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Abstract. ‘Heavy-mineral sands’ are deposits of heavy 
minerals hosted by sediments of sand, silt and clay in 
coastal environments. Their formation begins inland and 
these sands are deposited through various physico-
mechanical processes in the coastal environment. 
Heavy-mineral sand can be of high economic importance 
as they include valuable metals. Twenty-six samples 
were collected along the entire coastline of Milos Island 
and one sample from Kimolos Island Samples were 
analyzed for their mineralogical composition and also 
trace element analysis was performed (PXRD, SEM/EDS 
and XRF). Most of the samples studied indicate their 
origin as weathering products of mainly volcanic rocks, 
barite and polymetallic deposits. Among the samples, 
several are significantly enriched in titanomagnetite, 
ilmenite and barite. Moreover, the geochemical analysis 
revealed that samples from the coastal areas of Milos 
Gulf, Triades (west Milos Island) and Ellinika (SW 
Kimolos Island) are enriched in elements such as Ag, As, 
Mn, Pb, Sr, Zr, V, W and REE. 
 
1 Introduction 
 
The term ‘heavy-mineral sands’ is commonly referred to 
deposits of heavy minerals hosted by sediments of sand, 
silt and clay in coastal environments (Van Gosen et al. 
2014). Heavy sands are deposited and redistributed 
through multiple physico-mechanical processes in 
various environments, such as deltas, the beach face, 
offshore, dunes, barrier islands and tidal lagoons (Cronan 
2003). Igneous and metamorphic rocks are a significant 
source of the heavy minerals that are deposited in coastal 
environments and often contain illmenite, rutile, zircon, 
garnet, monazite and kyanite (Van Gosen et al. 2014). 

The coastline of the Mediterranean Sea is rich in 
heavy-mineral sands of volcanic origin, where several 
volcanoes are still active (Braccini et al. 2013). In the case 
of Greece, a few studies exist regarding heavy-mineral 
coastal sands. These studies focus on the following 
areas: the coastal area of Kavala (Ioakeim 2016), 
Sithonia Peninsula at Chalkidiki (Papadopoulos et al., 
2015), Touzla Cape near Thessaloniki (Fillipidis et al. 
1997), Nisyros Island (Tzifas et al. 2017) and selected 
islands of the Atticocycladic zone (Papadopoulos 2018). 
However, the economic importance of the Greek heavy-
mineral coastal sands is unevenly studied. 

For the first time, heavy mineral sands are identified 
along the entire coastline of a Greek island. Mineralogical 
analysis of some of the beach sands of Milos was recently 

implemented by Kotschenreuther (2018). The aim of the 
present study is to investigate and evaluate the 
mineralogical and geochemical composition of heavy-
mineral coastal sands along the coastline of Milos Island 
and the nearby SW Kimolos Island coast, Greece. In 
addition, the study makes an attempt to identify the origin 
of specific heavy minerals and element enrichments in 
each particular case studied. 
 
2 Geological setting of Milos Island 
 
Milos Island along with the neighbouring islands of 
Kimolos and Poliegos belongs to the central part of the 
active volcanic arc of the Aegean Sea, which has an age 
of Middle Pliocene to Recent (Hoffman and Keller 1979, 
Fytikas et al. 1986). Milos Island mainly hosts volcanic 
lavas and tuffs which cover most of its surface. Upper 
Miocene sedimentary rocks occur in the south part of the 
island, whereas there is only limited exposure of the 
metamorphic basement rocks, mainly in the SE part of 
the island (Hoffman and Keller 1979; Fytikas et al. 1986; 
Valsami-Jones et al. 2005).  

Milos is comprised mainly of Late Pliocene and 
Pleistocene volcanic, pyroclastic and volcanoclastic 
rocks of dacitic, andesitic and rhyolitic composition 
(Fytikas et al. 1986; Hein et al. 2000) (Fig. 1). The island 
hosts a wide range of mineral deposits some of which 
were mined in the past, including Pb-Zn sulphides, Mn 
oxides, epithermal gold, barite, alunite, sulphur, 
diatomite, kaolin, zeolite tuff, obsidian, whereas current 
mining activity is on bentonite, perlite, pozzolanic tuffs, 
and silica (Stamatakis et al 1996; Hein et al. 2000). 
Kimolos Island also hosts industrial minerals, some of 
which are currently exploited, whereas there are ancient 
and old mining activities for the extraction of mixed 
sulfides and silver (e.g. Lykakis and Kilias 2010). 
 



886 Life with Ore Deposits on Earth – 15th SGA Biennial Meeting 2019, Volume 2 

 
 

Figure 1. Geological map of Milos Isl. by Fytikas et al. (1986). 
 
3 Materials and methods 
 
3.1 Sampling 
Twenty-six representative beach (subaerial) samples of 
black sand were collected manually along the entire 
coastline of Milos Island, as shown in Fig. 2. One 
representative beach (subaerial) sample of black sand 
(ELL 1) was collected from the SW part of Kimolos Island 
(Fig. 2) as it was detected in the past that, similar to Milos, 
black sands occur there and the island is part of the Milos-
Kimolos-Poliegos volcanic island complex (Tsokas et al. 
1995).  

 
Figure 2. Shaded relief map of Milos Island and Kimolos Island 
including the sampling sites.  
 

 
Figure 3. Black sands sampling area for sample ADA5, near 
Adamas town, Milos Island (Photo: Chris Branse) 
 

 
Figure 4. Sampling site of the KYR sample, Milos Island, where the 
magnet use appears in the small photo (Photos: Chris Branse). 
 
The samples were collected from a specific black horizon, 
extracted from the upper 20cm layer (Figs 3 and 4). 
 
3.2 Analytical methods 
 
Mineralogical analysis was carried out using a powder X-
Ray Diffractometer (PXRD) of Siemens D 5005 type, with 
copper tube and graphite monochromatographe, in 
combination with the DIFFRACplus software package at 
the laboratories of the Department of Economic Geology 
and Geochemistry (DEGG), Faculty of Geology and 
Geoenvironment (FGG), National and Kapodistrian 
University of Athens (NKUA). In addition, representative 
samples were examined under a JEOL JSM-5600 
Scanning Electron Microscope (SEM) equipped with a 
backscatter electron detector (BSE) combined with a 
microanalyzer Energy Dispersive System (EDS) 
OXFORD LINK ISIS 300, with ZAF correction quantitative 
analysis software at the laboratories of DEGG, FGG, 
NKUA. The system was operated at 20KV, 0.5nA and 
50sec dead time.  

Trace elements (i.e. Ag, As, Ba, Bi, Br, Cd, Ce, Co, Cr. 
Cs, Cu, Ga, Ge, Hf, Hg, I, La, Mn, Mo, Nb, Nd, Ni, Pb, Rb, 
Sb, Sc, Se, Sm, Sn, Sr, Ta, Te, Th, Tl, U, V, W, Y, Yb, 
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Zn, Zr) as well as, CaO, Fe2O3 and TiO2 were measured 
with the X-Ray Fluorescence (XRF) method. XRF 
analysis was performed in a Philips PW-2400 X-ray 
wavelength spectrometer in pressed powder pellets at 
the Hellenic Centre for Marine Research (HCMR). 

All samples were homogenized, dried and all coarse 
impurities (sea shells, seagrass etc.) were removed. 
 
4  Results and discussion 
 
Field observations indicate a diverse degree of 
enrichment in each beach and even in the same beach 
there are irregular spots of heavy mineral concentrations. 
It has been detected that in coastal areas (e.g. Ellinika on 
Kimolos Island), the enrichment is temporal/seasonal and 
the initial deposition follows the current coastline. 
Moreover, despite the complex path of sediment 
transport, it is documented that ilmenite is carried from a 
host rock for long distances (tens of kilometres) by fluvial 
transport (Van Gosen et al. 2014). 

Qualitative mineralogical analysis (PXRD) was carried 
out for all twenty-seven samples and the results of the 
bulk samples are shown in Table 1.   
 
Table 1. Qualitative mineralogical composition of selected black 
beach sands samples from Milos and Kimolos Islands. 

 TRI1 FYR1 ADA2 ACH4 ELL1 EMP 

Qtz MJ MJ MJ MJ MJ n.d. 
Pl MJ MD MD TR MD n.d. 

Sa n.d. TR n.d. n.d. TR n.d. 
Mag MD MD MJ MJ MJ MJ 
Hem n.d. TR MD TR TR TR 

Ilm n.d. n.d. TR TR n.d. MJ 
Brt TR n.d. MD n.d. n.d. MD 

MgHbl MJ n.d. MD n.d. n.d. MD 
Cal n.d. MD TR n.d. n.d. n.d. 
Dol MD MD TR n.d. n.d. n.d. 

