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Abstract 
Gossans, the brightly coloured oxidation products of sulphide mineralised rocks, have 
acted as an exploration target for base and precious metals and sulphur for thousands 
of years. They are easily identified from remote sensing and field-based 
reconnaissance, and once found may be drilled to determine the character of 
mineralisation below. The number of targets drilled could potentially be reduced if 
gossans overlying significant mineralisation can be discriminated from their field 
relations, mineralogy and geochemistry. Previous such studies have focussed on 
porphyry-type systems, with less attention on the generally much lower tonnage 
volcanogenic massive sulphide (VMS) deposits. However, VMS continue to provide an 
economically important source of metals in Europe and elsewhere. The Troodos Massif 
in Cyprus was chosen for this study as it hosts a currently active Cu mine along with 
historically worked VMS, is little deformed and has a relatively well understood 
geological framework. Of particular interest are secondary Cu deposits (SCUD) which 
form due to weathering of primary massive sulphides (PMS). These can be worked at 
relatively lower financial and environmental cost, and at much lower grades (down to 
around 0.1 % Cu). The only currently mined SCUD in Cyprus is the Phoenix ore body at 
Skouriotissa, which lies immediately adjacent to, and structurally below the Phoukasa 
PMS. 

The questions addressed in this study are: 1) Do Cypriot PMS that were mined 
for Cu show original Cu enrichments, or is their elevated Cu content a result of 
supergene enrichment to form an SCUD? This was addressed by comparing the 
mineralogical, chemical and S isotopic compositions of PMS mined for Cu with those 
mined for pyrite only from across the Troodos; 2) Do gossans formed from Cu-rich 
sulphides show distinctive mineralogical and chemical signatures? The characteristics 
of gossans known to overlie prospective sulphide bodies were compared with those 
from barren PMS; 3) What circumstances promote the formation of SCUDs? In 
particular, did sulphide oxidation occur on the sea floor or in a terrestrial 
environment? It was considered likely that SCUD formation may require sea floor 
oxidation because this will result in limited Cu dispersion, due to both sharp pH and 
redox gradients and limited fluid flow when compared with terrestrial weathering, 
where the depth to the water table can be considerable. The question was addressed 
by comparing the field relations, chemistry and S and O isotope compositions of 
gossans thought to have formed on the sea floor (Skouriotissa - Phoenix) with those 
generated in a terrestrial setting (Kokkinopezoula, Mathiati and Sia). 

The remnants of primary VMS deposits mined for Cu in Cyprus (Phoukasa, Sia 
and Troulli) almost exclusively contain primary Cu sulphides such as chalcopyrite. 
Secondary Cu sulphides, mainly chalcocite and covellite, are only present in significant 
concentrations at Phoukasa and Troulli, with Cu oxides being found in Phoenix. At 
Phoukasa, secondary Cu sulphides have a mean δ34S = 3.69±0.08 ‰ similar to primary 
pyrite and chalcopyrite (mean δ34S = 3.78±0.08 ‰) suggesting formation from Cu-rich 
fluids that scavenged S from primary sulphides. Sulphide material collected from 
copper mines has Cu = 840 to > 10,000 ppm at Phoukasa; 167 to 3573 ppm at Sia; 288 
to > 10,000 ppm at Troulli, while the Cu-barren deposits have generally lower Cu 
grades (Cu = 170 to 433 ppm at Kokkinopezoula; 327 to 1303 ppm at Mathiati north). 
There are no systematic differences in the S isotope compositions of pyrite between 

deposits mined for Cu and those not (average 34S = 1.68, 3.74 and 7.1 ‰ for Cu-rich 
Sia, Lysos and Phoukasa, and 5.03 and 3.70 ‰ for Cu-poor Kokkinopezoula and 
Mathiati North sulphides, respectively).  
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No consistent chemical differences (including chalcophile elements) could be 
identified between gossans overlying Cu-rich as opposed to barren PMS. Gossans 
overlying the Lysos and Sia Cu-rich PMS, however, show an enrichment in Pb and Zn 
not observed in other gossans, and umbers, which are chemical sediments associated 
with VMS systems, often overlying gossans, show strong Cu enrichments in the vicinity 
of Cu-rich PMS. Umber samples from near the Cu-rich Phoukasa sulphide body contain 
> 10,000 to 35,400 ppm Cu, while those around Cu-poor Mathiati North contain 669 to 
819 ppm Cu. There were no differences in the S isotope compositions of gypsum from 

sulphide bodies which were Cu-rich (34S = 5.9 to 6.9 ‰ for Sia, Phoukasa and Troulli) 

and Cu-poor (34S = 5.0 to 7.3 ‰ for Kokkinopezoula, Mathiati North). 
Regarding the environment of formation of SCUDs, an initial submarine 

oxidation of the Phoukasa VMS is considered likely as it is immediately overlain by 
marine pelagic sediments, while all other deposits studied are overlain by volcanics. In 
addition, volcanics in the vicinity of Phoukasa show large negative Ce anomalies 
(Ce/Ce* = 0.90 to 0.38, average = 0.71), consistent with sea floor alteration, compared 
with other localities such Kokkinopezoula (Ce/Ce* = 0.89 to 1.08, average = 0.97) and 
Sia (Ce/Ce* = 0.92 to 1.03, average = 0.99). Unfortunately, the S isotope composition 
of gypsum could not be used to determine the nature of the gossan-forming 
environment. Gypsums from all locations (average δ34S = 6.74±0.08 ‰) have δ34S 
values similar to, but slightly 34S enriched compared with their associated sulphides 
(average δ34S = 2.9±0.08 ‰) which indicates that their S isotope signature largely 
reflects that of S released during sulphide oxidation, as opposed to evaporation of 
sulphate-rich waters or direct precipitation from a similar solution (i.e., seawater). 
However, the oxygen isotope composition of gypsum (average δ18O = 6.2 ‰) from Sia 
(average δ18O = 2.4 ‰) reflects a mixture of atmospheric O (δ18O = 23.6 ‰) and 
Mediterranean meteoric water O (δ18O ≈-5.0 ‰), indicating a terrestrial environment 
of formation. Gypsum from Skouriotissa has an average δ18O = 6.6 ‰ which most likely 
indicates a combination of seawater and seawater-dissolved O (δ18O ≈23.5 ‰), despite 
some overlap with the composition of meteoric water and atmospheric O. 

In summary, it is proposed that the currently unique nature of Skouriotissa as 
hosting the only major SCUD in Cyprus is due largely to initial sea water alteration of 
the Phoukasa PMS resulting in limited Cu dispersion and localised Cu enrichment 
within the primary ore body. Subsequent uplift and alteration of the Phoukasa PMS led 
to the formation of a relatively high grade SCUD in the Phoenix deposit.  

The main outcomes of the study are a series of models for the development of 
gossans and associated lithologies in terrestrial and seafloor weathering environments 
in Cyprus. These incorporate a new term (retali) for acid leached volcanics in the 
footwall of PMS, and exploration-relevant field, mineralogical and chemical criteria for 
their discrimination from gossans, which overlie PMS. In agreement with an existing 
model, the formation of the Phoenix SCUD is interpreted as having been due to the 
downward migration of Cu-bearing acid fluids from the seafloor oxidation of the upper 
parts of the Phoukasa deposit. Secondary Cu mineralisation is thought to have taken 
place within the relatively reducing environment below the water table in lavas 
stratigraphically below the Phoukasa deposit. That the formation of SCUDs may 
require seafloor sulphide oxidation, and that this can be recognised in the mineralogy 
and chemical compositions of associated volcanics and gossans, provides new 
exploration criteria for SCUDs. However, it should be noted that the Phoenix deposit 
was the only SCUD examined in this study, and that this model should therefore be 
tested elsewhere. 
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1 Introduction 

1.1 Importance of exploration for new copper deposits 
The predicted increase in world population from 6.7 to 10 billion by 2100 

(United Nations, 2013), together with the BRIC (Brazil, Russia, India, China) and other 

countries adopting western standards of living, is expected to cause a huge increase in 

demand for Cu, estimated to be over 575 Kt annually, even assuming near complete 

recycling of Cu products (Gordon et al., 2006). In the absence of total Cu recycling or 

the development of a substitute for copper, satisfying this demand at current levels of 

Cu production will require two additional mines to begin production every three years, 

each with an annual Cu output equivalent to that of Escondida, Chile (c.900 Ktpa; 

www.bhpbilliton.com, 2012). Increased production will inevitably lead to increased 

exploration, which, with ever more restrictive environmental legislation, is likely to 

focus on deposits which are of lower environmental impact to mine. Due to political 

problems in some countries, particularly in Africa, it is also important to explore for 

deposits in countries considered to be of low political risk (Gordon et al., 2005). 

Around 65% of the world's copper production is currently from porphyry-type 

deposits (John, 2010), with the remainder from stratiform sediment-hosted and 

volcanogenic massive sulphide (VMS) deposits, containing minerals such as 

chalcopyrite and bornite (Mudd et al., 2013). The processing of primary sulphide ores 

is still dominantly via pyrometallurgy, and while for high grade ores, large lumps can be 

directly transported to the furnaces, the increasingly important low Cu grade deposits 

such as porphyries (Kesler, 1994) require beneficiation (grinding and flotation) to 

produce concentrate which can be sent to the furnace. As such, the processing of low 

grade sulphide ores is extremely energy intensive and results in the emission of high 

levels of CO2 (or equivalent). Greenhouse gas emissions range from 1 to 9 t CO2 

equivalent per t of Cu with an average of 2.6 t CO2 equivalent per t of Cu (Northey et 

al., 2013a). Rio Tinto reported that 8.14 t of CO2 equivalent was emitted to produce 

one t of Cu cathode (RioTinto, 2011). Smelting can also produce sulphur dioxide, with 

the potential to cause acid rain, along with metal-rich airborne particulate which can 

have a detrimental effect on ecosystems and human health (Udachin et al., 2003; 

Williamson et al., 2004), although this can be largely mitigated using modern scrubber 

technologies. Sulphide-bearing mine wastes have a high acid producing potential and 
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therefore are associated with acid rock drainage which can impact heavily on soils and 

surface and ground waters (Gray, 1997).  

Secondary Cu deposits (SCUDs) are an attractive alternative to PMS deposits as 

they may contain Cu oxides, oxy-hydroxides, sulphates, carbonates and secondary 

sulphides which are relatively amenable to hydrometallurgy, or solvent extraction-

electro-winning (SX-EW). Hydrometallurgy offers several benefits over traditional 

pyrometallurgical methods. Heap leaching can be used to treat ore without the 

requirement for fine milling as acids saturate the rock and strip Cu. The time taken to 

leach directly correlates with ore particle size, and while lump ore can be leached, 

coarse crushing the ore and piling onto heap leach pads can reduce the leach time 

from years to months (Habashi, 2003). The acid waters produced naturally in sulphide 

mine workings can be used in the solvent extraction process and can also be recycled, 

reducing cost. In addition, the acid leaching process is suitable for much lower grade 

ores (down to 0.1% Cu at Skouriotissa, Adamides N. pers. comm., 2011) than is usually 

economic using pyrometallurgy. This has extended the range of Cu deposits which can 

be worked. For these reasons, SCUDs are already exploited, for example those related 

to porphyry deposits in South America where the SCUD may be of higher grade than 

the PMS. 

To summarise, the economic and environmental benefits of exploiting SCUDs are: 

 SCUD ores (containing low hardness oxide, oxy-hydroxide, sulphate, carbonate 

and clay minerals) require less intensive milling compared with massive primary 

sulphides, meaning less energy is expended on grinding (Northey et al., 2013a). 

 Cu-bearing phases in SCUD (oxides, sulphates, carbonates and secondary 

sulphides) are more amenable to heap leaching than primary chalcopyrite-

dominated sulphides and can be economically exploited at low to very low 

grades. This has permitted the mining of potentially strategic European 

deposits such as at Skouriotissa, Cyprus, which currently processes ore with as 

little as 0.1 wt. % Cu, compared with the global average for PMS deposits and 

Cyprus-type PMS of 1.64 and 1.7 wt. % Cu, respectively (Barrie and Hannington, 

1999). 

 Acid waters produced naturally during oxidation of sulphides can be used as a 

leach solution in the SX-EW process and then recycled, reducing acid 

requirements/consumption (as occurs at Skouriotissa). 
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 The smelting of ore using fossil fuels is replaced by electricity-only heap 

leaching and SX-EW, with the required electricity potentially supplied through 

on-site renewable energy sources such as wind turbines and photovoltaics. This 

is already occurring, for example in Chile a photovoltaic (PV) plant has come 

online to provide Antofagasta Minerals with enough energy to replace over half 

of the fossil fuels currently used in SX-EW processing (Chan, 2013). 

 Processing of ore by SX-EW means direct production of high purity (99.999%) 

Cu, with no further processing required. 

 

There are relatively few examples of VMS-associated SCUDs which have been 

mined, probably because they are relatively low tonnage compared with those related 

to porphyry-type deposits. A second reason is that before the advent of heap leaching 

and SX-EW, low grade VMS-SCUDs were largely overlooked or dismissed as 

overburden, this having occurred at Skouriotissa, Cyprus (Adamides N. pers. comm., 

2012). In the 4000 year mining history of the Phoukasa PMS at Skouriotissa, the 

adjacent secondary Phoenix deposit is a relatively new discovery (mining began in 

1995). This highlights the potential for more undiscovered SCUDs elsewhere.  

1.2 Existing models for secondary copper deposits 
SCUDs, variably known as supergene enrichment zones or ‘blankets’, are most 

traditionally associated with porphyry-type deposits such as those in South America. 

The best known example of these is the world-class Escondida deposit, Chile, where 

two large ore bodies show supergene mineralisation superimposed on a PMS (Alpers 

and Brimhall, 1989). The nature and formation of SCUDs is discussed fully in Chapter 2, 

but summarised here. 

