pH conditions as oxidizing water percolates down-
wards and alteration of the primary minerals pro-
gresses, explains the enrichment or depletion of the 
supergene ore. In    Figure   6 , a plot of normalized concen-
trations of 13 elements, the enrichment/depletion fac-
tor,   �  , is calculated as: 

  t (SO/GO) SO GOC C= −/ 1  

 where  C  represents the mean concentration of an ele-
ment in the supergene ore (SO) or gossan (GO) sam-
ples. The most enriched elements in the supergene 
non-sulfi de ore are As, Cu, Cd and Zn, whereas Pb, 
Mg, Mn and S partly remain in the gossan, indicating 
incomplete leaching. 

     Table 3  �   Chemical analyses of smithsonite concentrates     

  Sample no Fe % Cu  � g g  - 1 Cd  � g g  - 1 Mn  � g g  - 1     

3 (yellow) 0.13 78 3261 1424  
7 (blue) 0.03 1489 2629 428  

     Table 4  �   Descriptive chemical statistics for bulk samples of gossan and supergene non-sulfi de ore     

  Element Mean Median SD Minimum Maximum    

Gossan samples ( n  = 12)  
 �  Fe (%) 44 51 16 14 58  
 �  Zn (%) 6.0 3 11 0.02 38  
 �  Cu (%) 0.4 0.1 0.5 0.01 1.3  
 �  Pb (%) 0.8 0.2 1.5 0.01 4.9  
 �  Ca (%) 0.7 0.4 1.1 0.2 4.3  
 �  Mg (%) 1.4 0.1 4.7 0.04 16  
 �  Mn (%) 1.0 0.1 1.6 0.01 3.9  
 �  As (%) 0.8 0.5 0.9 0.01 3.0  
 �  S (%) 0.2 0.1 0.2 0.05 0.6  
 �  P (%) 0.1 0.1 0.04 0.02 0.2  
 �  Cd ( � g g  - 1 ) 226 94 318 5 933  
 �  Co ( � g g  - 1 ) 105 33 217 13 780  
 �  Ni ( � g g  - 1 ) 58 60 39 8 112  
 �  Sb ( � g g  - 1 ) 156 29 281 20 978  
Supergene ore samples ( n  = 9)  
 �  Fe (%) 43 49 13 23 56  
 �  Zn (%) 11 5 13 2 35  
 �  Cu (%) 1 1 1 0.3 3  
 �  Pb (%) 0.05 0.01 0.06 0.01 0.19  
 �  Ca (%) 0.5 0.5 0.2 0.3 0.7  
 �  Mg (%) 0.2 0.1 0.1 0.1 0.4  
 �  Mn (%) 0.2 0.2 0.2 0.04 0.8  
 �  As (%) 2 2 1 0.4 3  
 �  S (%) 0.07 0.06 0.02 0.05 0.1  
 �  P (%) 0.08 0.08 0.02 0.04 0.1  
 �  Cd ( � g g  - 1 ) 496 148 686 28 1686  
 �  Co ( � g g  - 1 ) 39 41 15 18 61  
 �  Ni ( � g g  - 1 ) 58 55 32 21 111  
 �  Sb ( � g g  - 1 ) 98 51 103 20 315  
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 Element associations in rock samples were further 
explored by calculating Pearson correlation coeffi cients 
for the gossan and supergene ore samples. Multivari-
ate cluster analysis was subsequently applied to the 
data in order to examine the classifi cation of element 
groups and recognize any relationships among them. 
The distance measure used in cluster analysis was the 
Pearson correlation coeffi cient at the 95% confi dence 
level. The results of the analysis are shown as dendro-
grams (   Fig.   7 ). The similarity axis represents the degree 
of association between the variables, the greater the 
value the more signifi cant the association. 