Ill TR TR n.d. n.d. n.d. n.d. 
Chl/Kln n.d. TR n.d. n.d. n.d. n.d. 

n.d.: Not Detected, MJ: Major mineral, MD: Medium mineral, TR: Trace 
mineral, Qtz: Quartz, Pl: Plagioclase, Sa: Sanidine, Mag: Magnetite, Hem: 
Hematite, Ilm: Ilmenite, Brt: Barite, MgHbl: Magnesiohornblende, Cal: 
Calcite, Dol: Dolomite, Ill: Illite, Chl/Kln: Chlorite/Kaolinite 

 
Magnetite and quartz were identified as major minerals 

in most of the samples (e.g. Fig. 5b). Plagioclase 
revealed as crystalline phase of medium content (Table 
1). Ilmenite and hematite occur mostly as accessory 
minerals. Sample EMP is enriched in magnetite, ilmenite, 
barite and magnesio-hornblende, as any other 
mineralogical phases are absent (e.g. Fig. 6a,b). 
Magnesio-hornblende appears as a medium to major 
crystalline phase at the samples from Triades are and 
Milos Gulf (TRI and ADA). Barite is detected in some 
areas, such as Triades and Milos Gulf. Clay minerals are 
almost absent in most of the samples. Olsson and 
Karnland (2009) identified discrete heavy mineral 
particles, such as Ti-bearing minerals (e.g. rutile) and Fe-
bearing minerals (e.g. magnetite and 
hematite/maghemite) in bentonite tuffs at the NE part of 
Milos Island. Samples with enriched presence of ilmenite, 
magnetite and hematite (e.g. Adamas) are correlated with 

enrichment in REE (e.g. Fig. 5b). This fact according to 
Moustafa et al. (2011) and Olsson and Karland (2009) 
indicate their volcanic origin. 

SEM/EDS analysis indicates the presence of barite 
(Fig. 5a) and Sr-rich barite (Fig. 6b). According to 
Marschik et al. (2010), the Sr signature of barite in the 
wider Triades area is suggestive of a seawater 
hydrothermal system and fluid/rock interaction (Fig. 6b). 
The enrichment of As, Ag, Pb, Sb, Te and REE content 
(i.e. Adamas and Triades area) are indicative of such an 
association. Moreover, barite is present in kaolin 
deposits, which are widespread on Milos Island. Triades 
area’s samples are located at western part of Milos Island 
and present a high content of Ba (~ 8%) and As (≤ 
825ppm). Interestingly, Pb and Zn show a degree of 
enrichment, but not the highest values among the studied 
black sands. In Triades area,  Pb - Zn - Ba (Ag – Au) 
mineralization is hosted in pyroclastic rocks (Marschik et 
al. 2010). Sample ELL1 from Kimolos Island presents 
enrichment in Sn, Pb, Zn, related to the presence of 
polymetallic type of deposit. According to Hauk (1988), in 
the Unit of Milos-Kimolos-Polyegos exist Kuroko type 
polymetallic deposits, which are countered as the 
youngest (Plio-Pleistocene) worldwide. In general, 
Kuroko-type deposits are strata-bound polymetallic 
sulfide-sulfate deposits, genetically related to felsic 
volcanism in island arc systems (Sato 1977; Sawkins 
1984). The samples KYR, AGS and KAN, which were 
collected from the beaches Agia Kyriaki, Agios Sostis and 
Kanavas, respectively show the highest content of 
chromium. At these beaches, the basement rock is 
mainly Mesozoic schists. 
 

 
Figure 5. SEM microphotographs of ADA2 black sand sample from 
Milos Isl. with EDS data. a) barite (Brt) crystal (BaSO4) and b) 
titanomagnetite crystal with monazite–(Ce) [Mnz – (Ce)] inclusions. 
 

 
 
Figure 6. SEM microphotographs of EMP black sand sample from 
Milos Island along with EDS data. a) ilmenite (Ilm) grain with halite 
(Hl) crystals and b) strontian barite (Sr - Brt) crystal. 
 

Inside Milos Gulf, samples present significant 
enrichment in TiO2, Fe2O3, Mn and V. According to 
Karageorgis et al. (1998), chemical analysis of 
underwater sediments from Milos Gulf similarly show high 
values for Mn, Pb, Zn, Cr, and Sr. Especially, sample 

a b 

a b 
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ADA2 (Adamas) exhibits higher levels of As, Ba and 
LREE, such as La, Ce and Nd. Achivadolimni (Milos Gulf) 
sample ACH4 presents high Mo relative to other samples. 
Mo presence is related to apatite as SEM/EDS 
microanalysis reveals (Mo-rich apatite). Samples ACH3 
and ACH4 exhibit high Zr, Mo, W, Hf and Ga values, 
indicative of the presence of higher temperature metallic 
deposits in that part of the island.  
 
5 Conclusions 
 
The majority of the studied samples are the weathering 
products of the nearby volcanism. The black sands 
chemistry is controlled by their mineralogical 
composition.  Barite is associated with and without Sr. 
Feldspar, quartz, carbonates, and clay minerals are of 
various origins, such as Neogene sediments, lahar, 
volcanic and metamorphic rocks. Iron is not exclusively 
associated with Ti, as titanium occurs in various 
percentages within magnetite, but also forms illmenite. 
REE content is also related to volcanism. Coastal sands 
with adjacent hinterland composed of metamorphic rocks 
present a lower heavy mineral content, while samples 
inside Milos Gulf, Triades area (west Milos Island) and 
Ellinika (SW Kimolos Island) present an enriched heavy 
mineral content and are promising for further exploration. 
Differences in heavy mineral content among the same 
beaches may be attributed to many variables, such as 
fluvial transport, onshore erosion and sediment 
deposition by waves, tides, longshore currents or wind. 
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Abstract. In the northeast of Kimolos Island, zeolitic tuffs 
occur as the underlying formation to a white bentonite 
deposit that is dipping at an angle of 30o towards the NE. 
Off-white pumiceous tuffs are developed as a thick cover 
of the bentonite deposit. The aim of the present research 
is to characterize these industrial rocks, and to define 
their genetic relationship. Representative bulk samples 
were examined by XRD, XRF and SEM techniques. 
Three major rock type zones were defined, the mordenite 
tuff, the bentonite, and the pumice tuff. The predominant 
mineral phases in the zeolite tuff are mordenite, opal-CT 
(a poorly crystalline silica polymorph), and feldspars, 
whereas smectite phases predominate in bentonite, and 
volcanic glass in the pumice tuff. Clinoptilolite occurs only 
in the bentonite, whereas barite randomly occurs in all 
zones. All samples are poor in trace elements, exceptof 
barium, whereas bentonite shows the highest content of 
magnesium. Transition zones between mordenite tuff-
bentonite and bentonite-pumice tuff were identified. The 
irregular development of the mordenite zone and the 
irregular variation of mordenite/smectite content within it, 
suggest a diagenetic origin dominated by high-heat flow 
and hot spots. Bentonite was probably formed at a late 
stage, at the expense of the unaltered pumiceous tuff. 
 
1 Introduction 
 
Significant deposits of bentonite, zeolite tuff, pozzolans 
and perlite occur on the island of Kimolos, central Aegean 
Sea. Several models and theories for the genesis of 
bentonites and zeolite tuffs have been presented on a 
global scale, some of which suggest a genetic 
relationship between them (Christidis et al. 1995; Hay 
1987; Hay and Sheppard 2001; Pe-Piper and Tsolis-
Katagas 1991; Stamatakis 1989; Stamatakis et al. 1996; 
Utada 2001). The aim of the present research is to 
characterize the bentonite, zeolite tuff and glassy tuff 
which coexist in Prassa area, NE Kimolos, and to define 
their origin and genetic relationship. In total, 24 bulk 
samples were extracted and analysed by XRD, SEM and 
XRF techniques.  
 