Classic SCUD models, as featured in textbooks such as Robb (2005), show them 

forming in close proximity to a redox boundary, very often the water table, creating a 

blanket of secondary Cu oxides and sulphides below the gossan and overlying the 

sulphide protore. This generally applies to systems where weathering to form gossans 

and secondary Cu mineralisation occurs in a terrestrial environment, as for most 

porphyry deposits (Alpers and Brimhall, 1989; Enders et al., 2006). However, in VMS 

systems, such weathering can also occur on the seafloor (e.g. Herzig et al., 1991), 

where this relationship to the water table does not apply: In the seafloor environment, 
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secondary mineralisation is generally focused within a relatively narrow zone below 

the sea floor due to the presence of a redox boundary defined by a maximum depth of 

around 50 cm for the penetration of oxygenated seawater (Glynn et al., 2006). The 

implications of this are considered in Chapter 8. Both terrestrial and seafloor 

weathering environments expose sulphides to relatively oxidising fluids that cause 

them to break down producing acids capable of transporting elevated levels of Cu and 

other ore-forming elements. In the terrestrial environment, these fluids may travel 

either laterally or downwards for distances up to kilometres (Brimhall et al., 1985), 

depending on fluid pathways, where, with a change in conditions (e.g. pH, fO2) and/or 

with fluid mixing or wall rock reaction, secondary Cu minerals may precipitate. These 

may be carbonates, oxides and/or silicates above the water table or sulphides in more 

reducing environments below (Thornber, 1975a; 1985; Merefield, 1995; Enders et al., 

2006). Secondary sulphides, commonly chalcocite and covellite, generally have a 

higher Cu:S ratio than those in PMS (mainly chalcopyrite) making them a richer source 

of Cu. A lowering of the water table may serve to lower the redox boundary and could 

thus be essential for the generation of a thick supergene blanket (Alpers and Brimhall, 

1989). Microbial activity during weathering can increase rates of oxidation by 103 to 

105 times (Merefield et al., 1995). Erosion of secondary Cu mineralised rocks may 

produce transported deposits down slope. 

It should be noted that in addition to copper, gossans may be associated with 

gold mineralisation, including examples in Cyprus. The poorly mobile nature of gold in 

most meteoric water dominated weathering environments ensures that it is not as 

thoroughly depleted as other elements and as a result can become relatively enriched 

in gossans and associated facies (Such as the Devil’s Mud, Cyprus – Bear, 1963).  

1.3 Role of gossans in exploration 
For thousands of years, gossans (variably known as iron caps, leached caps or 

chapeau fér) have provided an exploration indicator for base and precious metal 

mineralisation related to volcanogenic massive sulphide (VMS), porphyry and a range 

of other deposit types. The targeting of gossans as a tool in exploration was first 

recorded by Locke (1926), see Blanchard (1968), and to this day is one of the most 

reliable tools in the search for base metal mineralisation. Every gossan on the island of 

Cyprus, for example, is reputed to have been explored by ancient civilisations (Bear, 
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1963; Edwards, 2010). The exploration significance of gossans is as strong today as it 

ever was, both in ground-based and remote sensing studies (Accame et al., 1983; Van 

der Meer et al., 1997; Berger et al., 2003; Cuday, 2005). The reason for this is that they 

generally have a very different appearance to the rocks around them, often due to the 

bright oxidation colours of base metals. Locations such as Kokkinovounaros (lit. trans. 

‘Red Hill’) in Cyprus and Oyu Tolgoi (‘Turquoise Hill’), Mongolia, are typical examples. 

Secondly, gossans frequently form topographic highs as they are often silicified, which 

makes them relatively resistant to erosion. This silicification is a feature both of the 

deposits’ hydrothermal heritage and its supergene alteration. Gossans in Cyprus, for 

example, generally form topographic highs.  

Other examples of gossans and related rocks being used to locate 

mineralisation include the Ertsberg gold deposit, Indonesia, the El Salvador and La 

Escondida copper deposits, Chile, and the Carajas iron deposits (Gustafson and Hunt, 

1975; Taylor, 2011).  

1.4 Why study oxidation zones of VMS in Cyprus  
The Troodos Ophiolite, Cyprus provides an excellent study area for this 

research as it contains numerous well-exposed gossans, associated with intensively 

studied VMS deposits, and hosts an actively mined SCUD at Skouriotissa. In addition, 

the geology of the Troodos is relatively well understood (Gass, 1968; Robertson and 

Xenophontos, 1993), it is little deformed and has suffered only weak, lower 

greenschist facies metamorphism (Gass and Smewing, 1973; Robinson and Malpas, 

1990; Searle et al., 2003). The lithological makeup and architecture of oxidising VMS 

deposits can therefore be characterised in detail, without the complication of a later 

tectonic or metamorphic overprint. As such, models developed in the Troodos can be 

applied to more complex settings, possibly involving multiple phases of 

deformation/metamorphism, in ophiolites in countries such as Bosnia, Croatia and 

Greece (Dilek et al., 1990; Robertson, 2002). 

1.5 Geographical setting of Cyprus 
The island of Cyprus lies in the eastern Mediterranean Sea, between the 

continents of Europe, Asia and Africa, being north of Egypt, south of Turkey, east of 

Greece and west of Syria and (Figure 1.1). It is the third largest island in the 

Mediterranean with a length of 225 km, from west to east, with a maximum width of 
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94 km, and occupying an area of 9251 km2. It is the third most populous country in the 

Mediterranean, with a population of 1.129 million in 2012. 

Cyprus remained unglaciated through the last ice age. Its landscape and 

topography has therefore been shaped purely by tectonic upheaval, erosion and mass 

transport, as well as deep incision by rivers. Cyprus experiences the hot, dry 

Mediterranean climate, but with often humid summers, where mean daily 

temperatures are 29°C on the plains and 22°C in the semi-Alpine Troodos Mountains. 

Winters are mild, being wet and changeable, with average temperatures ranging from 

10°C on the Mesaoria Plain to 3°C in the Troodos Mountains. 

 

 

Figure 1.1 Location of Cyprus in the eastern Mediterranean. Image from Google maps. 

 

1.6 Aims of the project 
The aim of this project was to produce a set of exploration criteria to 

distinguish gossans overlying “Cu-rich” PMS and SCUDs from “Cu-poor” VMS. This was 

addressed by examining gossans associated with both Cu-rich and barren PMS, and 

SCUD and by constraining the geological and environmental conditions required to 

produce Cu-rich PMS and SCUD.  

With this in mind, the study was broken down into two research themes, each 

containing specific research objectives, considered in Chapters 4 to 8. 
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1.6.1 Research theme 1: Ore grade 

Is there a mineralogical, chemical or isotopic difference between gossans 

overlying Cu-rich and Cu-poor ‘barren’ PMS? 

A literature review was carried out to determine which deposits have been 

traditionally mined for Cu (Cu-rich) and those not (Cu-poor, where mining was for 

sulphur and possibly iron). The mineralogy and geochemistry of gossans, and 

associated lithologies, from these deposits was then studied to determine indicators of 

a Cu-rich PMS protolith. The mineralogical studies were based on reflected light 

microscopy and scanning electron microscopy (SEM), mainly to seek Cu-bearing and 

other phases of importance to the study. The geochemical compositions of the gossans 

and related lithologies were determined by X-ray fluorescence (XRF) and Inductively 

Coupled Plasma-Optical Emission Spectrometry (ICP-OES) and Mass Spectrometry (ICP-

MS). Sulphur isotope determinations were carried out at the NERC isotope facility at 

SUERC for samples of massive sulphide, gossan and gypsum from both Cu-rich (Lysos, 

Skouriotissa, Sia and Troulli) and ‘barren’ (Kokkinopezoula, Mathiati and Strongili), 

deposits from Cyprus. The aim of this was (mainly) to see if gossans overlying Cu-rich 

PMS show distinctive S isotope compositions. 

1.6.2 Research theme 2: Alteration environment 

Does the development of relatively high grade SCUDs, such as that at 

Skouriotissa, require gossan formation, at least initially, in a submarine weathering 

environment, and if so, can ‘submarine’ gossans be distinguished from those formed in 

terrestrial environments? 

Secondary mineralisation below the sea floor appears to be focused within 

relatively shallow zones. In a relatively modern analogue, the Alvin zone, 2–4 km NNE 

of the active TAG mound, secondary Cu mineralisation was present at a redox 

boundary at a depth of 50 cm (Glynn et al., 2006). In the terrestrial environment, fluid 

transport and mineralisation is likely to be more dispersed, for distances up to 

kilometres (Brimhall et al., 1985), and therefore of lower grade. 

Environments of gossan formation in Cyprus are poorly understood. The 

Phoenix deposit at Skouriotissa is the only example of a large SCUD. If the Phoenix 

SCUD was found to be significantly different in terms of its stratigraphic relations, 

mineralogy, and chemical or isotopic composition to all other alteration zones studied, 

this may suggest that Phoenix had a unique alteration history amongst the deposits 
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studied in Cyprus. Stratigraphic relations between the gossan and overlying lithologies 

are important in determining the duration of the PMS’s exposure to seawater: Burial 

by pelagic sediments indicates a long sea floor residence time, while burial by volcanics 

a short one. 

Three separate studies were undertaken to identify a seawater signature in the 

gossans: mineralogical, to identify the presence/absence of minerals potentially 

indicative of seafloor formation, such as celadonite (K(Mg,Fe2+)(Fe3+, Al)(Si4 O10)(OH)2), 

atacamite (Cu2Cl(OH)3) and possibly natroalunite (NaAl3(SO4)2(OH)6) (presence of Na-

bearing minerals may indicate an Na-rich alteration environment); chemical, by 

studying major and trace element signatures, including determining whether the 

negative Ce anomaly possessed by seawater has been imparted onto the products of 

hydrothermal venting; isotopic, as there should be differences between gossans 

formed on the sea floor (Cretaceous seawater dominated signature) and those formed 

in a terrestrial environment (Cyprus meteoric water-dominated signature). 

1.7 Format of the thesis 
Chapter 1 explains the rationale for the project, and introduces the topic of 

SCUD generation and the importance of gossans in exploration. The main research 

questions to be addressed in the thesis are presented. 

Chapter 2 provides an overview from the literature of the geology of Cyprus 

and the Troodos ophiolite, with specific focus on the formation of, controls on, and 

structure of Cyprus-type VMS deposits. The supergene alteration of VMS and 

associated lithologies leading to gossan formation is discussed in detail with a review 

of current ironstone classification schemes and their importance and use in 

exploration. A summary is then presented of previous work on the sites studied in this 

thesis. 

Chapter 3 describes field work undertaken to investigate relationships between 

massive sulphides, gossanites, and their host lavas, as well as the characteristics and 

classification of observed lithologies and their structural relations. Locations visited are 

described using information from classic literature combined with modern 

observations, and the use of gossans in exploration is discussed. 

Chapter 4 describes and discusses the field and laboratory techniques that 

have been employed in the gathering and analysis of data for this project, focussing on 
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quality assurance and quality control, sample preparation methods and the types and 

operation of instruments used. 

Chapter 5 presents the results of a mineralogical study of the gossans, VMS and 

secondary sulphides using reflected light, SEM-EDS, XRD and QEMSCAN®. 

Chapter 6 investigates the geochemistry of gossanites and compares them with 

protolith PMS and host lavas, and characterises the chemical changes which result 

from supergene alteration, differentiating the character of submarine and terrestrial 

weathering. 

Chapter 7 presents a stable isotope study of Cyprus sulphides and associated 

gypsum with the aim of determining the sources of fluids and environments of 

formation of gossans and SCUD in Cyprus. S isotope data is given for massive sulphides, 

secondary Cu minerals and gypsum. O isotope data is provided for gypsums collected 

from the PMS and SCUD at Skouriotissa and other areas associated with 

mineralisation. 

Chapter 8 synthesises the results of the preceding chapters to address the 

research questions presented in Chapter 1 and detailing its implications for improving 

the understanding of the relations between gossan chemistry and Cu grade. 

Chapter 9 highlights the new knowledge gained from this study and discusses 

potential avenues for future research. 
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2 Mid-ocean ridges, VMS mineralisation and the 
geology of Cyprus 

Several geological concepts relating to the formation of new ocean crust and 

the emplacement and subsequent burial of sulphide lenses should be considered when 

examining VMS systems in Cyprus. Mid-ocean ridge tectonics are introduced as well as 

the genesis and characteristics of Cyprus-type VMS deposits. With this background in 

place, the geology of Cyprus in the tectonic environment of the Eastern Mediterranean 

is introduced, with a specific focus on the genesis and evolution of the Troodos 

ophiolite.  

2.1 Volcanogenic massive sulphide deposits 
VMS deposits (Galley et al., 2007) are amongst the most extensively researched 

deposit-types due to their long history of exploitation, their often high base metal (and 

Au) contents, and the presence of actively forming analogues on the modern sea floor 

(Franklin et al., 1981; Barrett, 1995; Mills and Elderfield, 1995; Hannington et al., 1998; 

Franklin et al., 2005; Gibson et al., 2007; Mercier-Langevin et al., 2011; Rogers et al., 

2014). They are often of relatively high Cu grade and are recognised on all continents, 

occurring in a wide variety of geological settings and throughout the geological record 

(Figure 2.1). Examples include the Archaean deposits in the Abitibi-Superior Province, 

Canada and those in the 3.4 Ga Pilbara Block of Australia. VMS also have actively 

forming analogues in modern seafloor hydrothermal systems such as the TAG (Trans-

Atlantic Geotraverse) hydrothermal mound in the Atlantic. Franklin et al. (2005) and 

Gibson et al. (2007) provide excellent general overviews of the geology and 

exploration of VMS deposits. This section provides an introduction to the specific 

features of Cyprus-type VMS. 
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Figure 2.1 Major worldwide VMS deposits. 
1) Iberian Pyrite Belt; 2) Troodos; 3) Urals; 4) Kuroko; 5) Big Stubby, Mons Cupri and Whim Creek; 6) 
Scuddles-Golden Grove; 7) Benambra-Woodlawn; 8) Mount Read; 9) Abitibi-Superior; 10) Windy-Craggy; 
11) N. Cordillera. Adapted from Barrie and Hannington (1999). 