 Three distinct clusters can be identifi ed in the gossan 
samples: cluster I containing Zn, Mg and Cd; cluster II 
containing Mn, P, Pb and Sb; and cluster III containing 
Fe. The similarity between clusters I and II has a value 
of 76.6, indicating a strong association between all the 
involved elements. The clustering of Fe has a much 
lower similarity value of 29.6, probably refl ecting the 
predominance of Fe oxides in the samples. The den-
drogram for the supergene ore samples has two dis-
tinct clusters: cluster I containing Zn, Cd and Mg, with 
a stronger association between Zn and Cd (similarity 
almost 100%), refl ecting the chemical composition of 
smithsonite; and cluster II containing Fe, S, Cu, As and 
Sb. This cluster is further subdivided into two: an Fe, S 
group, probably controlled by Fe-rich sulfosalts in the 
samples; and a Cu, As, Sb group refl ecting the strong 
association of these elements in the supergene miner-
als. The relatively low similarity value of 35.5 between 
clusters I and II may be attributed to different metal 
solubilities causing Zn to separate from the rest of 
the elements due to its dissolution, transport and re-
precipitation. Such multicyclic oxidation and leaching 
with enhancement of metal separation was described 
by  Hitzman  et al.  (2003)  as being typical in manto-type, 
carbonate-replacement sulfi de deposits, the result be-
ing wall-rock replacement by non-sulfi de Zn deposits  .  

  6. Discussion 
  6.1 Origin 

 The geological setting and mineralogical, textural and 
geochemical features of the supergene Fe-rich and Zn-
rich ores provide strong evidence favoring an origin by 
oxidation of hypogene sulfi de minerals, marble re-
placement by acidic solutions, and transport of mobile 
elements and their re-precipitation in secondary trap 
sites. The absence of the common gangue minerals, 
such as quartz, barite and fl uorite, in the supergene 
ores provides further evidence. The calamine ores may 
be classifi ed as Type I in the scheme for non-sulfi de 
zinc deposits proposed by  Large (2001) . 

 There is little evidence with which to constrain the 
age of the supergene mineralization. The district geol-
ogy suggests that the various ore types at Lavrion were 
formed in the late Miocene. Rapid surface uplift as a 
result of extensional tectonics, high denudation rates 
and relief formation in Attica during the Turolian and 
Pliocene is evidenced by the occurrence of detrital rock 
and mineral components originated from both the Cy-
cladic Blueschist and the Basal Unit in terrestrial and 
lacustrine sediments formed during that time ( Mposkos 
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         Fig. 6  �   Plot of normalized concentrations ( �  (SO/GO)) of 
13 elements, showing enrichment or depletion in the 
supergene ore.   
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 et al. , 2007 ). Descent of the water table below the 
detachment fault promoted supergene processes. 
Hence, supergene ores at Lavrion may have started to 
form as early as the Pliocene. In this regard most of the 
sulfi de ore bodies associated with the late Miocene 
extensional faulting and hydrothermal activity in the 
Cycladic islands are characterized by thick oxidized 
zones (e.g. Kythnos, Mykonos, Sifnos) (Skarpelis ,  2002); 
hence they were an attractive iron and oxide copper 
resource in ancient times (e.g. the Kythnian oxide 
copper ore mined since the early Bronze age). 

 Formation of gossan resulted in the release of major 
and trace elements from the original sulfi des, and their 
mobilization to varying degrees. Oxidation and break-
down of sulfi de minerals under the infl uence of oxy-
genated groundwater caused signifi cant change in the 
pH – Eh environment both within and beneath the ore 
bodies. When the pH of the infi ltrating ground and 
surface water declines, as a result of sulfi de and Fe 2+  
oxidation, the concentration of metals released into the 
drainage water usually increases. The porphyritic dike 
rocks and metapelite layers were also attacked by 
acidic waters, resulting in Al mobilization and forma-
tion of assemblages containing halloysite, nordstran-
dite, gibbsite and kaolinite. 

 The acidic water reacted with the carbonate host 
rocks, leading to pH reduction. Deposition of the su-
pergene ore was controlled by major zones of marble 
dissolution, mainly along fractures and joints. Tension 
gashes and joints in the host marble also facilitated 
percolation of oxygenated waters to a depth enabling 
oxidation of the hypogene ore. Infi ltration of acidic wa-
ter beneath the active sulfi de oxidation zone and its 
downward percolation within the marbles resulted in 
progressive leaching of the carbonates, development 
of cavities and contemporaneous reduction in the con-
centration of dissolved metals because, under near-
neutral pH conditions, most of the metals are either 
adsorbed onto mineral surfaces or precipitate as dis-
crete mineral species. The intensity and extent of the 
oxidation are plausibly explained by the high propor-
tion of pyrite in the massive sulfi de ore and the high As 
and Fe content of the pyrite and sphalerite, respectively 
( Skarpelis, 2007 ). The relatively high iron and zinc con-
tent of the supergene ore bodies probably indicates 
that most precursor sulfi de ores were highly pyritic. 
Acid production during pyrite oxidation causes in-
tense leaching of the oxidizing ore and promotes mobi-
lization of metals into the groundwater (e.g.  Châvez, 
2000; Sillitoe, 2005 ). In sulfi de ores where pyrite is only 
a minor component, acid leaching is not as severe and 