2 Geological setting  
 
Kimolos along with Milos and Poliegos islands comprises 
a unit within the South Aegean Volcanic Arc. The volcanic 
activity in the unit can be divided into two main periods 
(Fytikas and Vougioukalakis 1992, Francalanci et al. 
2007). Basaltic to rhyolitic lavas and pyroclastic rocks 

were erupted during the 1st period, whereas rhyolitic 
pyroclastic deposits and perlitic lava domes characterize 
the 2nd period (Francalanci et al. 2007). The rock 
composition belongs to the calc-alkaline and high-K calc-
alkaline series. In the NE part of Kimolos Island, in the 
Prassa area, greenish zeolitic tuffs are located as 
underlying rocks south-southwest of a white bentonite 
deposit that is dipping with an angle of 30o towards the 
NE, oriented in a NW-SE general direction. Towards the 
bentonite deposit, the zeolite tuffs are turning to white in 
colour, via an interval of irregular mixing of white and 
greenish tuff bodies. Off-white pumiceous tuffs partially 
cover the bentonite deposit. The glassy tuff retains its 
original pumiceous nature, whereas the bentonite and 
zeolite tuffs are fine-grained and homogenous. South of 
Prassa active bentonite quarry, off-white bentonite also 
occurs, having loose lapilli tuffs as overburden. This 
bentonite deposit was exploited before 1965 [Bouras 
Quarry], whereas borehole data in the area of Prassa 
reveal the presence of more bentonite bodies, covered by 
glassy tuffs, having thicknesses ranging from 25 to 55m 
(Kanaris 1993). The succession of the zeolitized tuffs, the 
white bentonite and the white glassy pumiceous tuffs 
belong as an undivided formation to the Prassa Ignimbrite 
or Prassa Tuff, which has an age of 2.0-1.7 M.a. (Fytikas 
and Vougioukalakis 1993; Lykakis and Kilias 2010). 
 
3 Fieldwork and rock sampling 
 
Even though there have been a series of publications on 
the bentonite and zeolite tuffs of Kimolos and 
neighbouring islands, there is as yet no complete model 
for the formation of these industrial minerals and rocks, 
and their relationship with the almost unaltered glassy tuff 
which overlies the bentonite deposit (Marcopoulos and 
Christidis 1989; Francalanci 1997; Godelitsas et al. 2010; 
Kanaris 1993). To identify the relationship in between the 
zeolite tuffs, bentonite, glassy pumiceous tuff and the 
dark volcanic breccio-conglomerate, as well as the 
neighbouring geological formations, a total of 20 samples 
were obtained from these raw materials, as well as 2 
samples from the neighbouring bentonite deposit of 
Bouras Quarry and 2 more from the neighbouring 
tuffaceous formations of Vromolimni and Monastiria (Fig. 
1). Intense active tectonics is present in the Prassa area, 
as documented by Louis et al (2003) and Francalanci et 
al. 2007. The significant dip of the currently mined 
bentonite towards the NE, contrary to the other bentonite 
deposits in the Prassa area (see Kanaris 1993), is due to 
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neotectonic faults.   
 

 
 

Figure 1. a. Geological map and b. sampling sites in the Prassa 
area, NE Kimolos (Lykakis and Kilias 2010). PT: Prassa 
Tuff/Rhyolitic pumice flow units with ground and ash cloud surges, 
GL: Geronikola Lavas/Basaltic-andesitic lava flows and scoriae fall 
deposits, VT: Vromolimni Tuffs/Shallow marine pumice flow 
deposits, PTr: Prassa Tuff reworked/Epiclastics. 
 
4 Analytical techniques 
 
Twenty-four bulk rock samples of 5kg each were milled 
to <100μm using an agate mill. They were mineralogically 
and chemically analysed by XRD and XRF techniques. 
Textural examinations and microanalyses were 
performed by SEM/EDS.  

 
5 Results 
 
The XRD analysis suggests that the volcanic succession 
of the Prassa Ignimbrite can be subdivided at a macro-
scale into three distinct zones: i) the zeolite tuff zone, ii) 

the bentonite zone and iii) the glassy tuff zone. The 
zeolite zone is mainly composed of mordenite, opal-CT 
and high sanidine, the bentonite zone is almost 
exclusively composed of smectitic clays, and the glassy 
zone is mostly composed of volcanic glass. The zeolite 
zone is the most irregular one, as white smectite-rich 
irregular patches of some meters occur within the 
greenish mordenite tuff, whereas mordenite was detected 
in traces, even in the glassy zone. Clinoptilolite occurs in 
trace amounts in the bentonite and in the transition zone 
of bentonite to glassy zone. It was noticed that there exist 
two transition zones, one in between zeolite tuff and 
bentonite, and another in between bentonite and volcanic 
glass. In the transition zones, mixture mineral phases 
occur. Southwards, the bentonite of Bouras Quarry 
contains higher amounts of clinoptilolite, compared with 
Prassa Quarry, but not mordenite. In Bouras Quarry, the 
glassy tuff has been eroded and the bentonite 
overburden is mostly loose volcanic sand and gravel. The 
tuff samples collected from the neighbouring areas of 
Vromolimni and Monastiria (Fig. 1) belong to other 
Prassa Ignimbrite formations and are free of authigenic 
silicates. 

Under the SEM, the zeolitized tuffs are mainly 
composed of cryptocrystalline groundmass and only 
locally occur in fissures and pores, curved hair-like 
mordenite crystal assemblages formed, with opal-CT 
lepispheres (Fig. 2). Successive deposition of mordenite 
mineral assemblages, directly replacing volcanic glass is 
common. It is suggested that most of mordenite was 
formed by a solid-solid inversion mechanism of the 
volcanic glass. Euhedral authigenic K-feldspar crystals, 
indicative of the existence of high heat flow rates during 
the formation of authigenic aluminosilicates and silica 
polymorphs, were detected in the zeolite zone, 
sometimes replacing early formed mordenite and/or 
plagioclase (Fig. 3).  

The bentonite beds are composed of massively 
stacked montmorillonite flakes (Fig. 4). In addition, 
another zeolite, clinoptilolite was detected in euhedral 
mineral assemblages in the bentonite zone and the 
transition zone of bentonite to volcanic glass of Prassa 
and the Bouras quarries. Interestingly, some of 
clinoptilolite was formed at the expense of a mordenite 
precursor (Fig. 5a). It is known that clinoptilolite is formed 
at lower temperatures than mordenite in hydrothermal 
systems (Pe-Piper and Tsolis-Katagas 1991; Tsolis-
Katagas and Katagas 1989). The general trend of the 
clinoptilolite crystal growth is as a late stage deposition, 
developed above mordenite aggregates in the 
intermediate zone of bentonite to volcanic glass. Silicified 
worm-like trace fossils and microbial assemblages occur 
in bentonite, in both Prassa and Bouras Quarry 
(Fig.6a,b). Samples from the glass zone are composed 
almost exclusively of vesicular volcanic glass particles 
(Fig. 5b).  

Chemical analysis revealed that the succession 
studied is poor in trace elements, except of barium, 
whereas EDS microanalysis showed that smectites are 
rich in MgO, and mordenite and feldspars are rich in K2O.  
 
 

a 

b 
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6 Diagenetic implications  

 
In the west of Kimolos Island, diagenetic alteration of 
volcanic glass to zeolites has been found in porous 
clinoptilolite tuffs and hard massive mordenite tuffs 
(Fragoulis et al. 1997). In the NE of Kimolos, according to 
the recent findings on the distribution of authigenic 
silicates in the field, the laboratory results and literature 
data, we conclude that in the Prassa area, an original 
pumiceous glassy tuff belonging to Prassa ignimbrite 
formation, was partially and irregularly transformed to K-
rich mordenite, K-feldspar-bearing tuff, under high heat 
flow rates, originated from multiple hot spots. Louis et al. 
(2003) (Fig. 7) had already detected in south Prassa a 
field of high heat flow rates, with multiple centres which 
were assumed to have been more intense during late 
Pliocene-Pleistocene volcanism. At a later stage, part of 
the unaltered pumice tuff, but also part of the mordenite 
tuff were transformed to smectite clays, opal-CT and 
clinoptilolite, under different pore fluid chemistry which 
was Mg- and Na-dominated, and under lower 
temperature conditions. Vesicular volcanic glass shards 
sometimes occur in the bentonite zone and scantly in the 
mordenite zone, indicating a common pumice tuff 
precursor. 

The diagenetic reactions took place in an open 
hydrological system by the action of alkaline 
groundwater, under conditions of high and moderate heat 
flow rates. Measurements and observations during 
mining operations and drillings in Bouras Quarry revealed 
the existence of upwelling warm water with temperatures 
of 35°C at the surface, and 52°C at 50m depth (Louis et 
al. 2003). The same authors suggest that there was a 
very significant geothermal anomaly in the past. The 
intense tectonism in the area promoted the circulation of 
hot groundwater, especially close to the fractured 
surfaces. This model explains the diverse content of the 
authigenic minerals in the mordenite zone, even in 
samples that were collected less than 1m from one 
another. It is assumed that the fluids responsible for 
mordenite formation were probably higher temperature 
than those of clinoptilolite due to high heat flow rates 
originating from the emplacement of lavas in their vicinity. 
The presence of trace fossils within the tuffs is a new 
finding and suggests a specific fluid composition and 
temperature during deposition and early diagenesis. 
Clinoptilolite is more abundant in the southern outcrops 
of bentonites (Bouras Quarry), even though the 
transformation of the volcanic glass to smectite clays is 
immature and mordenite and authigenic K-feldspar are 
absent. It is concluded, therefore, that the Prassa 
ignimbrite was influenced by fluids of diverse chemistry 
and temperature, most likely in repeated periods since 
the Upper Pliocene. The presence of multiple hot spots is 
proved by the irregular development of mainly the zeolite, 
the hottest zone, and subsequently the bentonite zone 
which varies in size and shape. 