 

VMS deposits have been classified by numerous workers and in a variety of 

ways, including classifications based on: base metal content, type-example, 

geodynamic setting (Franklin et al., 1981; Lydon, 1984; Galley and Koski, 1999), and 

more recently lithological associations (Barrie and Hannington, 1999; Franklin et al., 

2005). These classification schemes are collated and compared in Table 2.1 to show 

the relationship between them and to highlight the nomenclature appropriate for 

Cyprus VMS deposits, although as these are typical type-examples, Cyprus varies 

slightly in its complexity to be addressed later. Due to the Troodos being the type 

locality for Cyprus-type VMS, this type-example classification will be used in this study 

in reference to Cyprus VMS. 
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Geodynamic 
setting 

Tectonic 
Environment 

Environment 
sub-type 

Lithographic 
association 

Type-
example 

Average 
size (Mt) 

Average 
Cu grade 

(%) 

Average 
Au grade 

(g/t) 

Divergent 

Intracontinen
-tal rift 

 

Clastic-
dominated 
sediment 

hosted 

Iberian- 
Pyrite Belt-

type, 
   

Mid-Oceanic 
ridges 

 
Slow spreading 

Mafic, pelitic-
mafic 

Cyprus-
type, 

Besshi-type 
   

Intermediate-
rate 

Mafic 
Cyprus-

type 
1.6 1.7 2.56 

Fast-spreading Mafic 
Cyprus-

type, 
   

Sedimented 
ridges 

Pelitic-mafic 
Besshi-
type, 

11.0 1.74 0.84 

Off-axis 
volcanoes 

Mafic 
Cyprus-

type, 
   

Convergent 

Arc-related 

 
(Rifted) 

intraoceanic arc 
Bimodal-mafic 

Noranda-
type 

   

Intraoceanic 
back-arc 

Mafic/pelitic-
mafic 

Cyprus-
type/ 

Besshi-type 
   

(Rifted) 
intracratonic arc 

Bimodal-felsic 
Kuroko-

type 
5.2 1.44 2.06 

Intracratonic 
back-arc 

Bimodal-felsic, 
siliciclastic-felsic 

Iberian 
Pyrite Belt-

type 
23.7 1.10 1.13 

Other 
convergent 

environments 

Extension 
related to 

oblique collision 
(Tornos, 2005) 

Siliciclastic-
felsic 

Iberian 
Pyrite Belt-

type 
   

Postcollisional 
extension 
(Crawford, 

1992) 

Bimodal-felsic 
Kuroko-

type 
   

Intraplate 
Plume or hot 

spot 

Intraplate 
volcano 

Mafic 
Cyprus-

type 
   

Oceanic plateau Bimodal-mafic 
Noranda-

type 
   

Table 2.1 Comparison of geodynamic, tectonic, lithological and type-example classification schemes for 
VMS deposits, with average worldwide tonnage, Cu and Au grades (not including China or former USSR 
deposits). The classifications that most apply to VMS in Cyprus have been underlined. Compiled from 
Hannington et al. (2005), Van Kranendonk (2007), Franklin et al. (2005) and Huston et al. (2010). 

 

2.1.1 Hydrothermal circulation 

Circulation of hydrothermal fluids at a mid ocean spreading centre has long 

been thought to be responsible for the formation of the massive sulphides of the 

Troodos (Parmentier and Spooner, 1978). Thermal convection cells are established in 

the oceanic crust by the downward migration of seawater via extensional faults 

towards a shallow magma chamber where the fluids are heated via conduction 

through a thin boundary layer. The hot and resultantly more buoyant fluids then rise to 

the surface in cylindrical upflow zones (Coumou et al., 2008), mainly focussed by large 

normal faults (McCaig et al., 2007), before discharging through a permeable fault zone 

(Cann et al., 1985) (Figure 2.2). 
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The hydrothermal fluids leach metals, such as Cu, Mn and Zn, from wall rocks 

(Richardson, 1987) and transport them to the surface. Parmentier and Spooner (1978) 

established that this model is viable geochemically, with the requirements that a hot, 

rising fluid is confined to a narrow core zone in a rising plume, that the up-flux of fluid 

is greatest in the core of this plume, and that there is a rapid temperature decrease 

within a thin boundary layer at the surface (i.e., at the sea floor/sea water interface). 

2.1.2 Fluid focussing 

If the fluids are sufficiently focussed by faults or fracture networks, they may 

vent at the sea floor through tube like chimneys formed from precipitated sulphide 

material altered by hydrothermal fluids (Richards et al., 1989). The fluids emitted from 

these are 350 – 400°C and have a pH of 4.5 – 5.5 (Spiess et al., 1980; Ding et al., 2005). 

Mixing with seawater initiates rapid chemical and temperature changes that cause the 

precipitation of sulphide material in the form of a black plume, giving rise to the term 

‘black smokers’. The reaction with cool seawater causes an initial decrease in pH to 3.0 

– 4.0, as Fe2+ and H2S react to form pyrite and H+. Seawater sulphate is probably 

reduced and incorporated into the sulphide (Glynn et al., 2006). As this fluid mixes 

further with seawater it becomes dilute and neutralised, resulting in pH increase to 6.0 

– 7.0 (Ding et al., 2005). Precipitation occurs immediately on contact with seawater 

which initiates the building of the chimney edifice. As the chimney develops, its inner 

core becomes increasingly mineralised and the fluid conduit increasingly narrow until 

it chokes and venting ceases from this chimney. A sulphide mound is formed as the 

sulphide particles settle from suspension and as black smoker chimneys become inert 

and collapse (Figure 2.3). Hydrothermal vents are observed both in modern sea floor 

venting regions and Cyprus VMS (Oudin and Constantinou, 1984; Little et al., 1999). 

Base metal distribution is heterogeneous in a massive sulphide mound due to 

the process of zone refinement (Eldridge et al., 1983), in which upwelling, high 

temperature (350 – 450°C), hydrothermal fluids progressively precipitate Cu at the 

base and root of the sulphide mound while dissolving and mobilising Zn, Pb and Au 

(Large et al., 1989) to the outer edges of the mound. This results in local enrichments 

in different elements in the mound, and the preferential venting of Zn via ‘white 

smokers’ (Figure 2.3) (Eldridge et al., 1983; Gibson et al., 2007). 
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Figure 2.2 Schematic section through the ocean floor below a hydrothermal vent (Alt, 1995). 
Mineralisation occurs along and proximal to extensional faults and as lenses on the sea floor (see Fig. 
1.8). Diffuse discharge results from shallow mixing of upwelling fluid and seawater at the margins of 
focussed upflow zones. 

 
Figure 2.3 Schematic of a typical sea floor massive sulphide lens. From Hannington et al. (1995). 

 

2.2 Regional geology of Cyprus 
Cyprus has been mined for Cu for over 5000 years, since the Bronze Age. 

Cyprus was probably the first place where the smelting of Cu occurred, with debate 

still unresolved as to whether Cyprus was named after the metal, or vice versa. 

Numerous examples of Phoenician and Roman slag heaps and mine workings remain 

visible on the island today. Ancient mine workings are commonly located in the 
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gossans of sulphide ore bodies, suggesting that gossans have been used to locate 

metal targets since the very beginnings of mineral exploration. 

This section serves to introduce the Eastern Mediterranean tectonic 

environment that the Troodos ophiolite formed in, along with information on the 

nature and classification of mid-ocean ride spreading axes and their features. How this 

knowledge is used to determine the likely position of the ophiolite relative to a 

spreading centre, and its implications for Cyprus are also presented.  

2.2.1 Geology of the eastern Mediterranean 

The Mediterranean is a tectonically complex region that owes its existence to 

the closure of the Tethys Ocean during the Alpine orogeny (Robertson, 2002). The area 

contains several microplates nestled between the larger African plate to the south, and 

the Eurasian plate to the north. The Neo-Tethyan Ocean opened continuously 

throughout the Jurassic and Early Cretaceous as the African continent to the south 

moved gradually away from Asia. During the Mid-Cretaceous (119 Ma), the African 

plate veered northward (Dewey et al., 1973; Dilek et al., 1990; Poole and Robertson, 

1991) initiating the closure of the Tethys ocean, which has continued for the past 100 

million years. The closure of the Tethys will be complete in a few million years 

(Edwards et al., 2010) when Africa collides with Europe. 

2.2.2 Geology and geological evolution of Cyprus 

Cyprus comprises three separate tectonic terranes (Figure 2.4, Figure 2.5), the 

Kyrenia terrane, Mamonia Complex and the Troodos ophiolite, which includes the 

Southern Troodos (Arakapas) Transform Fault Zone (STTFZ) (LaGroix and Borradaile, 

2000). The Kyrenia terrane and Mamonia Complex will be described briefly in turn, and 

then a more detailed description given of the Troodos ophiolite due to its importance 

in hosting the VMS of Cyprus.  

The Mamonia Complex, which mainly outcrops within erosional windows in SW 

Cyprus, is comprised of Triassic lavas, Mesozoic sedimentary rocks and minor Troodos 

ophiolitic fragments, including serpentinite and extrusive volcanics with minor 

metamorphic rocks located in fault zones. Three main tectonic components have been 

recognised in the Mamonia: The lowermost of these is the Dhiarizos Group, which 

comprises Mesozoic sediments and volcanics that formed during the opening of the 

Tethys Ocean in the Mesozoic and predates the formation of the Troodos (Robertson, 
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1990). The second unit is made up of Upper Cretaceous ophiolitic rocks, with minor 

slices of serpentinite and metamorphic rocks of uncertain origin. The ophiolitic rocks 

are overlain unconformably by a series of debris flows several hundred metres thick 

known as the Kathikas Formation (Swarbrick, 1980). The upper part of the Mamonia 

Complex contains minor metamorphic units which are thought to represent a 

metamorphic sole, as observed in other Tethean ophiolites (Robertson, 2002). This 

sole is presumed to lie at the base of a hotter, upper mantle, segment which over 

thrust crustal rocks during convergence. No such metamorphic sole has, however, 

been observed beneath the Troodos (Robertson and Xenophontos, 1993). The 

Mamonia likely records the breakup of a Mesozoic passive continental margin during 

plate convergence with the Troodos microplate. 

The Kyrenia Terrane is comprised of shallow water Permian limestones formed 

on the northward dipping shelf of Gondwanaland. The sediments, which represent the 

oldest rocks in Cyprus, outcrop as a series of hills trending East-West along the 

northern coast of the island. Triassic rifting on the northern margin of Gondwana may 

have separated the Kyrenia terrane, isolating rocks of the Mamonia Terrane on the 

edge of a microcontinent (LaGroix and Borradaile, 2000).  
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Figure 2.4 Overview of Cyprus geology. From Robertson and Xenophontos (1993). 
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Figure 2.5 Simplified Geology of Cyprus showing locations of mines and major towns. 
This map is used for reference elsewhere in the text.  
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The Kyrenia Terrane developed in four main stages: 1) the formation of a Permian 

to mid-Cretaceous rifted passive margin sedimentary sequence; 2) Upper Cretaceous-

Early Tertiary deformation related to the development of the Troodos ophiolite; 3) 

Eocene compression and thrusting to form the West Kyrenia range thrust sheets, also 

docking the Kyrenia range with the Troodos to the south; 4) the currently observed 

mountain range developed due to convergence of the Africa-Eurasia plates in the Plio-

Quaternary (Robertson, 2000). 

2.3 The Troodos ophiolite 
The Troodos ophiolite contains several igneous, metamorphic and sedimentary 

units ranging from mantle lithologies to sediments deposited on sea-floor volcanics 

(Figure 2.4). It is similar to other Tethyan ophiolites (Robertson, 2002), with the 

exception of the lack of a metamorphic sole. It displays a complete stratigraphic 

sequence of oceanic crust, from mantle, through the Moho to the palaeo-seafloor of 

the oceanic crust. Zircon populations from plagiogranites in the plutonic sequence of 

the Troodos ophiolite give U/Pb ages of 91.6 ± 1.4 Ma (Mukasa and Ludden, 1987), 

suggesting a Late Cretaceous age for the ocean crust. The ophiolite is relatively little 

deformed apart from a broad-scale anticline which is thought to have mainly formed 

as a result of up-doming due to serpentinisation of mantle peridotites at depth 

(Robertson, 1990). The complex has been eroded to exhibit a bulls-eye pattern of 

mantle rocks at Mt. Olympus, in the central massif, surrounded by progressively 

younger gabbros, sheeted dykes and pillow lavas towards the margins (Figure 2.4). The 

Troodos has been exploited for a variety of deposit types: asbestos minerals formed 

through the hydrothermal alteration of ultramafic rocks, podiform and vein chromite 

within the mantle rocks, and volcanogenic massive sulphide (VMS) deposits within the 

pillow lava sequences. 