higher concentrations of trace metals remain in the re-
sulting gossan ( Andrew, 1984 ). The high acid-generating 
capacity of oxidizing pyrite would assist in leaching 
zinc from the protore. Indeed, the presence of suffi cient 
Fe-sulfi de in the hypogene mineralization is consid-
ered by  Large (2001)  as a critical factor for effi cient sul-
fi de oxidation and preservation of the supergene zinc 
minerals. 

 On the basis of data of the mineralogy and chemical 
composition of the hypogene sulfi de ores ( Skarpelis, 
2007 ), element redistribution in the supergene environ-
ment is evident. But although the sulfi de ore is Pb rich, 
the supergene ore has a very low Pb content. During 
the oxidation process, Pb is retained as anglesite or ce-
russite, depending on the relative activities of sulfate 
ions and carbonate species in the meteoric water 
( Sangameshwar & Barnes, 1983 ), but it also enters the 
structure of many supergene phases (e.g. plumbojarosite, 
pyromorphite, beudantite). The low Pb content in su-
pergene non-sulfi de ores is a result of the relative im-
mobility of the metal in drainage waters with pH<6, as 
proposed by  Mann and Deutscher (1980) . In contrast, 
the elements that are enriched in the supergene non-
sulfi de ore are leached from the hypogene sulfi de min-
erals and remain in solution until the pH is suffi ciently 
buffered by the surrounding carbonate rock for super-
gene minerals to precipitate (e.g. smithsonite). Arsenic 
is enriched in the zinc-rich non-sulfi de ore by a factor 
of 1.7. This observation, in conjunction with the pres-
ence in the gossan of scorodite, a metastable As min-
eral precipitating under low-pH, oxidizing conditions 
( Dove & Rimstidt, 1985 ), indicates that the mobility of 
As is probably controlled by the increasing solubility 
of scorodite with increasing pH.  Zhu and Merkel (2001)  
estimated that scorodite has the lowest solubility at a 
pH between 5.0 and 5.8, and that its increased solubil-
ity at higher pH is accompanied by reduction in solu-
tion Eh. Under these conditions, the concentration of 
total As is controlled simultaneously by incongruent 
dissolution of scorodite and absorption of arsenate 
onto the iron hydroxides that are produced. 

 The major hypogene source of Cu is chalcopyrite 
and copper-bearing sulfosalts, whereas the As is re-
leased during the oxidation of arsenopyrite, As-rich 
pyrite, löllingite and As-bearing sulfosalts. Under 
conditions of low pH, arsenopyrite oxidizes rapidly 
and forms highly soluble arsenic compounds as well as 
Fe 2+  or Fe 3+  arsenites or arsenates ( Richardson & 
Vaughan, 1989 ). Oxidation of sphalerite-rich mineral-
ization leads to the release of Fe, Cd, Mn and associ-
ated trace elements (e.g. In, Ge, Ga). The major source 
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of manganese is sphalerite (mean mole% MnS of 0.83 
and 0.12 in skarn and manto-type ore, respectively). 
The primary source of Cd is sphalerite because hypo-
gene greenockite is uncommon. The strong geochemi-
cal correlation between Zn and Cd in the calamine ore 
indicates that the Cd is fi xed mainly in the smithsonite. 
Supergene Cd-bearing minerals (e.g. niedermayrite, 
otavite) are only minor constituents of the ore. Gree-
nockite, where it occurs as coatings on smithsonite or 
in close association with oxidized sphalerite, may be of 
supergene origin because it is stable in acidic solutions 
under weakly oxidizing or reducing conditions 
( Takahashi, 1960 ). Indium is contained in roquesite, 
sphalerite and Cu-sulfi des and sulfosalts. The rare indium 
hydroxide dzhalindite has been identifi ed. Cobalt, Ni 
and Au are liberated from the crystal lattice of arseno-
pyrite and pyrite in the course of weathering, whereas 
Ag, Sb and Bi are derived mainly from galena and the 
sulfosalts. The low Au content of the gossan and the 
supergene non-sulfi de mineralization compared with 
that of the hypogene ore suggests liberation and chem-
ical remobilization of the element during oxidation of 
gold-bearing sulfi des. It further suggests that Au was 
not re-precipitated in the supergene environment. In 
the presence of carbonate buffer  , as in the case of Lavr-
ion marble, Au mobilization is possible as a thiosulfate 
complex ( Zeegers & Leduc, 1993  and references 
therein). The source of phosphorus is attributed to de-
struction of phosphates in the host marble or accessory 
apatite of the sulfi de ore. Metapelite layers in the mar-
ble or the “Kaesariani schists” may be a potential vana-
dium source for the uncommon supergene vanadates 
(e.g. descloizite).  