 

 
Figure 2. SEM microphotograph of the montmorillonite-mordenite 
intergrowths in the zeolite-rich beds. 
 

 
Figure 3. SEM microphotograph of neoformed K- feldspar crystals 
in successive periods. Mordenite residuals [right centre] have 
partially escaped their substitution by K-feldspar. 
 

 
Figure 4. SEM microphotograph of the montmorillonite-rich beds. 
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Figure 5. SEM microphotograph of (a) euhedral clinoptilolite blade 
crystals replacing early formed mordenite in bentonitic groundmass 
/transition zone of bentonite to glassy tuff and (b) unaltered volcanic 
glass shard, developed in the glassy tuff zone. 
 

 
Figure 6. SEM microphotograph of (a) silicified trace fossils 
developed in the bentonite zone and (b) silicified worm-like trace 
fossils developed in the bentonite zone. 
 

 
Figure 7. Heat flow rates in the south Prassa area (after Louis et al. 
2003). 
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Abstract. Unlike other gems like diamond and corundum, 
opal is not forged in the heat and pressure of the earth, 
but at the surface. Composed of silica, which is by far the 
most abundant constituent in the earth’s crust (and other 
terrestrial planets), the opal’s specific microstructure is 
the origin of its striking beauty. The alteration of silicate 
by aqueous fluid releases the constituting silica, which is 
then transported by fluids until physical or chemical 
changes induce the precipitation into opal. Identifying the 
exact source of silica and the physical and chemical 
conditions required for gem opal formation remains 
challenging. Using the case of Wegel Tena, we 
demonstrate how to identify the process involved in gem 
opal formation. Petrological examination of opal host-
rocks provides significant hints to understand the context 
for opal precipitation. Geochemical signatures of opal 
inform on the silica source and chemical conditions 
during fluid transportation. An improved genetic 
classification of gem opal is also proposed. 
 
1 Introduction 
 
Opal is the hydrated amorphous variety of silica formed 
from the precipitation of silica-supersaturated fluids. Two 
types of opal have been categorized according to their 
atomic structure using X-ray diffraction: opal-A is purely 
amorphous silica whereas opal-CT is poorly crystallized, 
(disordered cristobalite and tridymite; Jones and Segnit 
1971; Elzea and Rice 1996). Both types of opal can be 
gems. Among gem opals, precious opal displays a play 
of colour, an optical phenomenon exhibiting patches of 
pure spectral colours moving over the stone, whereas 
common opal does not. The regular arrangement of silica 
spheroidal units of 150-300 nm in diameter is responsible 
for this play-of-colour (Sanders 1964; Darragh and 
Sanders 1965).  

On Earth, opal forms in various geological 
environments: deep-ocean to lacustrine sediments 
(Murata and Randall 1975; Hein et al. 1978; Rice et al. 
1995), geothermal sites (Jones and Renaut 2003), 
weathering profiles (Thiry and Milnes 2017) and volcanic 
to volcano-sedimentary host-rocks (Berlo et al. 2018). In 
all cases, opal formation is due to water circulation that 
alters silicates constituting the crust releasing silica in the 
fluid. A change in the chemical and/or physical condition 
will trigger the silica precipitation into opal. Three distinct 
processes for opal genesis have been identified: 
biological precipitation, continental weathering, and 
hydrothermal activity. Even if microorganisms (e.g. 

diatoms and radiolaria) are the main opal producers on 
Earth (DeMaster 2014), no gem opal has been 
documented to form through biological precipitation. Gem 
opals are thus associated with either hydrothermal 
activity or continental weathering. The main challenge of 
gem opal geology is to identify which of these two 
processes is involved.  

The aim of this paper is to show how petrological 
examination and geochemical investigation provide 
significant information for reconstituting the geological 
history of gem opal formation.  
 
2 Petrology of opal deposits 
 
Precious opal deposits are known all over the world but 
remain scarce. Australian opals are found in Cretaceous 
sandstones and shales (Senior et al. 1977; Dutkiewicz et 
al. 2015). Opal is embedded in volcano-sedimentary 
rocks in Slovakia (Rondeau et al. 2004), Indonesia 
(Sujatmiko et al. 2005), Mexico (Gaillou 2006), or at the 
interface between sedimentary and magmatic intrusions 
in Brazil (Bartoli et al. 1990). In these deposits, the 
process responsible for gem opal formation 
(hydrothermal activity or continental weathering) is not 
always clear. Here, we focus on the petrological features 
specific to the Wegel Tena Ethiopian deposit as an 
efficient example to identify the genesis process. 
 
2.1 Wegel Tena deposit (Ethiopia)  
 
The Wegel Tena deposit was discovered in 2008 in the 
Oligocene volcanic traps in the North of Ethiopia 
(Rondeau et al. 2009). Gem opal is extracted from 
horizons hundreds of metres wide and tens of metres 
thick, stratigraphically conforming to the rhyolitic 
ignimbrite sequence (Rondeau et al. 2012; Chauviré et 
al. 2017a). Opal-bearing horizons are highly weathered 
compared to sterile ignimbrite. These field observations 
indicate a formation by weathering occurring between the 
depositions of volcanic rocks.  

A petrographic examination reveals a microgranular 
microstructure cemented by opal, with granules 
composed by clays, and illuvial clays coating the opal-
filled porosity (figure 1 ; Chauviré et al. 2017a). These 
features are typical of pedogenesis, that develops when 
rhyolitic rocks are exposed to meteoric water that alter the 
constituting minerals (especially glass and feldspar) 
releasing a large amount of silica. Chauviré et al. (2017a) 
proposed that isolation of the weathered layer by the 
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deposition of the following ignimbrite might trigger the 
precipitation of gem opal. 

However, weathering of volcanoclastics is a very 
common process on Earth. It commonly generates 
precipitation of common opal and very rarely precious 
opal, although the geological context does not display 
obvious, specific characters for precious opal deposits. 
One critical observation is that precious opal nodules or 
masses are often found in the immediate vicinity of 
masses of common opal, or empty cavities, at the 
centimetre scale. Therefore, the specific conditions 
required for precious opal genesis are encountered 
altogether in a given cavity when missing in the 
neighbouring cavities filled by common opal. Such local 
variations may be induced by poorly circulating 
underground waters, separating evolution of 
neighbouring cavities in terms of chemical and physical 
conditions for silica spheres growth and precipitation. 
Regional conditions enhancing local variations of 
confinement at the centimetre to meter scale may be key 
for gem opal to form in general.  
 

Figure 1. Typical opal-bearing horizons in Kok Woha mine (Wegel 
Tena, Ethiopia). Micro-granular structure and illuvial clays are typical 
feature of pedogenesis. 

 
3 Geochemistry of opal 
 
Minor and trace elements can be used to trace the source 
of silica and the chemical conditions of opal precipitation. 
Geochemistry of opal has been intensively investigated 
on Australian opal (Brown et al. 2004; Dutkiewicz et al. 
2015), demonstrating that silica originates from the 
weathering of sedimentary and volcanic rocks. The global 
study of Gaillou et al. (2008) has shown strong variations 
in the geochemical signature of opal, each reflecting the 
composition of its host-rock.  
  
3.1 Minor and trace elements 
 
Wegel Tena opals exhibit a clear correlation between Ba, 

Sr and Eu (figure 2 ; Chauviré et al. 2019), which are the 
typical substituting elements in feldspar (Icenhower and 
London 1996). Therefore, even if volcanic glass is one 
the main silica provider during the weathering of volcanic 
rocks (Gislason et al. 1996), feldspar may have 
participated in the silica-enrichment of the fluid. 
Moreover, two samples are much enriched in minor and 
trace elements, suggesting a higher degree of 
weathering. Trace element composition is strongly 
variable from one sample to another in the deposit, 
consistent with the assumption of a local environment 
specific for each opal.  
 

 
Figure 2. Barium and strontium correlation measured on Wegel 
Tena opal (from Chauviré et al. 2019), demonstrating the role of 
feldspar weathering in the source of silica.  
 