2.3.1 Evolution of genetic models for the Troodos Ophiolite 

Gass (1968) was the first to suggest that the Troodos Complex is an ophiolite 

which formed in a mid-oceanic spreading environment. This explanation was largely 

based on evidence from the newly discovered mid oceanic spreading ridges and 

magnetic reversal anomalies (Vine and Matthews, 1963). However, their interpretation 

was challenged by Miyashiro (1973) who proposed that the lavas of the Troodos are 

bimodal, containing components with tholeiitic and calc-alkaline affinities, making 
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them more similar to lavas in a subduction-related island arc setting. Miyashiro (1973) 

did not provide enough evidence to totally refute a spreading centre origin. By the 

1980’s, workers began to use a model that placed a spreading ridge above a 

subduction zone (Pearce, 1975; Upadhyay and Neale, 1979; Serri, 1981; Holm, 1985; 

Mitchell, 1986), a so-called ‘supra-subduction zone’ (SSZ). It was proposed that oceanic 

crust was generated in an extensional setting, with the Troodos Ophiolite forming near 

a slab edge, with extension provided by roll-back of the subducting African slab 

(Robertson, 2002; Dilek and Flower, 2003; Dilek and Furnes, 2009; Nuriel et al., 2009; 

Pearce and Robinson, 2010). Material from the subducting slab was progressively 

incorporated into mantle melts resulting in the evolution of magma compositions from 

MORB to island arc tholeiite (IAT) to a boninitic assemblage (Dilek and Furnes, 2009). 

2.3.2 Spreading rates at mid-ocean spreading centres 

The rate of spreading of a mid-ocean ridge can have an impact on its 

morphology and prevalence of associated lithologies. Ridges are classified on their 

spreading rate into fast (> 10 cm/year), intermediate (> 5 cm/year), and slow (< 5 

cm/year) type ridges. The spreading rate is determined by magma supply rate and the 

amount of amagmatic extension that occurs (Galley and Koski, 1999). Fast spreading 

ridges such as the East Pacific Rise (EPR) are characterised by a narrow melt lens below 

much of its length which is a few tens to hundreds of metres thick and less than 1-2 km 

wide (Sinton, 1992). Similar melt lenses are also seen at intermediate and ultra-fast 

spreading ridges, however none have been observed beneath slow spreading ridges 

(Alt, 1999). 

Amagmatic extension is caused by a lack of magma at the periphery of 

spreading ridges, where extension is instead accommodated by large-throw normal 

faulting, for example at the Mid Atlantic Ridge (MAR) where Purdy and Detrick (1986) 

observed that the “ends of spreading segments adjacent to transform faults…are 

magma starved”. This distinct lack of magma on the periphery of the MAR means that 

the crust must fault to maintain the extension of the magma-fed sections. Large scale 

normal faulting serves to disrupt the layering of the crustal sequence and exposes 

mantle peridotites over large areas, in what are known as ‘oceanic core complexes’ 

(OCC). Specifically, an OCC has been defined as “A massif where deep seated rocks, 

gabbros, serpentines or peridotites, were exhumed onto the sea floor” (Nuriel et al., 

2009), which are then subject to seafloor alteration (Karson, 1990; Hayman, 2010). 
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This extensive exposure of mantle rocks leads to a vastly increased amount of 

serpentinisation resulting in a general density decrease in the local mantle of up to 40 

% (Iyer et al., 2010). This in turn, leads to mantle diapirism where the lower density 

mantle becomes buoyant and rises. This updoming of deep ultramafics is thought to 

explain the anticlinal structure of the Troodos Massif. The similarities between the 

MAR and the Troodos ophiolite would suggest a similar environment of formation, and 

that the Troodos spreading axis may have been slow-intermediate type, as with the 

MAR, or one that experienced periodic magma starvation.  

2.3.3 Location of the Troodos relative to a spreading centre 

As dykes in the Sheeted Dyke Complex (and indeed any other spreading centre) 

were injected centrally along the axis of a spreading ridge, then a proportion of the 

dykes should be split by the spreading action and come to rest on opposite oceanic 

plates. Chilled margins on dykes would, in general, lie in the opposite direction to the 

spreading centre (Cann, 1974). This was shown to be the case in the Troodos where 

data suggested that the oceanic crust was generated in a linear spreading axis to the 

west of the island (Kidd and Cann, 1974). The Sheeted Dyke Complex is also seen to 

contain whole dyke swarms, and series of dykes that have chilled margins counter to 

the main spreading centre, implying that dyke extrusion is a multi-stage process, and 

occurs away from the main spreading centre, or that there are multiple spreading 

centres (Desmet et al., 1978). That the spreading centre, and hence location of 

extrusive volcanism, is to the west of Cyprus indicates that the Troodos Sheeted Dyke 

Complex and extrusive volcanics young to the west, and following from that, the 

thickness of upper pillow lava extrusives should also decrease from east to west, due 

to decreased time in which they could be overlain by subsequent volcanics. 

2.3.4 Transform faulting and oceanic inside corner detachments 

The E-W Arakapas fault in the Limassol Forest area of the Troodos (Figure 2.4) 

is considered to be a fossil transform fault that has been exposed on land (Simonian 

and Gass, 1978). While the area to the north of the fault is comprised of ‘normal’ 

oceanic crust. the Limassol Forest area to the south of the fault contains a complex 

juxtaposition of crustal lithologies, with mantle material and gabbros often lying next 

to extrusive lavas. There are two main theories as to its origin, both of which have 

implications for the position of the Troodos in the spreading environment. The first 
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interpretation is that the area is a wide transform-tectonised zone coupled with a 

‘leaky’ transform fault: The Troodos comprises fragments of plate sections both to the 

north and south of the transform fault, and incorporates part of the fault. The Troodos 

formed to the west of a spreading centre and was conveyed eastwards as crust 

generation proceeded. When encountering the spreading centre to the east, and 

undergo an influx of intrusive and extrusive volcanic emplacement, where the 

extended area was swarmed with dykes and plutons (Figure 2.6A). This scenario is 

supported by the dominantly dextral sense of slip in the Limassol Forest area 

(MacLeod and Murton, 1995). An alternative theory is that the Limassol Forest area 

was constructed at an inside corner area of a transform fault (FIGURE 2.5B), and 

subsequently extended by detachment faulting, and finally intruded as it passed the 

second spreading centre (Cann et al., 2001). The Troodos formed to the east of a ridge-

transform-ridge intersection, where the transform had a dextral offset and sinistral slip 

(Figure 2.6B) The part of the ophiolite that would become the Limassol forest area was 

produces at the western inside corner and subsequently spread eastwards until it 

passed the second spreading axis, where the ophiolite to the north of the Arakapas 

fault was created and welded to the Limassol Forest area. 
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Figure 2.6 Models for the formation of the Troodos ophiolite and Limassol Forest area. 
A: The main part of the Troodos ophiolite forms (in current orientation) north of the transform fault on 
the eastern plate (starred). The Limassol Forest area is comprised of lava-starved, highly tectonised 
material that formed the transform fault zone, which was subsequently intruded when passing the 
second spreading axis. A small part of the southern plate is fused onto the the northtehrn Troodos plate, 
and is dubbed the ‘Anti-Troodos’ (MacLeod and Murton, 1993; 1995). B: The Limassol Forest area forms 
at an inner corner of the ridge-transform intersection (RTI) (starred), also known as an inner corner high, 
before being conveyed to the other spreading axis along the transform fault. Once past the second axis, 
the remainder of the Troodos from the northern plate is fused to the Limassol Forest (Anti-Troodos) 
plate to form the full Troodos. After Cann et al. (2001). 
 

2.3.5 Rotation of the Troodos microplate 

The Troodos sheeted dyke complex is currently aligned north-south, which is at 

90° to what would be expected of a Tethyean spreading centre (east-west). 

Palaeomagnetic data show a stable westward magnetisation of normal polarity in the 

Sheeted Dyke Complex and conformably overlying umbers (Clube et al., 1985). Above 

this, Upper Cretaceous to Upper Eocene sediments are increasingly aligned to current 

normal magnetisation. The data from Clube et al. (1985) combined with further results 

from Abrahamsen and Schönharting (1987) suggests that Cyprus underwent an 

anticlockwise rotation of 60 ± 10° between 90 and 50 Ma, with ~60° of that rotation 

occurring before the Lower Eocene, followed by a later anticlockwise rotation of 20 ± 
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10° within the last 50 Ma (Robertson and Xenophontos, 1993). A ~15° northward 

translation of Cyprus occurred within the last ~30 Ma that continues presently with an 

average speed of 5-6 cm/year (Abrahamsen and Schönharting, 1987). 

The cause of the rotation remains undetermined. Various potential models are 

detailed in Robertson and Xenophontos (1993) and summarised in Figure 2.7. 

 

 

Figure 2.7 Various suggested rotation mechanisms for the Troodos. a) Expulsion from the Isparta angle; 
b) Collision, subduction, erosion and underthrusting of the Mamonia microcontinent; c) The collision of 
a trench with the Arabian continental margin to the east; d) Similar to b but with the Mamonia 
microcontinent on the subducting plate. From Robertson and Xenophontos (1993). 
 

2.3.6 Uplift of the Troodos 

The uplift of Cyprus began in the Miocene, however the island did not fully 

emerge until around 1 Ma into the Pleistocene (Robertson and Xenophontos, 1993). 

The uplift, which continues to this day is driven by the underthrusting of continental 

crust from the northward migrating African plate as it subducts beneath Cyprus 

(Robertson, 1990; Poole and Robertson, 1991). 
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In the Pleistocene, the three terranes and their sedimentary cover were 

uplifted on a regional scale, and for up to 250 km offshore to the east of Cyprus 

(McCallum and Robertson, 1990). Serpentinisation of the mantle caused volume 

increase that led to mantle diapirism, resulting in radial uplift centred on the middle of 

the ophiolite (Robertson, 1977). This is superimposed on the regional compression 

(Robertson, 1990) and results in the bulls-eye outcrop pattern of oceanic crustal 

lithologies observed in Figure 2.4. Ophiolite lithologies that outcrop in Cyprus include: 

mantle lherzolites and harzbugites; gabbroic plutons; and the large sheeted dyke 

complex which grades into the volcanic sequence.  

2.3.7 Mantle sequence 

A 1 km thickness of ultramafic mantle rocks is exposed within the core of the 

Troodos ophiolite (Figure 2.8). These represent upper mantle lithologies accreted onto 

the base of the oceanic crust and consist of harzburgites, dunites, lherzolites, wehrlites 

and gabbroic rocks (Batanova and Sobolev, 1999; Batanova and Sobolev, 2000) which 

have been tectonised and serpentinised to a depth of 20 km (Shelton, 1993) as a result 

of retrograde metamorphism. 

The majority of the mantle sequence is harzburgitic, with pods of dunite 

forming most of the remainder (Robertson and Woodcock, 1980). The chemical and 

mineralogical homogeneity of units within the mantle sequence suggests that they 

formed from residual lherzolite mantle from which a basaltic melt has been extracted 

(Hebert and Laurent, 1990). Gabbroic pods within the mantle sequence are suggested 

to be batches of basaltic-composition melt that have crystallised in-situ. 

Traditionally, the mantle sequence was subdivided into east, central and 

western harzburgite units based on degree of serpentinisation (Wilson, 1959; Hebert 

and Laurent, 1990), however recent work by (Batanova and Sobolev, 1999; Batanova 

and Sobolev, 2000) suggests that the mantle is significantly more complex, with the 

eastern section being primarily spinel-lherzolite with harzburgite-dunite units, and 

mineralogically different from the western area, which is composed entirely of 

harzburgite-dunite units. 

 



43 

 
Figure 2.8 Stratigraphic column displaying units within the Troodos ophiolite and overlying sediments. 
From Constantinou (1980). 
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2.3.8 Plutonic sequence 

Overlying the mantle rocks is a sequence of mafic plutonic rocks (Figure 2.8) 

representing multiple frozen magma chambers below a sea floor spreading axis (Figure 

2.9) (Kidd, 1977; Robinson and Malpas, 1990). The ‘fossil’ magma chambers consist of 

layered or cumulate gabbros at their base moving into isotropic gabbros (Gass, 1980) 

in the upper sequence. Highly fractionated plagiogranites top the sequence, which are 

thought to represent one of the final stages in the evolution of a basic magma (Mukasa 

and Ludden, 1987; Galley and Koski, 1999), the generation of which may have involved 

the assimilation of hydrated rocks (Stakes and Taylor, 2003). 

 

 
Figure 2.9 Schematic representation of multiple magma chamber model. From Robinson and Malpas 
(1990). 

 

2.3.9 Sheeted Dyke Complex  

Above the Plutonic Complex, the Sheeted Dyke Complex (Figure 2.8) forms a 1-

1.5 km thick unit that consists wholly of vertical to near vertical ‘diabase’ dykes 

(Baragar et al., 1990; Gass, 1990). Individual dykes are found to intrude one another, 

providing evidence for an extensional formation environment. They act as feeders for 

magmas from the underlying chambers to the sea floor to form the extrusive sequence 

of pillow basalts and sheet flows above. The Sheeted Dyke Complex reflects the same 

range in chemical compositions observed in the extrusive sequence, but lack the sharp 

breaks in composition observed in the extrusive sequence (Baragar et al., 1990). 
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Age and composition of dykes show no spatial relationships suggesting that 

dykes were intruded at a number of localised spreading centres within the spreading 

axis (Robinson and Malpas, 1990). Multiple discrete locations of spreading 

corroborates with the multiple magma chamber model with each discrete magma 

chamber along a spreading axis fractionating and producing dykes (Baragar et al., 

1987; Baragar et al., 1990; Robinson and Malpas, 1990). 

2.3.10 Basal Group and Upper and Lower Pillow Lavas 

The sheeted dykes are stratigraphically overlain by a unit of submarine volcanic 

rocks, intruded at their base by dykes of the Sheeted Dyke Complex. The volcanic 

sequence is traditionally divided into three units: the Basal Group (BG), Lower Pillow 

Lavas (LPL) and Upper Pillow Lavas (UPL), the latter comprising the upper two thirds of 

the lava pile (Figure 2.8). The BG represents the sheeted dyke-pillow transition zone, 

and is generally defined as a sequence of extrusive rocks where dykes make up 50% or 

greater of the lithology. The LPL and UPL also contain dykes, albeit in far smaller 

volumes than the BG. In the Tamassos Mining area, the BG appears as brown sheeted 

dykes and pillow lavas showing hydrothermal alteration with minor mineralisation 

(Constantinou, 1980). Andesitic-dacitic volcanic glasses found in the BG lavas are 

chemically similar to those in the Sheeted Dyke Complex and upper parts of the gabbro 

complex. Their sequence of crystallisation was, from first to last: plagioclase, augite, 

orthopyroxene, titanomagnetite (Thy and Xenophontos, 1991). 