  6.2 Physicochemical conditions of deposition 

 Using data provided mainly by  Vink (1986), Magalhaes 
 et al.  (1988)  and  Williams (1990)  we attempt an appro-
ximate evaluation of depositional conditions for the 
supergene ore. 

 The neutralizing species in the ore-hosting rocks are 
calcite, magnesium-bearing carbonates and minor 
phosphates (apatite gangue and minor phosphates in 
the country rocks). Iron oxyhydroxides can precipitate 
and persist over a wide pH range, with goethite domi-
nating at values of 3 – 6, but easily transformed to he-
matite upon dehydration ( Thornber & Wildman, 1984 ). 
The lack of jarosite in the supergene iron ore bodies 
indicates that the pH of the drainage waters was >3 
( McGregor & Blowes, 2002 ). Zinc is the most mobile of 
the base metals, and in solutions containing sulfate, 

carbonate, hydroxyl and chloride anions ZnSO4 0  
and Zn(OH) 2  0  are the dominant complex ions, while 
ZnCO 3 , Zn(OH) 2  and Zn 4 (SO 4 )(OH) 6  are the phases 
limiting Zn solubility ( Mann & Deutscher, 1980 ). The 
solubility of zinc hydroxide is not related to the total 
content of carbon dioxide in solution, but is a function 
of pH. The occurrence of smithsonite in the supergene 
ore bodies indicates that the acidic, SO 4  2− -rich waters 
became less acidic during water – marble interaction, 
causing precipitation of Zn species such as ZnCO 3 . 
Smithsonite is stable at intermediate to high pH values 
buffered by the carbonate host rocks and high P CO2  
conditions. The predominance of smithsonite over 
hydrozincite suggests relatively high P CO2  ( Williams, 
1990; Boni  et al. , 2003 ). Smithsonite is least soluble 
in natural waters that have a pH between 6 and 8 
( Takahashi, 1960 ). Precipitation of azurite and malachite 
from cupric ion-bearing solutions takes place at pH be-
tween 6 and 8, depending on CO 2  partial pressures, 
with malachite being the stable carbonate phase under 
atmospheric conditions and azurite crystallizing at 
equilibrium under somewhat more elevated pressures 
of CO 2 , under lower pH and within a narrow zone of 
Cu 2+  activity (between log  a Cu 2+   – 5 and  – 2) ( Symes & 
Kester, 1984; Vink, 1986 ). The local occurrence of smith-
sonite apart from malachite might be a result of Cu ac-
tivity in solution and the overall greater mobility of 
Zn 2+  versus Cu 2+  ions in the supergene environment 
( Mann & Deutscher, 1980 ). The occurrence of second-
ary phosphates (e.g. pseudomalachite) shows the sta-
bility of pentavalent phosphorus (PO 4  3− ) throughout 
the supergene environment. Pseudomalachite is stable 
under neutral to slightly acidic pH conditions (approx. 
7 – 3), depending on the activity of Cu 2+  ( Magalhaes 
 et al. , 1986 ), a conclusion in accord with the occurrence 
of pseudomalachite in  in situ  oxidized zones of some 
porphyry copper deposits (e.g. Radomiro Tomic, Chile; 
 Cuadra & Rojas, 2001 ). Gypsum and minor amounts of 
complex sulfates (e.g. cyanochroite) were formed dur-
ing the same process. Arsenic occurs mainly with Cu, 
Fe and Pb as chenevixite, clinoclase, and beudantite 
and with Zn as adamite. Clinoclase and olivenite form 
under a wide range of neutral – slightly acidic pH con-
ditions and Cu 2+  activities from appropriate supergene 
solutions. Olivenite crystallizes at higher copper and 
arsenate concentrations and lower pH relative to clino-
clase ( Magalhaes  et al. , 1988 ). Of the two intermediate 
members of the paragenetic sequence, clinoclase    corn-
wallite    cornubite    olivenite, only the second occurs 
uncommonly at Lavrion. Because the paragenetic rela-
tions of the cornwallite to the other members of the 
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 sequence is unknown, an evaluation of pH conditions 
is impossible. Further research is needed to evaluate 
the possibility of As adsorption onto goethite and he-
matite. Adamite is a common mineral in the ore bodies 
as a result of the wide range of chemical conditions 
(pH 3 – 7) under which it is stable ( Williams, 1990 ). The 
occurrence of hemimorphite in the calamine ore along 
with the minor silica detected in supergene ore bodies 
shows that silica was released and mobilized, from 
silicate minerals in the dike rocks, the Kaesariani schists 
and impure marble layers. Breakdown of silicate min-
erals resulting from acid attack during the gossan-
forming process results in supersaturation in SiO 2  in 
drainage waters and precipitation of supergene sili-
cates and silica ( Thornber, 1985 ). 