REE patterns of Ethiopian opal provide information for 
the source of silica. In volcanic rocks, Eu anomaly is 
usually due to the feldspar fractionation during magmatic 
differentiation, explaining the negative Eu anomaly of 
Wegel Tena ignimbrite (Ayalew et al. 2002). We 
proposed that positive Eu anomaly measured in opal is 
due to a preferential weathering of feldspar compared to 
glass. The Ce anomaly, commonly related to variations in 
redox conditions (Braun et al. 1990), is observed in opal. 
Ce may be used as a proxy for chemical conditions during 
the fluid transportation. The high variability of 
geochemical signature in Wegel Tena opals suggests 
that source of silica and conditions of precipitation 
strongly vary from a cavity to another, underlying the role 
of local confinement in the formation of precious opal.  
 
3.2 Oxygen isotope 

 
Oxygen isotope in silica is a powerful tool to trace the 
forming fluid and/or the temperature of formation. Silica 
precipitating at high temperature have a lower δ18OSMOW 
(from 3 to 23 ‰) than silica forming at low-temperature 
(from 25 to 32 ‰: Sharp et al. 2016 and references 
therein). In the case of Wegel Tena opals, the δ18OSMOW 
ranges from 26.5 to 31‰ (Chauviré et al. 2019). Isotopic 
measurement can be used to calculate the temperature 
of precipitation of opal, by assuming the isotopic 
composition of the forming fluid. The hypothesis most 
consistent with paleoecological studies (e.g. Abbate et al. 
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2014) suggest that Wegel Tena opals precipitated 
between 18 and 21 °C, an ambient temperature in 
agreement with the pedogenetic model.  

 
4 Toward a genetic classification 
 
In the literature, especially in the gemological literature, 
many studies distinguish between “sedimentary opal” and 
“volcanic opal” (i.e. Smallwood et al. 2008; Dutkiewicz et 
al. 2015) with reference to the nature of the host-rock. 
Indeed, many gem opal deposits are hosted in 
sedimentary and volcanic rocks (e.g. respectively in 
Australia and Mexico). However, many others are hosted 
in volcano-sedimentary rocks, which makes 
uncomfortable the distinction between "sedimentary" and 
"volcanic" opals.  More importantly, one could extrapolate 
that opal in sedimentary rocks are formed by weathering 
and volcanic opal related to hydrothermal activity. 
However, several cases demonstrates that this 
assumption is not correct:   Coenraads and Zenil (2006) 
show that precious opal in fresh basalt formed through 
continental weathering of overlaying volcanoclastics, and 
the similar case of Tirtriya Mine in Ethiopia (Chauviré et 
al. 2017a).  

To avoid any confusion, we propose to use the terms 
"hydrothermal opal" and "weathering opal", which are the 
basis of a genetic classification. A careful examination of 
the petrography and geochemical signatures is required 
to characterize precisely the process of genesis.  In the 
case of the Wegel Tena deposit, petrological features 
point toward a pedogenetic origin, and oxygen isotopes 
point toward low temperatures of precipitation. All this 
lead to ascribe a pedogenetic origin to these opals, a 
process belonging to the wider family of continental 
weathering processes.  

 
5 Perspective: water configuration 

 
Opal contains up to 15 wt. % of water (Adams et al. 1991). 
Water occurs in two main species: molecular water that 
can be trapped in the porosity or adsorbed at the silica 
surface, and hydroxyl groups attached to silicon atom 
(silanols). Both species and their possible configurations 
can be discriminated by near infrared spectroscopy 
(Langer et al. 1974). Recently, Chauviré et al. (2017b) 
has demonstrated that hydrothermal opal and weathering 
opal differ by the shape of near infrared absorption bands 
(figure 3). A geometrical criterion, called CRC (for 
Concavity Ratio Criterion), has been created to quantify 
the shape difference and efficiently discriminate 
hydrothermal and weathering opal.  

The water configuration has recorded the chemical 
and/or physical conditions of opal precipitation. However, 
the exact control of the geology in this variation 
(temperature, pH) remains unknown.   

 

 
Figure 3. Variation of the near infrared absorption bands according 
to the genesis (from Chauviré et al. 2017a).  

 
6 Conclusion 
 
Opal is one of the rare gem minerals that forms very close 
to the surface, enabling to record specific supergene 
conditions during its precipitation. In the case of Wegel 
Tena opal deposit, the combination of petrological 
examination and geochemical signature was required to 
assess the exact geological process involved. All 
observations and measurements confirm the 
pedogenetic model, a particular case of weathering, for 
Wegel Tena gem opal deposit.  

The identification of the process involved is a key for 
gem opal exploration. Therefore, pedogenesis may have 
been occurred all over the Oligocene Ethiopian Traps. 
Chauviré et al. (2017a) observed several opal-bearing 
horizons one above the other, multiplying the potential for 
opal extraction. 

Other precious opal deposits worldwide suffer of 
uncertainties on their geological conditions of formation. 
This is sometimes due to a lack of studies, sometimes 
due to the difficulty to interpret data into an unambiguous 
way. One recent way investigated to constrain the 
geological origin of opals is the interpretation of infrared 
spectral features (Chauviré et al. 2017b). This already 
proved powerful on Earth, although spectral criteria are 
still under development. this may also be powerful to 
reconstruct geological history on Mars, as hydrothermal 
activity and continental weathering tell so contrasting 
stories (Pineau et al. 2018).  
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Abstract. Gem sapphire deposits from the basaltic 
Cenozoic magmatism of the French Massif Central were 
eroded by the Loire River and its tributaries. New placers 
formed downstream up to the beach of Brétignolles-sur-
mer on the Atlantic Ocean.  
 
1 Introduction  
 
Alluvium and colluvium gem sapphires are common in the 
basaltic fields of the French Massif Central (Lacroix, 
1901). These deposits have been exploited since the 
Middle Age (Forestier, 1993) and are constantly panned 
by enthusiasts of mineralogy. The Loire, the longest river 
in France with a length of 1006 km, with its tributary the 
Allier, drains a large fraction of the French Massif Central 
(FMC). Placer deposits are located on both rivers within 
the volcanic areas of the Chaîne de la Sioule, Chaîne des 
Puys, and Velay (Fig. 1). In 2002, Goujou described a 
marine placer at the beach of Brétignolles-sur-mer, on the 
Atlantic Ocean, located at around 100 km south of the 
estuary of the Loire River (Fig. 1). In 2003, a sapphire 
placer was discovered on the Loire, at the city of Gien, 
located about 100 km downstream from its confluence 
with the Allier (Perinet, 2010). 

The present contribution compares the mineralogy and 
geochemistry of sapphires from the FCM, Gien and 
Brétignolles-sur-mer in order to discuss the ability of the 
Loire River to transport corundum from the central part of 
France to its estuary at the Atlantic Ocean, prior to the 
construction of dams.  
 
2 The placers of sapphires from the Loire and 

Allier rivers to the Atlantic Ocean 
 
2.1 The placers 
 
In the FMC (Fig. 1), volcanic sapphires generally occur in 
placer deposits (Sioulot in the Puy de Dôme, Riou 
Pezzouliou-Espaly, Le Puy and Taulhac in the Haute 
Loire), and occasionally in colluvium formed on the slopes 
of the strombolian cones of Mont Coupet and Mont 
Croustet (Giuliani et al., 2009; Gaillou et al., 2010). 
Xenocrysts of sapphire have also been found in magmatic 
phreatic tuffs, strombolian tuffs and lavas as in the Menet 
trachyte quarries and in the Mont Croustet cone 
(occurrences of Croustet, Denise, Bilhac, Vialette, 
Taulhac, Vissac). 

The Chambon-le-Château sapphire occurrences are 
related to isolated basaltic cones intruding the Margeride 
granite. The volcanic rocks are alkali basalts and 
basanites containing peridotite, pyroxenite, amphibolite, 

and nepelinitite xenoliths. The blue sapphires are found 
in colluvium and alluvium sediments. The strombolian 
cone of Chomelix intrudes the Velay granite and the 
sapphire occurs in the alluvium fans of a creek that 
crosscuts the basanites. A number of zircons associated 
with sapphires have been dated using the U-Pb method 
by laser-ablation ICP-MS (Paquette et al., 2009). Zircon 
and sapphire occurred at various times, from 20.3 ± 0.5 
Ma in the Limagne to 956 ± 11 ka in the Velay, indicating 
a continuous magmatic process throughout the volcanic 
history of the FMC 

 

Figure 1. Distribution of the placers of sapphires along the Loire and 
Allier rivers, and the Atlantic Ocean. The source of sapphire deposits 
(I) is located in colluvium and alluvium of the French Massif central, 
and in the Loire and Allier rivers: (1) Le Puy, Espaly, Taulhac, Le 
Mont Croustet, Chomelix at the North of Espaly; (2) Le Mont Coupet; 
(3) Chambon-le-château; (4) Les Monts Dore with Le Puy de St 
Sandoux; and (5) la Chaîne des Puys with Le Sioulot. The placer of 
Gien (6) is located 100 km downstream of the Allier river confluence 
with Loire. The marine placer (7) is located at Brétignolles-sur-mer. 
Typical blue sapphires from the different areas are also presented. 
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The marine placer of Brétignolles-sur-mer was 
reported in the 90's (Goujou, 1992) and has been 
described by Goujou (2002). It concerns heavy fine-
grained sands formed by reddish garnet, ilmenite, 
magnetite, staurotide, rutile, zircon, and rare tourmaline, 
epidote, amphibole, kyanite, apatite, anatase, limonite 
and sapphire. 