The distinction between the LPL and UPL is relatively subtle, often too much so 

for reliable field identification, and indeed the nomenclature is misleading as the 

actual volcanic sequence is more complex than simple stratigraphic division into lower 

and upper members, and contains more than solely pillow lavas. Extrusive units are 

comprised of intermixed pillows, sheet flows, hyaloclastites, pillow breccias, along with 

localised lava tubes. The classical division of Troodos extrusives into LPL and UPL will 

be used in this text to avoid confusion. The LPL of the Troodos are andesite-dacitic 

andesites which have geochemical properties akin to evolved members of island arc 

tholeiites (Miyashiro, 1973; Pearce and Robinson, 2010). The UPL are generally picritic-

mafic basalt-basaltic andesites (Miyashiro, 1973; Thy and Xenophontos, 1991; Pearce 

and Robinson, 2010). The UPL contain higher SiO2 and MgO than the LPL, suggesting a 

more primitive magma. Gass and Smewing (1973) suggested that the LPL and UPL 

were chemically continuous, but with a distinct metamorphic break in their alteration. 
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Work by Schmincke et al. (1983) suggests the reverse, that there is a chemical break 

between the LPL and UPL with no observable metamorphic break.  

The presence of multiple pillow units provides evidence for episodic volcanic 

activity, with further evidence being the presence of oxidised ferruginous sediments 

(ochres) interbedded with the pillow units (Constantinou and Govett, 1973). Ochre 

production requires oxidation of sulphide material, indicating that sulphides must have 

been exposed at the seafloor for a period of time.  

2.4 Sedimentary rocks of the Troodos 
Immediately overlying the extrusive sequence of the Troodos Ophiolite is the 

Perapedhi Formation (Figure 2.8, Figure 2.10), which comprises a sequence of 

interbedded umbers and mudstones. Umbers are fine grained, brown iron-rich 

mudstones (Robertson and Hudson, 1973), often Mn-rich, thought to form as a 

chemical precipitate as a result of the mixing of waters from hydrothermal vents with 

ocean water (Robertson and Xenophontos, 1993). The umbers outcrop discontinuously 

within the Troodos ophiolite, occurring as lens like bodies in depressions in the lava 

surface, often interbedded with mudstones of the Perapedhi Formation and 

occasionally with ochres (see section 2.7.6). The umbers are conformably overlain by 

deep water pelagic sediments, including radiolarian sediments, thought to be 

Campanian (83.5 –71.3 Ma,) in age, radiolarian mudstones and clays, and then by 

Maastrichtian chalk (Robertson and Xenophontos, 1993). Much of the area was 

blanketed in the early Tertiary by a unit of pelagic limestones transported from the 

northeast (Robertson, 1977; Lord et al., 2009). Shallowing upward carbonate 

sequences indicate further uplift during the Miocene, which culminated in the 

formation of lagoons and localised reefs adjacent to emergent areas of vegetated and 

heavily weathered Troodos rocks, evidenced by the presence of organic material 

located in channel facies within the Pakhna Formation at Khirokitia. This is an idealised 

model of the Cypriot sedimentary sequence, with the actual observable relations being 

more complex. In places, umbers are interbedded with lava flows, and occasionally 

massive sulphide deposits, as observed at Skouriotissa. The upper parts of the umbers 

are also interbedded with the overlying radiolarian cherts. Where umbers are not 

present, pillow lavas are directly overlain by radiolarian bearing units or chalks (e.g., 

the Lefkara formation). 
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Age (Ma) Formation Lithology 

2.0 Pleistocene ‘Fanglomerates’ 
Apalos 

Kakkaristra 
Athalassa 

Conglomerates 
Sandstones 
Calcarenite 
Sandstones 

Conglomerates 

5.2  
 

Pliocene 
Nicosia 

 
Kalavasos 

Marls, Silts, Muds, 
Sandstones, 

Conglomerates 
Evaporites 

23.3  
 
 
 

Miocene 

 
Upper 

 
 
 

Pakhna 

Reefal and bioclastic 
limestone 

Pelagic chalks, marls, 
calcarenites, 

conglomerates 
Reefal and bioclastic 

limestone 
Pelagic chalks, marls 

Middle 

 
Lower 

35.4 Oligocene Upper Lefkara Pelagic Chalk and Marls 

56.5 Eocene  
Middle Lefkara 

Massive pelagic chalks 

65.0  

Palaeocene Pelagic chalks 
Replacement chert 

74.0 Maastrichtian Lower Lefkara Pelagic chalks 

 
83.0 

 

Campanian 
 

Kannaviou 
Volcaniclastic sandstones, 

Bentonitic clays 

90.4  

Turonian 
 

Perapedhi Umbers 
Radiolarites 

Ophiolite Basement 

Figure 2.10 Basic stratigraphy of in-situ sedimentary cover of the Troodos Massif. 
After Robertson et al. (2003). 

 

2.5 Current general classification of ironstones, gossans and 
associated lithologies 

This section presents the current classification and nomenclature of gossans 

used in the literature. The definition of a gossan, or gassanite, can often be vague or 

subjective. This section aims to add greater constraint to the terminology of gossans 

and gossanites as applied to Cyprus, for consideration in Chapter 3. 

An ‘Ironstone’ (Blain and Andrew, 1977), is a generic name for any weathered, 

highly ferruginised rock (Butt, 2008). Gossans are as a sub-class of ironstones that 

specifically form as a result of the oxidation of sulphide material, and they are 

generally found capping sulphide ore bodies that have been subjected to oxidising 

conditions, e.g. (Velasco et al., 2013). Differentiating gossans from other types of 

ironstone requires the identification of diagnostic textures, mainly indications of 
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sulphide replacement such as pseudomorphs after pyrite (see below), and a special 

association with oxidising sulphides.  

In Cyprus, gossans are often associated with several other altered, or VMS 

associated lithologies, such as ochres and umbers. Collectively, gossan and associated 

lithologies will therefore be referred to as ‘gossanites’, after Maslennikov (2012). The 

following section contains an overview of the classification and nomenclature of 

ironstones based on the work of Blain and Andrew (1977). 

Gossan is a red-brown Fe-rich zone containing residual materials from the 

supergene alteration of a PMS body, remnants of which may or may not be present at 

depth. Sulphides in the PMS are usually recrystallised obliterating original sedimentary 

layering, which is then not present in the gossan. Layering of primary sulphides may 

alternatively be preserved in the gossan, although this is rare. 

The most common minerals in gossans are goethite and hematite, along with 

jarosite, limonite and silica (Table 2.2), although some gossans also contain magnetite 

as a supergene mineral (Blain and Andrew, 1977). During gossan-formation, large 

amounts of iron are fixed above the water table as goethite or hematite. Other metals 

can be leached by groundwaters and may be precipitated nearby, variably as oxides, 

carbonates and sulphates (Table 2.2), depending on the geological environment.  

Base metal sulphide gossans have undergone extensive alteration due to 

sulphide oxidation and have subsequently reached a relatively stable mineralogical 

assemblage and chemical composition. They are highly varied in colour, often 

displaying the standard reds and browns of ferruginous sediments, juxtaposed with 

pinks, yellows, blacks and whites, with colour bands varying on a cm to m scale. These 

vibrantly coloured weathered materials are generally referred to as ‘ochres’ (see 

below). Along with intensely variable colouration, these gossans also have a variable 

texture, for example “shaly”, “gritty”, and “onion-like” (Blot, 2004), with textures 

varying on a decimetre scale. 

Iron sulphide gossans are generally derived from base metal-barren pyrite and 

pyrrhotite deposits. With a large amount of sulphide present they are often difficult to 

distinguish visually from base metal gossans. All of the above characteristics for 

recognition of base metal gossans also apply to barren gossans. To classify them it is 

therefore necessary to conduct studies of the oxide mineralogy and geochemistry of 

the gossans. 
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Deposit associated with gossan 
(commodity) 

Gossan mineralogy 

Alto de la Mesa (Rio Tinto, IPB) Goe+hem+qtz 

Cerro Colorado (Rio Tinto) (VMS) Goe, hem, anglesite, cerussite, iodargirite+cc/cv, gold-rich, As-rich  
Hem, goe, py, jr, cl, cc, cy, cp py, cp, sp 

Cueva de la Mora goe+hem 

Herrerías Goe+hem+qtz 

La Joya Goe+hem+jr 

La Lapilla Goe+hem+jr (Pb-rich jar – plumbojarosite?) 

La Zarza Goe+hem+qtz 

Lomero-Poyatos Goe+hem (high Au content) 

Pena de Hierro Goe+hem+qtz+kao+bar 

San Miguel Goe+hem+qtz+jar+bar 

San Telmo Hem+goe+qtz+kao+bar 

Tharsis (Filion Norte) Hem+goe+qtz+beudanite+anglesite+clorargirite/iodargirite 

Halfmile Lake Deposit (Bathurst 
Mining Camp) 

Gt., silica, jr-group, beu., scorodite, barite, bindheimite, cinnabar, native Au, 
Ag, Bi, cassiterite, clay minerals. 

Restigouche deposit (Bathurst 
Mining Camp) 

Anglesite, hem., scorodite, arsenopyrite, bindheimite, cinnabar, native Au, 
Ag, Bi, cassiterite. 

Murray Brook gossan, Bathurst 
Mining Camp (Au-Ag) 
 
 
 
 
 
 
 
 
 
 
 

Goe., quartz, amorphous silica, K-Fe-Pb-As-Sb-Ag hydrated suphates, 
beudantite, plumbojarosite, jarosite, bindhemite, scorodite 

Table 2.2 A selection of mineral assemblages in selected world gossans. 
Compiled from Velasco et al. (2013) and references therein, Leybourne et al. (2006) and references 
therein; Blain and Andrew (1977); Williams (1950); Tornos (2005). 

 

Transported gossans often have similar morphologies to generic ironstones, 

and can appear similar to gossaniferous breccias, weakly cemented scree and massive 

colloform/columnar masses of goethite, hematite or manganese minerals (Blain and 

Andrew, 1977). These breccias probably formed through the mechanical transport of 

gossan clasts which were then re-cemented by an iron oxide matrix near to surface. 

The massive colloform/columnar type most likely formed by chemical migration and 

eventual precipitation of iron as limonite outside the primary massive sulphide body 

(Blain and Andrew, 1977). Chemically transported gossans are difficult to evaluate 

within an ore-deposit context as they may lie some distance from the PMS.  

 Exhalites, sedimentary cherts and iron formations. Iron- and silica-rich 

chemical sediments like cherts, jaspilites, umbers and their derivatives are often 

observable as mappable units in the field. In certain locations, these can be strongly 

associated with sulphide mineralisation. Exhalite formations commonly represent the 

distal facies equivalent of the massive sulphide ore body, the most intimately 
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associated of the exhalites with VMS are umbers which are Mn-Fe-rich chemical 

sediments (Constantinou, 1972; Constantinou and Govett 1973, see below).  

 Ferricrete is common in deeply weathered lateritic terrains where the near 

surface accumulation of iron has enabled the formation of a hard duricrust (Blain and 

Andrew, 1977). The rocks in this layer commonly have a well-developed concretionary 

structure, and may be massive and blocky in places, or potentially cellular. This type of 

ironstone commonly has accumulations of silica in a cherty or opaline form, and often 

overlie weathered ultramafic rocks (Blain and Andrew, 1977). Both iron- and silica-rich 

rocks have a superficially similar appearance to gossans, however both are base metal 

barren. 

Limonite is a general term for mixtures of amorphous iron oxides, finely 

crystalline goethite with minor silica, hematite, jarosite, lepidocrocite, or manganese 

oxides in various proportions (Blain and Andrew, 1977). Specific microstructures 

include pseudomorphic ferruginous replica textures after sulphides; however goethite 

can form mats, rosettes or spherules (Blot, 2004). Limonite can also contain patches of 

colloidal silica, organics, clays and phosphates (Hunt et al., 1971). As such, ‘limonite’ is 

a field term for poorly characterised hydrated ferric oxides. 

Under favourable gossan-forming conditions, at a moderate pH, limonite or 

goethite can be precipitated in situ, often forming pseudomorphs of previously existing 

sulphide minerals. Blanchard and Boswell (1925) categorised limonite into three 

specific groups:  

 Indigenous limonite – in the space formerly occupied by a sulphide 

mineral; 

 Transported limonite: in spaces a short distance (few cm) from the 

former sulphide mineral; 

 Exotic limonite: outside the confines of the ore body, commonly up to 

100 m from the former sulphide body (Blain and Andrew, 1977). 

 

Ochre is a term which has been used in the past to describe a range of 

materials superficially similar in appearance or texture, all of which can be loosely 

classified as ‘ochreous lithologies’. This use of ‘ochre’ is non-genetic and relates only to 

the physical properties. Ochreous lithologies include: the lithological unit (as here), a 

historically used pigment, altered umbers, and a rust coloured precipitate from acid 
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mine drainage. With such varied usage of the term (“...the definition of ochre is 

vague…” - Popelka-Filcoff et al., 2007), and while ochres may arguably form through a 

variety of methods, it is important to establish a clear definition for use in the 

remainder of this thesis. The term ochre will used for a bright red, Fe-rich, finely 

bedded sediment intimately associated with massive sulphide deposits. Ochre 

mineralogy is dominated by goethite, jarosite, quartz, along with amorphous Fe oxides 

and traces of hematite and gypsum (Herzig et al., 1991). 