 The effect of weathering and supergene processes 
at Lavrion is also recorded in groundwater quality. 
The lithological characteristics of Lavrion rocks com-
bined with local tectonic structures and the exten-
sive underground mine workings provide appropriate 
hydro geological conditions for groundwater move-
ment. Specifi cally, carbonate formations, the lower 
and upper marble, that compose the main aquifer 
have high permeability due to the intense fracturing 
that aided karst development. The present water ta-
ble, lying approximately 5   m above sealevel, has an 
eastward hydraulic gradient towards the sea. High 
heavy metal (Pb, Cd, Zn, Ni) concentrations were 
measured in groundwater samples collected within 
the historical Lavrion mining area by  Stamatis  
et al.  (2001) . Interestingly, in their factor analysis 
model, Zn is separated from the rest of the elements, 
suggesting that a different process controlled 
Zn solubility.   

  7. Conclusions 

 The supergene iron ore and calamine at the Lavrion 
deposit were formed by supergene processes involv-
ing downward-penetrating water, oxidation of hypo-
gene sulfi de mineralization, partial mobilization of 
elements and their re-precipitation in open spaces de-
veloped by interaction of acidic water with marble. 
Part of the iron in the pyritic portion of the sulfi de ore 
remained as gossan. The age of the supergene ore is 
poorly constrained, but presumably Pliocene. Mineral 
deposition was controlled mainly by pH conditions, 
P CO2 , metal ion activities (e.g.  a (Cu 2+ ),  a (Zn 2+ ) and 
 a (SO 4  2− ) and Eh. Formation of supergene minerals took 
place under near-neutral to mildly acidic conditions. 
Further experimental work, however, on parage-

netic sequences and equilibrium models, particularly 
relevant to sulfate and arsenate minerals, is clearly 
required to better constrain the physicochemical 
conditions of deposition of the various mineral 
assemblages. 

 Weathering processes acting on the Lavrion massive 
sulfi de ore resulted in the formation of supergene 
ore bodies, including beautiful mineral specimens, 
several of them with Lavrion as the type locality (e.g. 
serpierite, niedermayrite, ktenasite, kapelassite). Gossan 
formation had a strong negative impact on the envi-
ronment, whereas the formation of the supergene ore 
bodies was important from an environmental point of 
view because large quantities of toxic metals and oxy-
anions were fi xed in the supergene minerals, resulting 
in a signifi cant Fe and Zn resource. 

 In mode of occurrence and origin, the Lavrion cala-
mine ore is similar to most of the non-sulfi de zinc 
deposits described by  Hitzman  et al.  (2003), Boni and 
Large (2003)  and  Boni  et al.  (2003) .    
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