The placer of Gien was discovered in 2003 by panning 
after an exceptional annual period of low flow and high 
flood of the Loire River (Périnet, 2010). The sapphires 
were located in highly supplied alluviums in large flint 
elements, ferruginous nodules, and volcanic rocks mixed 
with black sands. 
 
2.2 Mineralogy of sapphires 
 
The sapphires of the FMC have a size between 1 to 7 
mm, and the colours are generally in the blue, yellow or 
green with different shades. 

Sapphires of Mont Coupet (Mazeyrat-Crispinhac and 
Saint-Eble localities) present different morphologies and 
colours (blue, green, pinkish greyish). The sapphire 
crystals have an elongated, barrel-shaped habit and most 
of them are rounded and corroded. They are bounded by 
hexagonal dipyramidal ω {14 14.3} or z {22.1} faces 
combined with the basal pinacoid c {00.1}. The crystals 
frequently present the prismatic {11.0} with the 
rhombohedral r {10.1} faces, and rarely the additional 
hexagonal dipyramid n {22.3} faces described by Lacroix 
(1901). The other main features are: (i) triangular stairs 
as found on the Sioulot sapphire (see Fig. 1) developed 
on the basal pinacoid c {00.1}; (ii) the presence of grooves 
parallel to the pinacoid c which result from piling up of 
several crystals formed along the same axis (iii) the basal 
pinacoid faces {00.1} sometimes present a deep blue 
colour with six whitish star-like arrays developed from the 
centre towards the corners between the faces. The solid 
inclusions in sapphires are ferrocolombite, pyrochlore, 
oligoclase, zircon, thorite, ilmenite, rutile, hercynite, Nb-
bearing rutile, and magnetite (Simonet, 2000; Gaillou 
2003). 

The sapphires of Gien have been studied by Périnet 
(2010). The crystals present a size less than 1 mm (90%) 
and between 1 to 3 mm (10%). The colours are mainly in 
the blue and green, and sometimes milky or whitish. The 
crystals are either euhedral, clear, and with shiny faces 
(20% of the production) or broken crystals which present 
sometimes blunt and gleaming surfaces. The habits of the 
preserved crystals are similar to those from the FMC (Fig. 
1) and presented in Figure 2.  

Solids in sapphires are ilmenite, ferrocolombite, Nb-
bearing rutile, hercynite, plagioclase, zircon, phlogopite, 
apatite, chlorite, pyrrhotite, chalcopyrite (Denis, 2008). 

The sapphires of Brétignolles-sur-mer are around 1 
mm in size and their colour is light to deep blue, light to 
deep green, colourless and rarely yellow. The crystals 
have suffered transport by the ocean currents, and 
specially wear due to rising and falling tides and the 
devastating wave force. The crystals are either broken or 
transformed in dull and glossy grains. Among the grains 
that have retained their habits, four main forms are 

observed that are those described in the FMC and Gien 
placers (Goujou, 2002). The solid inclusions have not 
been identified but the study is in progress. 

 

Figure 2. Crystal habits of the Gien sapphires (Périnet, 2010)  
 
2.3 Chemistry of sapphires 
 
The sapphires from the different sites were analysed by 
EPMA (Simonet, 2000, for the MCF sapphires; this work 
for the Gien sapphires) and LA-ICP-MS (Gaillou et al., 
2010, for the FMC sapphires). The analyses for sapphires 
from Brétignolles-sur-mer are in still in progress (Giuliani 
et al., in preparation). All the data point of the analysis 
represent the average for one crystal. The analyses plot 
in the chemical field of sapphires associated in alkali 
basalts (Fig. 3) defined in the FeO - Cr2O3 - MgO - V2O3 
vs. FeO + TiO2 + Ga2O3 classification diagram proposed 
by Giuliani et al. (2014).  
The representative points of the sapphires from Menet in 
the FMC that are found in xenoliths of anorthoclasites, 
and those from Sioulot, plot in the field of syenite. The 
other representative points are in the field of metasomatic 
- metamorphic corundum defined by Giuliani et al. (2014). 
In that case, the origin of the  

Figure 3. Chemical distribution of sapphires from the different 
placers in the Loire and Allier rivers, in the diagram FeO - Cr2O3 - 
MgO - V2O3 vs. FeO + TiO2 + Ga2O3. The reported alluvium 
occurrences are from Menet, Le Sioulot, Le Mont Coupet, Chomelix, 
Chambon-le-château and Gien. 
 
sapphires will be discussed in the light of their respective 
oxygen isotopic data in order to confirm (or not) their 
metamorphic origin. 
 
2.4 Oxygen isotope composition of sapphires 
 
The δ18O values of sapphires from the FMC placers range 
between 4.4 and 13.9‰ (Fig. 4).  
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Figure 4. Oxygen isotope values of sapphires found in placers from 
the Loire and Allier rivers down to the Atlantic Ocean, with reference 
to the worldwide oxygen isotopic database reported by Giuliani et al. 
(2005, 2009; 2014, and this work for the Gien and Brétignolles-sur-
mer data). The colour of the diamond symbols indicates the colour 
of sapphires. The white diamonds represent colourless sapphires. 
The Menet sapphires represent part of colluvium and primary 
deposit (xenocrysts in anorthoclasite). The oxygen isotopic range for 
each type of deposit is represented (thicker horizontal lines). The 
two stippled dashed lines represent the oxygen isotopic range for 
sapphire in syenite. V-SMOW Vienna Standard Mean Ocean Water. 
 
Two distinct groups have been defined (Giuliani et al., 
2009): the first with a restricted oxygen isotopic range 
between 4.4 and 6.8‰ (n = 22; mean δ18O = 5.6 ± 0.7‰), 
falls within the worldwide range defined for blue-green-
yellow sapphires related to basaltic gem fields (3.0 < δ18O 
< 8.2‰, n= 150), and overlaps the ranges defined for 
magmatic sapphires in syenite (4.4 < δ18O < 8.3‰, n= 
29). A second group, with an isotopic range between 7.6 
and 13.9‰ (n = 9), suggests a metamorphic sapphire 
source such as biotite schist in gneiss or skarn.  
The O-isotope composition of three sapphires from Gien 
(this work) are respectively, 4‰ (green colour), 5.2‰ 
(deep blue) and 7.2‰ (light blue). The δ18O values of 
sapphires from Brétignolles-sur-mer (this work) are 
respectively, 7.5‰ (blue), 6.5‰ (light blue) and 6.7‰ 
(colourless). All these new isotopic data fall within the 
range of values for sapphires from the FMC (Fig. 4). 
 
3 Discussion on the source of sapphire in 

placers from the Loire River and Atlantic 
Ocean beach 

 
The Loire and its tributary Allier carried sapphires before 
the construction of dams, 500 years ago and the 
discovery of sapphires in the alluvium at Gien shows that 
the transport through the Loire is downstream of the 
known primary source of the FMC (Giuliani et al., 2010; 
Périnet, 2010). Goujou (2002) discussed the possible 

origin of the sapphires of Brétignolles-sur-mer by 
considering either a proximal origin linked to a 
metamorphic source of the Vendée metamorphic units, or 
an Armorican shield distal origin with a contribution from 
the southern regions of Finistère and Morbihan, as well 
as the occurrence of Mercredière in the Atlantic Loire, 
near Nantes, or a very distant origin by considering a 
source located in the FMC. 

The present mineralogical study has shown that (i) the 
colour, i.e, blue-green-yellowish to colourless, and (ii) the 
habits of the crystals, are similar for all the sapphires. The 
chemical analysis of the sapphires from the FMC has 
shown their variable distribution in the FeO - Cr2O3 - MgO 
- V2O3 vs. FeO + TiO2 + Ga2O3 classification diagram. 
This variation is due to the origin of the sapphires either 
magmatic for the blue sapphires of Menet (chemical field 
of sapphire in syenite), or metamorphic as found for 
example for the Chomelix sapphires.  