Initially thought to have a primary hydrothermal origin (Constantinou, 1972; 

Robertson and Fleet, 1976), ochres are believed to be either the oxidised remnants of 

sulphide debris eroded from a fossil hydrothermal mound, as can be observed at 

modern massive sulphide mounds, or the oxidised upper surface of a sulphide mound 

(Herzig and Hannington, 1991). An internal layering of dark Fe-oxide-rich bands and 

lighter jarosite-rich bands is thought to be the remnants of the original sedimentary 

layering formed due to the flow of sulphide debris from sulphide mound flanks (Herzig 

et al., 1991). It is unclear whether mass movement occurred pre- or post-oxidation of 

the sulphide material. Ochre rocks occur in many massive sulphide locations in Cyprus, 

such as Skouriotissa and Mathiati North (Constantinou and Govett, 1973). 

Umbers are supra-ophiolite ferruginous Mn-rich sediments thought to 

precipitate from hydrothermal plumes above black smoker vent fields (Boyle, 1990) or 

through precipitation from off-axis thermal springs (Robertson and Fleet, 1976). They 

are an earthy, brown to black, very fine grained microscopically porous rock composed 

of iron and manganese oxides (Boyle and Robertson, 1984; Boyle, 1990). They vary 

from massive with a blocky appearance, to finely laminated. The umber mined for 

pigments is usually soft and earthy, shaly in places and a coffee brown colour. Banding 

within the umber is likely due to altering iron oxide content within the bands 

(Constantinou, 1972). Umbers are mineralogically and chemically very similar to the 

metalliferous sediments of modern mid ocean ridges (Bonatti and Joensuu, 1966; 

Bostrom and Peterson, 1966). 

Cypriot umbers outcrop discontinuously around the margins of the Troodos 

ophiolite, generally infilling depressions in the lava surface as lens-like bodies up to 

20m thick, tens to hundreds of metres across (Constantinou and Govett, 1973; 

Robertson and Fleet, 1976; Cann and Gillis, 2004). They are most commonly 

interbedded with mudstones of the Perapedhi Formation, and may overlie 
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sedimentary units, but are occasionally associated with ochres (Bear, 1963) within the 

lava pile or can be interbedded with VMS (Constantinou 1963). These relationships 

suggest that their formation is late to post-mineralisation. Due to their porous nature, 

umber is very often silicified due to interactions with off axis hydrothermal fluids (e.g. 

Prichard and Maliotis,(1998). Silicified umber remains brown-black, however loses 

much of its porosity, often developing conchoidal fracture. Sinuous bands of calcite 

reminiscent of stylolites in carbonates are found in umbers and indicate compaction 

and loss of porosity, suggested to be up to 90% (Edwards et al., 2010). 

2.6 Gossan formation 
After their formation in relatively reducing hydrothermal environments, and 

with subsequent interactions with relatively oxidising sea water, the sulphides in PMS 

will be subject to oxidation, catalysed by bacteria (see 2.6.2). This releases 

ferrisulphate and sulphuric acid which both serve to increase oxidation rates 

(Merefield, 1995) and to mobilise Cu and other metals in solution. The sulphate 

generated shows a systematic +4 ‰ enrichment in the heavier 34S isotope than the 

oxidising pyrite (Brunner et al., 2008), which has a 34S value of 0 to +10 ‰ at the TAG 

deposit (Gemmell and Sharp, 1998). This is discussed further in Chapter 7. Deeper fluid 

circulation via fractures may cause deeper oxidation. Uplift into the terrestrial 

environment, which will inevitably involve some level of brittle deformation, will 

enhance fluid flow, in this environment by allowing increased infiltration of oxidising 

meteoric waters. The sulphides will be at least partly recrystallised to secondary 

minerals such as goethite, limonite and metal oxides and carbonates. 

In both marine and terrestrial environments the intensity of weathering will 

generally decrease with depth, resulting in vertical zonation within the alteration 

profile (Figure 2.11) (Blain and Andrew, 1977; Blot, 2004). This pattern of alteration is 

complicated by fluid flow along fractures and other permeable zones leading to more 

extensive weathering in localised areas. Traditional representations of gossans and 

associated lithologies are largely based on porphyry-styles of mineralisation. Porphyry 

systems show vertical to subvertical zones of vein and disseminated mineralisation 

overlain by a gossan (Figure 2.11, Pohl, 1992; Butt et al., 2008). Sulphate, oxide and 

carbonate minerals form in the oxidised region above the water table, and reduced 

(sulphide) species form below the water table. Examples quoted for these systems are 
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generally from well exposed and deeply weathered cratonic terranes such as Australia 

(Butt, 2008), Africa (Blain and Andrew, 1977; Andrew, 1979) Canada (Leybourne et al., 

2006) and Scotland (Nicholson, 1987). 

VMS usually show a very different architecture to porphyry systems, most 

commonly consisting of a horizontal to sub-horizontal lens shaped massive sulphide 

body. Part of a VMS lens will often overlie volcanic rocks that may also be altered by 

downward percolating acidic fluids, Volcanics altered in this manner, however, possess 

a different character to the altered stockwork zone of the VMS. 

 

 

Figure 2.11 A typical schematic representation of the vertical zonation within an oxidising vein-style 
sulphide system. After Pohl (1992). 
 

2.6.1 Oxidation 

The weathering of massive sulphides to form gossans, either on the sea floor or 

in a terrestrial environment, involves the hydrolysis of sulphides and subsequent 

release or consumption of H+ and OH- groups. Hydrolysis results from reactions 

between the sulphide conductor and the co-existing aqueous media due to the 

massive sulphides’ properties as an electrical conductor (Sato and Mooney, 1960). As a 

result, supergene alteration of massive sulphides takes place as an electrolytic 
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corrosive process (Thornber, 1975) represented by the following equation (Singer and 

Stumm, 1970): 

2FeS2 + 7O2 + 2H2O → 4SO4
2- + 2Fe2+ +4H+ 

The reaction creates sulphuric acid, decreasing the pH of surrounding ground 

waters. Dissolution rates of chalcopyrite increase with decreasing pH with a significant 

increase in dissolution when going from pH 2.0 to 1.0 (Liang et al., 2014). A second 

bacterially mediated reaction produces ferric ions, which at pH values of between 4 

and 7 ions will tend to precipitate as iron oxides: 

2Fe2+ + 0.5O2 + 2H+ → 2Fe3+ + H2O 

Additionally, the sulphuric acid and ferric sulphate produced from pyrite can 

then oxidise other metal sulphides such as chalcopyrite (Blain and Andrew, 1977). 

The relatively oxidised upper region of the VMS is leached and ferric iron 

precipitated becoming the clay and Fe-oxyhydroxide-rich Cu-leached gossan 

(Blanchard, 1968). The leachates descend into more reducing environments and may 

be progressively neutralised which results in Cu precipitation as carbonates, oxides, 

sulphates and/or silicates above the redox boundary and as sulphides below (e.g. 

chalcocite, covellite, and bornite) to form SCUDs. This boundary is usually at shallow 

depth (50 cm) within the VMS mound in a submarine setting (Glynn et al., 2006) or at 

deeper levels, at the water table, in the terrestrial environment. 

As ore bodies are progressively exhumed, they inevitably encounter a region in 

which their sulphide minerals are no longer stable in the presence of ground waters. 

Oxidation occurs through a series of ½ cell reactions, releasing electrons that are 

conducted through the ore to be used in the complimentary ½ cell (Blain and Andrew, 

1977). The position of the water table is important in controlling the nature of gossan 

formation. A rising water table will limit the penetration depth of oxygen, resulting in a 

cessation in weathering. A static water table allows for more pervasive weathering 

above the table, which will then halt as oxygen is depleted and cations can no longer 

move out of ore minerals. Conversely, a falling water table encourages weathering to 

much greater depths than normal by allowing a greater depth of oxygen penetration 

(Taylor, 2001). 

Electrolysis experiments on ore bodies suggest that pH conditions at the 

sulphide-oxide interface are dependent upon: 1) the composition of the sulphide ores, 

2) the nature of acid-buffering weathering reactions, 3) the overall kinetics of the 
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system; with the composition of the ore being the dominant factor, as the H+/OH- 

balance directly relates to the sulphide-sulphate transition (Blain and Andrew, 1977). 

For every sulphur atom oxidised to sulphate in the aqueous medium, 8H+ ions are 

released, while for every electron consumed, a hydroxyl group is formed. Thus the 

H+/OH- ratio (pH) is determined by the metal:sulphur ratio of the ore. Pyrite-rich 

deposits generate excess hydrogen ions during oxidation at the water table, while ores 

with a higher metal:sulphur ratio, for example chalcocite-rich deposits, generate an 

excess of hydroxyl. Chalcopyrite enriched (high metal:sulphur) sulphides generate a 

net excess of OH- ions, increasing the pH. The precipitation of malachite, a copper 

carbonate often present in Cu-rich systems, is consistent with formation in an alkaline 

environment (Andrew, 1979).  

Increasing H+ activity results in the more mobile metals being leached from the 

system. A proportion of the original metal content, retained by the gossan in the oxide 

zone, is fixed as stable oxides while the leached material is dispersed throughout the 

groundwater system producing chemical dispersion haloes which may provide targets 

for exploration. Some of the leached metals may percolate down to the water table 

where they can be re-precipitated in the sulphide zone, enriching the lower ore body.  

At low pH, acid buffering reactions with wall rocks are feasible which will 

consume H+. Certain rock forming silicate minerals, e.g. plagioclase, will hydrolyse 

producing sheet silicates (e.g., clays) (Blain and Andrew, 1977). The surplus of 

hydrogen or hydroxyl ions will continue to accumulate until they are either diluted by 

groundwaters, diffused, or until their surplus generates a pH buffering chemical 

reaction, generally with wall rock (Blain and Andrew, 1977). 

Even as the gossan is progressively altered and leached, certain original 

components will be retained meaning that the post-alteration ‘immobile element’ 

geochemical signature of a gossan may reflect that of the proto-ore body. REE’s appear 

to be mainly mobilised as sulphate complexes (Leybourne et al., 2006) and show little 

fractionation (Blain and Andrew, 1977; Leybourne et al., 2006). Primary massive 

sulphide gossans have been shown to preserve Eu anomalies observed in unaltered 

rocks in the Bathurst Mining Camp (BMC), New Brunswick, that are then lost if 

subsequent overprinting of the primary alteration signature occurs (Leybourne et al., 

2006). 
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Oxidation of sulphide minerals such as pyrite and pyrrhotite produces box and 

ladderwork textures (Andrew, 1979; Bowell, 1994). This is because alteration is 

focussed along specific crystallographic planes: namely twin boundaries, parting 

planes, cleavages and grain boundaries, making each pattern unique to each proto-

sulphide (Table 2.3). The alteration products (limonite and silica) accrete laterally and 

symmetrically, forming an interlocking grid which is often resistant to erosion because 

of the materials’ high silica content, giving the texture some measure of relief. Later 

leaching of the retained, inner sulphides can leave a delicate framework of ‘boxes and 

ladders’ (Andrew, 1979; Bowell, 1994; Blot, 2004).  

 

Mineral Diagnostic Replica Textures 

Pyrite  Cubic pseudomorphs or cavities. 
Concentric or nested cubic boxworks commonly with octahedral 
modification. 
Concentrically zoned webworks or anhedral. 

Marcasite Radiating elongate boxworks with herringbone cross walls. 
Pseudomorphs of stellate spear-head twin. 

Pyrrhotite Broadly hexagonal boxworks with hieroglyphic or hexagonal cells. 
Closely spaced parallel thin walled cellular boxworks. 
Poorly connected hieroglyphic boxworks. 
Curvi-lamellar to spheroidal forms, concentric shrinkage cracks. 

Chalcopyrite  Rectangular boxworks with closely spaced, parallel cell walls, and 
cross walls at 35-110°. 
Coarse quadrangular equidimensional boxworks, often thick walled. 

Bornite Spherical triangular boxworks. 

Isometric 
tetrahedrite 

Sinuous, branch-like contour boxworks. 

Sphalerite Angular boxworks, well connected, oblique (45°) cross walls and 
continuous parallel long walls produce triangular sub cells. 

Galena Regular cubic, thin walled concentric boxworks (more regular than 
pyrite). 
Stepped pyramidal boxworks. 
Rhombic cerussite boxworks, thick walled, multiple parallel septa with 
acute angle ideally 62°. 

Sphalerite Angular boxworks, well connected, oblique (45°) cross walls and 
continuous parallel long walls produce triangular sub cells. 

Molybdenite Foliated, thin walled boxworks with smooth, rounded walls: casts of 
original interstices. 

Goethite Spherical cellular boxworks (gel texture). 
Poorly connected ‘hieroglyphic’ boxworks. 

Table 2.3 Characteristic replica textures of sulphide and associated minerals in gossans. After Blain and 
Andrew (1977). 
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2.6.2 Bacterial action 

Several species of autotrophic bacteria have metabolisms based on the 

extraction of energy from the oxidation of reduced sulphur, and are specialised to exist 

at deep sea vent sites. These are the lowest trophic level of the hydrothermal vent 

community food chain that supports a wide range of micro (Sievert et al., 2008) and 

macro-organisms (Little et al., 1999). One such bacteria, Acidithiobacillus ferroxidans 

(Kelly and Wood, 2000), is thought to speed up the rate of pyrite oxidation by as much 

as 102 (Merefield, 1995) or 106 times (Evangelou and Zhang, 1995). Important 

reactions involving bacteria are the oxidation of ferrous (Fe2+) to ferric (Fe3+) iron:  

4Fe2+ + O2 + 4H+ → 4Fe3+ + 2H2O 

Sillitoe et al. (1996) shows a myriad of bacterioform bodies in original growth 

positions near replacement interfaces with remnant hypogene sulphide grains. These 

minute (0.03 to 0.2 m) chalcocite bodies were interpreted as fossilized and metallized 

nanobacteria that promoted the fixation of mobilized copper ions, indicating bacterial 

activity may be a fundamental factor in the formation of gossans and the supergene 

enrichment of Cu deposits. 

2.7 Supergene enrichment and secondary Cu mineralisation  
Associated with gossans in some environments are SCUD, for example at La 

Escondida (Garza et al., 2001). These are accumulations of secondary Cu minerals, 

often structurally below or adjacent to the PMS. Their formation starts with the 

production of sulphuric acid and ferrisulphate during gossanisation of the PMS (Mote, 

1999; Mote et al., 2001a). These acid fluids react with chalcopyrite and other Cu-

bearing phases to form soluble cupric sulphate and ferrous sulphate which allows the 

transport of Cu downwards into relatively reduced zones such as the region above and 

below the water table. Cu ions react with primary chalcopyrite, bornite, and to a lesser 

extent pyrite, to form a supergene enrichment assemblage, typically of djurleite 

(Cu31S16) chalcocite (Cu2S) and anilite (Cu7S4) (Blain and Andrew, 1977). The 

precipitation reactions consume Cu, release Fe, H+ and S and, upgrade the overall 

metal:sulphur ratio of the ore. Changing Eh-pH conditions result in a downward 

zonation of secondary Cu minerals of varying Cu:S ratios. The distribution of secondary 

sulphides in the SCUD will depend on local topography, the nature and juxtaposition of 

different lithologies and structures, and the hydrological regime. 
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Supergene enrichment in chalcopyrite and pyrite is retarded by increased H+ 

activity, whereas that of bornite is accelerated under the same conditions (Zies, 1916; 

Blain and Andrew, 1977), making bornite more favourable to supergene enrichment 

than chalcopyrite. However, with continued oxidation of sulphides, and consumption 

of Cu, the S-S bonds in pyrite must break as chalcocite-like Cu minerals develop (Blain 

and Andrew, 1977). This results in a variety of enriched ore types, from “massive 

steely-grey aggregates (massive chalcocite)” to “powdery-black accumulations (sooty 

chalcocite)” (Blain and Andrew, 1977). 

2.7.1 Geochemical exploration for VMS through cover 

One of the main objectives of this research is to provide a set of geochemical 

criteria that can be used to predict the Cu potential of a massive sulphide from the 

composition of overlying gossans and surrounding lavas. While the majority of Cu and 

other elements can be lost in the process of gossan formation (Boyle, 2003) and 

gossan reworking (Boyle, 2003; Leybourne et al., 2006) it is sometimes possible to 

detect residual anomalous Cu and other base metals (e.g. Zn, Pb) in a gossan overlying 

a Cu endowed ore body (Andrew, 1984). Significant Cu, Zn, Ni and Co anomalies can be 

detected in lavas within 20m of a massive sulphide mine, and less prominently up to 2 

km from the pit (Govett, 1972). A zone of increased Zn and Co is apparent within a 1 

km radius of Mathiati North (0.24 wt. % Cu) pit, and lavas >2 km from the pit show 

slightly less Cu than those closer (Pantazis and Govett, 1973). 

Pantazis and Govett (1973) concluded that no one of these elements (Cu, Zn, 

Ni, Co) taken in isolation acts as a pathfinder, and it is not possible to determine 

whether a sample shows anomalous metal values based on anomalous single element 

concentrations. Taking Zn, Co, Ni and Cu into consideration together can roughly 

define a mineralised zone, although they do not form a convenient bulls-eye of 

increasing metal concentrations centred on an ore body. 

2.8 Massive sulphide and associated deposits in the Troodos 
Cyprus massive sulphide deposits are composed of pyrite and, locally, 

marcasite, with varying contents of chalcopyrite and sphalerite, with rare galena (Bear, 

1963). Also present are pyrrhotite, rutile, gold and silver, with silver showing an 

association with chalcopyrite (Pantazis, 1979). The main secondary minerals observed 
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are copper oxides, chalcocite, covellite, bornite, digenite, vallerite, tenorite, as well as 

magnetite and hematite (Pantazis, 1979). 

Constantinou (1972) and Constantinou and Govett (1973) recognises three 

different types of sulphide ore within Cypriot massive sulphide orebodies, which they 

classify into zones A, B and C, based on the styly of pyrite mineralisation and amount 

of S contained within. Most ore bodies generally containin one or two of the ore types, 

but rarely all three. The ‘A’ type (see below) is invariably present, with either the B or C 

type ore making up the remainder of the deposit (Constantinou and Govett, 1973). 

Zone A is the upper part of the VMS and is massive with > 40 % S. It is 

commonly comprised of a further two ore types: conglomeratic ore and underlying 

compact ore. The conglomeratic ore is in a fragmented zone often with pillow shaped 

or spheroidal blocks of sulphides in a sugary, friable Fe-disulphide matrix dominated by 

pyrite. The size and proportion of sulphide blocks increases downward, and the 

underlying compact ore is much less porous than the overlying conglomeratic ore, 

containing large blocks of pyrite often coated with chalcopyrite, with covellite being 

observed along fractures (Constantinou and Govett, 1973). 

Zone B underlies Zone A and is a pyrite-quartz zone grading from 40 % S at the 

top, to 30 % at the base. Cu values are typically 1-2 %. 

Zone C is the stockwork zone, and underlies Zones A, and B if present. The 

stockwork zone contains < 30 % S, and contains vein hosted as well as disseminated 

pyrite (Constantinou and Govett, 1973). 

The mineralogy and chemistry of the massive sulphide bodies varies between 

localities. Some possess up to 2.5 wt. % Cu, and were previously mined for Cu. Others 

were mined historically for S and Fe, or occasionally their gossans for precious metals. 

All, however, possess some or all of the common features described above.  
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3 Field classification and structural relations of VMS-
related lithologies in Cyprus 

3.1 Introduction 
The aims of this chapter are to describe the nature of relatively undeformed 

and well exposed VMS-related lithologies in the Troodos Ophiolite of Cyprus, and from 

this to determine field-based criteria to explore for gossans overlying Cu-rich VMS and 

SCUDs. It is demonstrated that the classic schematic for gossans and supergene 

enrichment zones (Figure 2.11) is inappropriate for lens-like massive sulphide deposits.  

From the literature review in Chapter 2, and field studies herein, the term 

gossan will be strictly used to describe the oxidised, Fe-rich (hematite, 

goethite/limonite, jarosite +/- quartz) remnants of VMS, often containing 

pseudomorphs after pyrite. Oxidised, variably leached and Fe-depleted zones within 

volcanic rocks in the foot-wall of the sulphide bodies will be termed ‘retali’ (ρετάλι), 

the Greek for ‘remnant’. These may not have contained disseminated sulphides, unlike 

gossan, which forms via the weathering of sulphide or sulphide bearing lithologies: 

Retali is instead acid leached by descending supergene fluids from an overlying or 

adjacent sulphide ore body, to be explained fully later in this chapter. The field 

identification of retali is important as their presence at or near surface may indicate 

that the overlying (depending on structural relations) sulphide body has been removed 

by erosion.  

The term ochre will be used for fine-grained, often bedded, oxidised surface 

layers of sulphide mounds.  

The term umber will be used for Mn-rich, with variable Fe, often bedded, fine-

grained, and generally highly porous chemical sediments that settled in depressions in 

the lava surface distal to sea floor hydrothermal vents.  

3.2 Locality selection and sampling methodology 
The sites selected for this study are all previously worked deposits identified 

from a review of the literature (e.g. Bear, 1963) and the supervisors’ previous work in 

the area (Naden et al., 2006). Sites were selected based on the presence of a gossan 

and Cu mineralisation, and ease of access. Field studies were carried out in November 

2009, March 2010, March – April 2011, January 2012 and April 2012.  



61 

Pits investigated included: Kokkinopezoula, Kokkinovounaros, Mathiati North, 

Mathiati South, Sia, Skouriotissa (Phoukasa and Phoenix), Touronjia and Troulli. All pits 

are easily accessible from public roads, although Kokkinopezoula and Sia are 

sometimes inaccessible due to their use in military training exercises. Authorisation to 

work and sample from the pits was obtained from the Geological Survey Department 

of Cyprus (GSD) 

Due to historic mining in the Troodos, no locality presented a complete 

succession of all gossan-related lithologies. Examples of each gossanite lithology 

present at a location were sampled for comparison with similar lithologies from other 

mine sites, with the aim of producing a characteristic chemical and mineralogical 

description for each. 

3.2.1 Sample collection 

From reconnaissance studies, gossans and associated lithologies (massive 

sulphides, stockwork, ochre, umber, altered lavas) on Cyprus were found to show large 

and intricate variations in their colour and textures, on centimetre to metre scales. As 

such, the use of a grid sampling method was deemed inappropriate. Sampling was 

conducted by rock type as identified in the field to avoid missing key lithologies. Rock 

types were assigned an initial lithological classification based on easily distinguishable 

optical (colour, relief etc.) and physical properties (hard, friable, etc.). 

The heterogeneous nature of the lithologies meant that relatively large sample 

sizes were necessary. The mass of material collected for samples representative of a 

specific lithology were around 1 to 1.5 kg. Targeted sampling of lower abundance 

lithologies such as vein infills, amygdales etc. was conducted on an ad-hoc basis. 

Particularly heterogeneous materials were sampled multiple times for comparative 

analysis. Duplicates of similar lithologies were taken at the mine scale to determine 

mine wide variations. Samples were placed into polythene bags and assigned unique 

identification numbers recorded in a field note book along with an eight figure grid 

reference (UTM WGS84), recorded for each sample locality. Samples were dried and 

transported to UK for storage. 

3.3 Field descriptions of study sites in Cyprus 
This chapter contains descriptions of the localities visited during fieldwork in 

Cyprus, including accessibility, general features of the pit area, lithologies present, 
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stratigraphic relations and mineralogies. Field and sample maps for Mathiati North and 

Phoukasa can be found in Appendix C. Several leached outcrops, often associated with 

previously worked deposits, were selected for this study (Figure 3.1), identified from a 

review of the literature and prior work in the area (Naden et al., 2006). A summary of 

the lithologies encountered at each locality is found in Table 3.1. 

 

 

Figure 3.1 Locations of mine workings studied in this project. 

 

 
Table 3.1 Summary of lithologies observed at each locality. ‘’ indicates that the lithology was observed 
and accessible; ‘O’ indicates that this lithology was observed at this site, but inaccessible; ‘’ indicates 
that the lithology was not observed at this locality. 
 
 

3.3.1 Kambia (KA) (052491 E / 387306 N)  

The Kambia open pit (Figure 3.2) lies on the north flank of the Troodos (Figure 

3.1) and measures 170 m ESE-WNW and 90 m NNE-SSW. The pit is accessed by a road 

Lithology 
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leading past the sulphide spoil tips to the eastern end of the pit. The pit has suffered 

extensive bench failure that restricts access to the upper eastern bench alone (Figure 

3.3), although this also shows indications of imminent failure such as cracks and 

undercutting of the bench. This makes Kambia extremely difficult to sample safely: no 

gossanous lithologies could be collected. 

The VMS at Kambia lies within the LPL close to the contact between igneous 

and sedimentary rocks (Bear, 1963). It has become well known due to the presence of 

pyritised fossil vent macro-fauna in associated waste dumps (Little et al., 1999). The 

upper regions of the pit consist of highly fractured lavas showing little original texture. 

The area near the mine entrance to the northeast consists of propylitised pillow lavas 

with the blue-green mineral celadonite (Figure 3.4; K(Mg,Fe2+)(Fe3+,Al)[Si4O10](OH)2)), 

which is indicative of early seafloor alteration (Booij et al., 1995). 

The original gossan at Kambia was notable by an abundance of limonite, as well 

as boulders of pyrolusite (MnO2), psilomelane (Ba(Mn2+)(Mn4+)8O16(OH)4, 

(Ba,H2O)2Mn5O10) and hematite (Bear, 1963). The gossan remaining today (Figure 3.3) 

consists of red ferricrete-like material in the northwest face of the pit, overlying a 

bleached unit. This gossan is situated on a ridge crest to the northwest, elevated 30m 

above the mine entrance level, and appears to dip to the south. A large N-S trending 

fault in the south pit wall appears to separate highly leached material to the east from 

less altered material to the west.  
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Figure 3.2 Map of Kambia open pit with sample locality 
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Figure 3.3 View of Kambia open pit and gossan, looking east from locality ‘a’. Note bench failure, which 
makes the gossan inaccesible safely. November 2009. 
 
 

 
Figure 3.4 Celadonite mineralisation in pillow lava from locality ‘a’. Kambia, November2009. 
 
 



66 

3.3.2 Kokkinopezoula (KP) (051054 E / 387720 N) 

The Kokkinopezoula mine lies in a hilly area on the north flank of the Troodos 

(Figure 3.1), near to the village of Mitsero after which the regional mining district is 

named. The open pit measures 490 m ENE-WSW and 230 m NNW-SSE and is accessed 

via a road leading around the outside of the pit. The Cypriot National Guard use 

Kokkinopezoula as an artillery firing range so caution is needed, and notifying the 

Geological Survey Department of Cyprus of a visit is advisable. Lower parts of the pit 

can be accessed by the main haul road which enters to the northeast and is in 

reasonable condition, although only the east part of the pit is accessible due to 

collapse of benches on the west side of the mine. The south of the mine is accessible 

but slope failure is a potential hazard. 

The massive sulphide deposit at Kokkinopezoula was discovered in 1951 and is 

situated within the LPL, close to the contact with the BG (Bear, 1963). The E-W 

trending lenticular ore body pitches out towards the E and mineralisation is thought to 

be controlled by a major N-S trending fault that divides the ore body into two parts. 