The chemical distribution of sapphires from Gien is 
scattered between the fields of metasomatic- and syenite-
bearing corundum. It illustrates the mingling of the 
different sources and origin of sapphires from the FMC, 
and transport by Allier and Loire rivers up to Gien. The 
placer is a mixed concentration of corundum of magmatic 
and metamorphic origins. 

The O-isotopic composition of sapphires from the FMC 
(Fig. 4) were discussed by Giuliani et al. (2009): (i) a 
magmatic origin was proposed for the blue-green-yellow 
sapphires (4.4 < δ18O < 6.8‰, n= 22) which suggest that 
these sapphires crystallized from felsic magmas under 
upper mantle conditions; (ii) a metamorphic origin for 
sapphires with δ18O values between 7.6 and 13.9‰ (n= 
9) formed under amphibolite or granulite facies 
conditions.  

The δ18O values of three sapphires from Gien, between 
4.0 and 7.2‰, fall within the δ18O range of values defined 
for sapphires in syenite, plumasite and mafic gneiss 
(Giuliani et al., 2014). The presence of inclusions of 
ferrocolombite and Nb-bearing rutile in these three blue 
and green sapphires provide a strong additional 
argument for a magmatic origin. As a result, the δ18O 
value of 4‰ would extend the worldwide range of δ18O 
values defined for sapphires in syenites.  

The δ18O values of three sapphires from Brétignolles-
sur-mer, between 6.5 and 7.5‰, fall within three possible 
sources: syenite, biotitite in gneiss and plumasite. In the 
absence of chemical analysis, the source may be 
approached considering the habit described for the blue 
sapphire, i.e, characterized by the combination of the 
tabular prism {11.0} and pinacoid {00.1} faces, and 
modified by the rhombohedron {10.1} and hexagonal 
dipyramid {22.3} faces (Fig. 2d), which is a very common 
feature of all the blue sapphires from the FMC and Gien, 
and for which the O-isotopic signature indicates a 
magmatic origin. 

During the Pleistocene (Nehlig, 2010), the Loire River 
was divided into: (i) Paleo-Loire flowing north, and (ii) 
Loire Atlantique with its source towards Gien and then 
flowing westward. At the Middle Pleistocene (0.8 to 0.4 
Ma), the junction of the two rivers produced the current 
Loire river. Marine levels related to Quaternary glacial-
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eustatic variations were, 18,000 years ago, more than 
100 meters below current levels. The Loire reached the 
Ocean through a drainage system consisting of three 
main valleys, 30 km long, 0.7 to 4 km wide and 60 m deep, 
that disappear 50 km from the current coast. The central 
and south valleys were located at the West of Noirmoutier 
island (see Fig 1). At that time, the volcanism of the 
Chaîne des Puys was still active and the Allier and Loire 
Rivers were eroding and carrying sediments (with 
sapphires) from the FMC down to the Atlantic Ocean. The 
location of the Central and South valleys of the Loire can 
explain the formation of placers at Brétignolles-sur-mer, 
located only at 50 km south-east from Noirmoutier Island, 
and with marine currents oriented NW-SE. 
 
4 Conclusions 
 
The present study has shown that the sapphire placers of 
Gien and Brétignolles-sur-Mer, were formed by the 
erosion of sapphire-bearing colluvium and alluvium 
placers in the French Massif Central, by the Loire and 
Allier rivers and their several small tributaries, and 
consequent transport by the Loire River down to the 
coasts of the Atlantic Ocean.  
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Abstract. This paper includes the main results of an 
integrated geochemical and structural study of the La 
Pava emerald mine. Despite several works having been 
carried out dealing with the unusual genesis of the 
Colombian emeralds, limited information is available 
about the geological features of this mine. Through a 
detailed mapping and stratigraphic approach, we 
determined the predominant mineralogy of the enclosing 
black shales and state how the circulation of sodium and 
calcium–rich solutions modified the sedimentary rocks. 
Additionally, we evidenced a fault propagation that played 
a key role in focusing the circulation of the mineralizing 
hydrothermal fluids. 
 
1 Introduction  
 
Colombia has been a major emerald producer for more 
than 1000 years. Nowadays, it occupies the third place in 
terms of emerald production, after Zambia and Brazil. 
The Colombian mineralization style is remarkably 
different from the rest of the world. The main contrast is 
related to the composition of the host rock and the 
absence of magmatism. Emeralds are typically found in 
metamorphic aureoles or pegmatitic veins in countries 
like Zambia, Brazil, Pakistan or Ethiopia; whereas in 
Colombia, the host rocks are sedimentary (organic–rich 
black shales, calcareous mudstones, limestones, and 
evaporitic siltstones) and the mineralizing processes are 
similar to those found in sediment–hosted Pb–Zn or 
Mississippi Valley Type deposits. 

The occurrence of emeralds in Colombia is controlled 
by the tectonic evolution of the northern Andes during the 
last 65 million years. There are seven mining districts, 
three of which are located in the Eastern Belt and four in 
the Western Belt. Both belts have an alignment N–NE 
concordant with the general trend of the Eastern 
Cordillera of Colombia. The La Pava mine is located in 
the Muzo–Quípama District (MQD), one of the most 
important districts in terms of production and quality of the 
gems (Fig. 1). Some of the finest emeralds in the world 
have been found in Muzo, and the trapiche variety of 
emerald is also occasionally found in this area. The La 
Pava mine has been exploited for more than 40 years and 
is currently in the process of being reactivated. La Pava 
is 100% owned by Vetas Sierra Alta S.A.S. 

Giuliani et al. (1993, 1995, 2000) and Ottaway et al. 
(1994), have described some general features within the 
MQD. They emphasize the importance of hydrothermal 
alteration zones known as "Cenicero", which correspond 
to brecciated hydrothermalized shales transformed by the 
reaction with evaporitic brines. These zones are spatially 
related to the occurrence of veins containing carbonates, 

albite, pyrite, and emeralds. The emerald deposits are 
stratabound and only occur within calcareous mudstones 
from a Lower Cretaceous horizon. Although there are 
numerous works dealing with emerald mineralization in 
Colombia, most of these have focused on the 
understanding of regional characteristics and as a result, 
few works have been done describing a specific mine. 
The objective of this work is to provide new information 
about the emerald deposit in La Pava. Relevant 
observations about the geochemical, structural and 
stratigraphic setting of the the La Pava emerald mine are 
presented here. 
 
2 Geological setting 
 
Emeralds in Colombia are found along two NE trending 
belts in the Eastern Andean Cordillera. The Eastern Belt 
extends more than 30 km and encompasses three 
emerald–euclase productive zones; Gachalá, Chivor, and 
Macanal. On the other hand, the Western Belt is 
approximately 55 km long and host five mining districts: 
Peñas Blancas, Coscuez, Maripí, Yacopí–La Palma and 
Muzo–Quípama. La Pava, Puerto Arturo, Catedral, 
Tequendama, and Palo Blanco are some of the most 
relevant mines located in the MQD district. Emeralds are 
hosted by Lower Cretaceous marine sedimentites, which 
were deposited in a back–arc basin; the dynamic 
evolution of the northern Andes led to a tectonic inversion 
and later exhumation of these rocks during Early 
Miocene. Based on 40Ar/ 39Ar data, Cheilletz et al. (1994) 
suggested an Oligocene (31.6–32.6 Ma) age for the 
emerald vein formation in the MQD. They stated the 
hydrothermal mineralizing processes were triggered by a 
major shortening episode of the Eastern Andes beginning 
in the late Eocene. Branquet et al. (1999) affirmed the 
mineralization in La Pava is associated with thrust faults 
linked to tear faults developed during a compressive 
tectonic phase. In addition, the deposit was affected by a 
flower structure located at the intersection of the Rio Itoco 
Fault with an N30E trending strike–slip fault. More 
recently, Pignatelli et al. (2015) proposed the formation of 
the "trapiche" emerald resulted from an abrupt 
decompression of fluids trapped within anticlines where 
thrust propagation and failure processes took place. 

The La Pava deposit (Fig. 1) is structurally associated 
with the southern prolongation of the Alto La Chapa–
Borbúr anticline, which is a regional fold limited by the Rio 
Minero Fault (east), Peñas Blancas Fault (west) and the 
Rio Itoco Fault (south). Mineralization in the MQD is 
stratigraphically restricted to the Hauterivian–Barremian 
calcareous mudstones of the Muzo Formation (Reyes et 
al. 2006). 
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Figure 1. Generalized geological map of the La Pava emerald Mine. 
 

According to Ottaway et al. (1994), Giuliani et al. 
(2000) and Banks et al. (2000), the Colombian emerald 
deposits were originated by the circulation and mixing of 
hydrothermal brines derived from the dissolution of 
evaporite layers and their subsequent interaction with 
organic–rich host rocks. Thermochemical sulfate 
reduction played a key role as it triggered the releasing of 
beryllium, chromium, and vanadium from the enclosing 
black shales, which caused the emerald precipitation. As 
a result, the mineralized zones display strong 
hydrothermal alteration patterns; albitization as a 
consequence of the circulation of brines, carbonatization 
reflecting the CO₂ production by the organic matter 
oxidation; and pyrite and native sulfur–rich zones derived 
of the reduction of evaporitic sulfates. As expected, the 
Colombian emerald deposits are clearly stratabound and 
share common features with other more traditional 
sediment–hosted ore deposits. In fact, it is not unusual to 
find base metal minerals like Cu–Zn–Pb sulfides, baryte, 
and fluorite in the emerald mines. 
 
3 Methods 
 
Two stratigraphic sections at a 1:100 scale were 
constructed in the surroundings of the La Pava deposit 
and were compared with underground sections inside the 
mine. The first section consisted of 465 m of non–altered 

or poorly altered rocks along the Itoco river; the remaining 
section was examined along the La Pava Creek. Hand 
samples were taken every 4 meters in the sections, this 
yielded a total of 125 rock samples which were analyzed 
through X–ray diffraction (XRD) and X–ray fluorescence 
(XRF). The XRD sample preparation consisted of 
crushing with an agate mortar, sieving and separating of 
2 g of > 70 µm powder for scanning. Four sample 
preparations were performed for XRD routines. In order 
to estimate the major and trace elements concentrations, 
homogenized and dried powders were analyzed through 
a BRUKER Tracer GeoQuant IV XRF equipment. 

Thirty representative samples were selected to 
elaborate polished thin sections and were analyzed with 
an Olympus BX51 petrographic microscope. 

 
4 Results 
 
The Itoco river stratigraphic section (Fig. 2) comprises a 
series of siltstones interbedded with organic–rich 
massive mudstones and laminated shales, some levels 
contain mud concretions and ammonite fossils. A six–
metre thick light–grey breccia level occurs in the middle–
bottom part. This breccia is concordant with bedding and 
is made up of albite, calcite–dolomite, pyrite, native 
sulfur, and minor muscovite. The grain size increases 
upwards in the section where siltstones predominate 
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again. Hydrothermal activity is poorly observed with the 
exception of the light–grey breccia and some restricted 
gypsum, pyrophyllite, quartz, calcite and chalcopyrite 
veinlets.   

On the other hand, the La Pava Creek section is 
dominated by organic–rich massive mudstones and black 
shales, where the number of concretions and the pyrite 
content increase (Fig. 3). Most of the stratigraphic column 
reacts with hydrochloric acid showing a significant 
abundance of carbonates. 

 

 
Figure 2. a. Panoramic view of the La Pava area indicating the main 
structural features. b. Simplified cross–section.   

 
Most of the XRD and XRF data are in agreement with 

the field stratigraphic nomenclature defined for the rocks. 
The rocks from the Itoco river section are mostly 
composed of quartz, paragonite, muscovite (2M1 illite) 
and microcline. Minor phyllosilicates (< 1%) include 
pyrophyllite, dickite, chlorite, and kaolinite. The pyrite and 
baryte contents are low but constant along the column, 
contrary to chalcopyrite which is scarce. In comparison to 
the Itoco river section, the La Pava Creek shows an 
increase in the sulfur, calcium and magnesium 
concentrations which correlates with an increase in the 
pyrite content and a higher abundance of carbonates 
(calcite–dolomite). However, the most pronounced 
difference is the increase and predominance of albite. In 
the La Pava Creek section, there is a significant decrease 
in the occurrence of muscovite, microcline, paragonite, 
and quartz, which correlates with a decrease in the 
potassium content. This clearly indicates an inversely 
proportional relationship between the albite and 
muscovite–paragonite–microcline contents. The 
appearance of albite and carbonates in the La Pava 
section is related to metasomatic processes that modified 
the rock–forming minerals. The overall silica–alumina 
ratio (SiO₂/Al₂O₃) shows negligible variations between 
both sections. 

It is noteworthy that the La Pava Creek section is 
closer to the productive zones of the La Pava mine than 
the Itoco river section. Most of the lithological and 
mineralogical features observed in the La Pava Creek, 
look like those present in the underground mine. In 
contrast, the amount and size of hydrothermal veins 

increase inside the tunnels. 
The structural configuration of the zone is dominated 

by a compressional style, where the El Águila Fault was 
locally identified as the major controlling feature. This 
fault corresponds to a high angle reverse fault which 
strikes N10E and dips eastwards. The La Pava anticline 
and syncline are associated with a fault–propagation fold 
regime in the hanging wall of the El Aguila Fault (Fig. 3). 
The La Pava anticline is an asymmetric NS trending fold, 
linked with the La Chapa–Borbur fold, which is the most 
regional structure that controls emerald mineralization in 
the Peñas Blancas district. The La Pava Creek is located 
parallel to the eastern limb of the La Pava anticline. The 
mineralization is generally concentrated in the core and 
in the steeply dipping limbs of the La Pava anticline. 
Emeralds are usually found in calcite–dolomite–albite–
pyrite–quartz veins and breccia oriented N35E, hosted by 
highly albitized and carbonatized shales. The veins are 
close to the light–grey breccia level, but the productive 
zones are exclusively located in highly deformed areas. 
Most of the veins are tension cracks formed by the 
flexural folding; some veins are concordant to the 
stratification at the fold limbs, whereas veins and breccias 
are more commonly found along the hinge line. 
 
5 Mineralization 
 
Three mineralization assemblages were recognized 
according to their textural, temporal and geochemical 
features. The first stage of hydrothermal activity 
corresponds to the albitization of the country rocks. The 
shales were almost entirely converted into albitites as a 
result of a massive sodium input by the hydrothermal 
fluids. Albite occurs as disseminated crystals and 
pseudomorphs in the black shales, and as drusiform 
crystals in veinlets and breccias. The most notable 
example of albitization is the light–grey stratiform breccia. 
This bleached level is interpreted as the result of the 
interaction of sulfate–bearing hot brines with organic 
matter from the shales. The second hydrothermal stage 
consists of a strong carbonatization that affected the 
black shales and led to the formation of veins 10–50 cm 
wide. The main mineral assemblage of the veins includes 
rhombohedral calcite, dolomite, pyrite, muscovite and 
minor quartz, albite, apatite, and rutile. Emerald occurs 
as hexagonal euhedral crystals exhibiting a light–green 
color and exceptional brightness. Late–stage barite 
occasionally infills open spaces exhibiting coarse light–
yellow crystals. Copper and zinc sulfides may be 
sporadically found.  Finally, supergene oxidation has 
given rise to the formation of goethite, malachite, 
chrysocolla, azurite, gypsum and jarosite. The 
percolation of runoff through carbonate–rich rocks has 
promoted the formation of widespread aragonite within 
the main tunnels. The aragonite crystals are often 
fluorescent due to their trace metal content.   
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Figure 3. a. Stratigraphic section of the La Pava Creek. The 
lithological information is plotted together with XRD and XRF data. 
 
6 Conclusions 

 
An integrated approach consisting of field, petrographic 
and analytical data shows that emerald mineralization in 
the La Pava mine is associated spatially with a black 
shale level that displays a strong Na–Ca metasomatism 
(albitization and carbonatization). Emeralds are found in 

veins and breccias compositionally dominated by calcite, 
dolomite, pyrite, and albite. The formation of the 
productive veins and breccias is temporally associated 
with the development of fault–propagation folds. The La 
Pava Anticline is the main structural feature responsible 
for focusing and trapping the emerald–bearing 
hydrothermal fluids. 

The unaltered black shales and massive mudstones 
are composed of paragonite, muscovite, quartz, and 
microcline. This mineral assemblage suggests the 
sedimentary strata underwent low–grade metamorphism. 
Notwithstanding the fact that hydrothermal circulation 
abruptly modifies this mineralogy; most of the 
phyllosilicates and potassium–bearing phases are 
transformed into albite. This study reaffirms the 
importance of detailed mapping of the local structures 
and stratigraphy, which in turn, integrated with 
geochemistry can contribute significantly to the emerald 
exploration and exploitation of the mining area.     
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