The western section, the larger of the two, mainly consists of non-cupreous pyrites, 

whilst the smaller eastern section was affected by later Cu mineralisation (Bear, 1963). 

With only a small fraction of the ore containing 0.2 wt. % Cu, the ore body was 

primarily mined for S, producing around 3.5 Mt of ore at 24 wt. % S. 

A “brilliantly coloured” gossan once overlay the site and extended from the 

surface to the water table at a depth of 36 m. It mainly consisted of silica, clays, red 

hematite and yellow natrojarosite. Small veins of sulphur are associated with spongy 

and earthy silica. During prospecting in 1936, the gossan was found to contain 

appreciable amounts of gold and silver (Bear, 1963). 

Currently, a large outcrop of ferricrete is prominent on the northern edge of 

the pit boundary (Figure 3.6, Figure 3.7). This overlies a limonitic zone of much softer 

yellow-orange material (Figure 3.6) which is classed as yellow earthy gossan. The 

contact between the two is recessed highlighting the difference in competency 

between the two units. Below this is a white leached zone (Figure 3.8) that is present 

on the reverse side of the outcrop featured in Figure 3.6. The leached zone shows 

some Fe-oxide staining. The ground beneath this leached wall shows a channel within 

the rock caused by water run-off and the material in the channel is comprised entirely 

of a yellow earthy mineral, probably natrojarosite (Figure 3.9). Within this jarositic 
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material are rare box and ladderwork structures with relict goethite. Figure 3.11 shows 

the stratigraphic relation between these units and that they overlie unmineralised 

chloritised lavas, the sulphide ore body having been removed previously. 
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Figure 3.5 Locality map for Kokkinopezoula 
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Locality Sample collected Locality Sample collected 
 

a  h  

b KP10 i  

c KP11, KP12 j  

d  k  

e  aa KP1, KP2A – D,KP 4A – B, KP5 

f KP13 ab KP3A – C 

g KP14   

Table 3.2 Localities and sample numbers from Kokkinovounaros 

 

 

Figure 3.6 Ferricrete overlying limonitic earthy gossan. Locality aa: Kokkinopezoula, March 2011. 
 



70 

 

Figure 3.7 Detail of Locality aa: Gossan and ferricrete exposed at Kokkinopezoula with sample collection 
locations. 
KP2A: ferricrete; KP2B: white powdery material; KP2C: yellow earthy gossan, KP2D: red earthy gossan; 
KP4A: ferricrete from obscured face of outcrop. November 2009. 
 

 

 

Figure 3.8 Leached zone below limonitic zone. Locality ab: Kokkinopezoula, November 2009  
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Figure 3.9 Channel coated with natrojarosite. Locality ab: Kokkinopezoula, November 2009. 

 

 

Figure 3.10 Natrojarosite material showing A: Box and ladderworks; B: Cubic goethite pseudomorphs 
after pyrite. Locality ab: Kokkinopezoula, November 2009. 
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Figure 3.11 The remainder of Kokkinopezoula gossan as of April 2011. Localities aa and ab are visible 
overlying unmineralised wallrock lavas.  

  

3.3.3 Kokkinovounaros (KV) (525154 E / 387237 N) 

Kokkinovounaros (lit: ‘Red Hill’) is located around 560 m southeast of Kambia 

pit (Figure 3.1), and is accessed directly via a slip road leading to the pit entrance. 

Unlike other mines in the region, no sulphide was discovered at 

Kokkinovounaros, and it was the gossan itself that was worked for gold (Bear, 1963), 

although: further exploration revealed no pyrite deposit, however geochemical 

anomalies of over 1000 ppm Cu have been recorded across the area. Kokkinovounaros 

underwent renewed prospecting in 2010 – 2012 by Northern Lion Gold Corporation. 5 

diamond boreholes were drilled in total, 3 of which were along strike of the gold and 

copper-bearing open pit structure. Gold grades decreased from 6.64 g/t in grab 

samples at the surface to 0.6 g/t at depth, which suggests that the north-trending 

structure is not the source of the mineralisation (www.northernliongold.com, 2014). 

The locality hosts two large gossans that are situated in the LPL and that 

outcrop as a prominent ridge of red material (Figure 3.13). The northern gossan is 100 

m long N-S and 75 m in the E-W direction and is overlain by interbedded black shales 

and silicified umbers that are thought to have acted as a barrier to mineralising fluids 

(Bear, 1963). An open cut which bisects a large N-S fault (Figure 3.14) allows access to 

the pit. The west wall of the fault is made up of white material with a density similar to 

expanded polystyrene. This material contains irregular patches of yellow natrojarosite 

and pink staining.  

ab 

aa 

Lava 
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The east side of the fault is less leached and features oxidised lavas above a 

dome of propylitised pillow lavas. Close to the fault there is a gradation from leached 

to adjacent propylitised lavas (Figure 3.15-A), however further from this fault and 

stratigraphically higher, a sharp contact separates leached lavas from underlying 

propylitised lavas (Figure 3.15B). Distal to the fault, the leached material overlies the 

pillows, separated by a sharp contact (Figure 3.15). A layer of silicified umber overlies 

the leached lavas above the propylitised lavas (Figure 3.18). Fractures within 

propylitically altered lavas proximal to the fault are mineralised with gypsum and 

goethite (Figure 3.16). This fracture infill often contains malachite (Figure 3.17)  
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Figure 3.12 Map of Kokkinovounaros with sample localities. 
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Locality Sample collected 

a KV5 – 19 

b KV1 – 3, KV21 - 23 

Table 3.3 Samples collected from localities at Kokkinovounaros. 
 
 

 

Figure 3.13 Kokkinovounaros (Red Hill) forming a local topographic high. Much of the oxidised cap has 
now been removed leaving only a thin layer. March 2011. 
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Figure 3.14 Locality ‘a’ in Figure 3.12. Kokkinovounaros fault showing juxtaposition of leached and 
propylitised (prop.) lavas, with numbered points of sample collection (KV5 – 16). 
A: The heavily altered white material lies to the west of the fault structure and has a silica sponge 
texture indicating it has been leached of base metals. Material to the east of the fault shows 
ferruginisation; B: The leached lavas extend to the south and were previously exploited for gold (Bear, 
1963). November 2009. 
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Figure 3.15 Juxtaposition of propylitised and intensely leached lavas at Kokkinovounaros with numbered 
points of sample collection. 
A: Gradational contact between leached and propylitised lavas proximal to fault shown in Figure 3.14A. 
Kokkinovounaros, March 2011; B: Sharp contact between ferruginised and leached lavas overlying 
propylitised lavas from Figure 3.14A. November 2009 

 

 

Figure 3.16 Locality ‘a’. A: detail of sample point ‘14’ from Figure 3.14; B: Fractures in pillow lava 
mineralised with gypsum, goethite and Mn oxides. Kokkinovounaros, March 2011.  
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Figure 3.17 Malachite mineralisation along a fracture plane within pillow lavas. Kokkinovounaros, March 
2011. 
 

 

Figure 3.18 Silicified umber cap of leached lavas. Kokkinovounaros, November 2009.  
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3.3.4 Lysos (LY) (455465 E / 387651 N) 

The Lysos locality represents a small sulphide working and is situated on the 

northwestern flank of the Troodos and is around 2.2 km east-southeast of the Limni 

open pit mine. The pit is 50 m north-south by 60 m east-west (Figure 3.19). Due to 

flooding the pit is largely inaccessible; however the hill to the north has good exposure 

of gossanous material and sulphide bearing waste dumps from which samples can be 

collected. The pit lies within variably altered, propylitised lavas that show iron staining. 

An elongate gossan crops out discontinuously along a path heading north from the pit 

for about 60m and contains both red earthy gossan and white leached gossan (Figure 

3.20). 

 

 

Figure 3.19 Image of Lysos pit looking south from the location of the gossanous material. November 
2009. 
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Figure 3.20 Earthy and leached gossan at Lysos. November 2009 
 

3.3.5 Mathiati North (MN) (053180 E / 387042 N) 

The Mathiati North open pit is located on the northeast flank of the Troodos 

ophiolite (Figure 3.1), several miles from Sia pit, and is accessible by road. The pit 

measures 380 m NW-SE and 290 m NE-SW. An intact haulage road allows access to the 

lowest parts of the pit, which is partly flooded. Bench failure on the northern side of 

the pit makes this area inaccessible. 

The massive sulphide lens at Mathiati North (Figure 3.21) was lens shaped, 

constrained by steeply dipping normal faults which are offset by numerous minor N-S 

faults (Constantinou and Govett, 1973; Lydon and Galley, 1986; Richardson, 1987). An 

east-dipping fault, striking 350°, forms the eastern contact of the ore body, which 

serves to truncate the two north-westerly faults, bringing basaltic lavas in contact with 

the ore body. One of the earlier large constraining faults can be traced west and shows 

sporadic sulphide mineralisation. The NW section of the ore body is unconformably 

overlain by ochre, which is in turn overlain by pillow lavas postdating mineralisation. 

The ore body and overlying rocks are tilted 35° NW, resulting in exposure of the top of 

the ore body (Zone A) to the northwest, and the bottom of the body (stockwork zone) 

at the southeast end, with Zone B exposed in the centre of the pit. Exploratory work 

indicated 4 Mt of non-cupreous disseminated ore containing between 20 and 45 wt. % 

S (Bear, 1963). This was worked by open pit mining between 1965 and the 1980s when 

the mine closed, producing 2.9 Mt ore at 0.24% Cu and 33% S.  
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Figure 3.21 Mathiati North pit. Modified from Constantinou and Govett (1973). 

 

The gossan is situated in UPL along a faulted contact with the LPL 

(Constantinou and Govett, 1973; Pantazis and Govett, 1973). The leached cap was 

explored for gold and silver in 1937 and an underground mine constructed for the 

exploitation of these precious metals. 

Virtually no original gossan remains at Mathiati North (Figure 3.22). The 

outcrop in the pit is dominated by propylitically altered pillow lavas and the VMS 

stockwork. Towards the upper benches of the mine, in the southern part, the lavas 

become increasingly altered, presumably towards the palaeosurface. A small gossan 

outcrops at the top of the mine on the SE side and has faulted contacts with highly 

oxidised pillows to the E and W (Figure 3.23). The gossan shows cubic voids where 

sulphide crystals have been leached from the surrounding material (Figure 3.24). 

 



82 

 
Figure 3.22 Map of outcrops sampled in Mathiati North. 
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Figure 3.23 Remaining gossan at (locality ‘s’, Figure 3.22) Mathiati North, March 2010. 

 

 

Figure 3.24 Magnified image of point ‘a’ in Figure 3.23: Gossan shows relic outlines of cubic pyrite 
crystals. Mathiati North, April 2012. Image Courtesy of Mr Charles Randle  
 

3.3.6 Mathiati South (MS) (053169 E / 386744 N) 

Mathiati South was worked for gold between 1936 and 1938 by the CMC 

mining company. Below the surface horizon, which is enriched in precious metals, a 

minor, disseminated pyrite ore body was found, situated in the LPL along a fault 

contact with the BG (Bear, 1963). There still remains at the site a large, brightly 

coloured gossan to the south of the pit where the pyrite ore was worked. With little 

information about the Cu content of the Mathiati South ore body and little to no 
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unaltered sulphide remaining, this location is of secondary importance and was not 

sampled extensively. 

3.3.7 Sia (SIA) (053416 E / 386760 N) 

Sia mine is situated to the southeast of Mathiati North (Figure 3.1). The pit area 

is 230 m ENE-WSW by 130 m WNW-ESE (Figure 3.26) and is comprised of highly 

altered pillow lavas with several ESE-WNW trending subvertical dykes present in the 

pit walls. Certain dykes appear darker than others and bear manganese oxide 

mineralisation. In places dykes show chilled margins and celadonite mineralisation 

within fractures. Fragments of Cu mineralised rock are present in material that has 

spalled off the dykes.  

The floor of the entrance to the pit is made up of extremely altered pillow lavas 

which exhibit extensive fractures mineralised with goethite and gypsum (Figure 3.27). 

Towards the edge of the pit, during periods of low rainfall, some of the remaining PMS 

is exposed beneath a well consolidated cap of brecciated lavas. Several highly 

brecciated zones are present within the pit walls and show extensive gypsum 

mineralisation along fractures (Figure 3.28). 

Located in the LPL, the now mined Sia ore body was comprised of a mass of 

small chloritised and silicified sulphide lenses (Bear, 1963). The Hellenic Mining 

Company began extraction of pyrite in 1951, producing 0.66 Mt ore at 0.5-1.2% Cu and 

25-30% S. The ore body is associated with NW trending dykes which are often 

hardened by secondary silicification. NW trending faults may have acted as conduits 

for the mineralising fluids (Bear, 1963). Minor stringers of covellite are irregular, and 

trend NW in the upper parts of the ore body. 

Little to no gossan remains at Sia. Overlying the former sulphide lenses are 

several small ( 10’s of metres) volumes of gossan at the pit boundaries which consist of 

amydaloidal lava, showing possible relict pillow structures, which has suffered varying 

degrees of iron staining and leaching (Figure 3.29) (Cullis and Edge, 1922). An earthy 

limonitic region adjacent to weathered pillow lavas overlies a leached zone in the 

upper western wall of the pit (Figure 3.30). The gossan was worked between 1936 to 

1943 for gold and silver.  

Waste dumps at Sia mine contain weathered lavas with gypsum and goethite 

mineralisation along fractures and pervasive ferruginisation (Figure 3.31). The inner 

core of the lavas is heavily leached. 
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Figure 3.25 Map of Sia pit showing localities studied. Localities ‘d’ and ‘u’ are located in spoil tips to the 
north of the pit. 
 
 

Locality Sample collected Locality Sample collected Locality Sample collected 

a SIA1, 2 h  p SIA20 – 22  

b  i SIA11 q SIA23A – C, 24 – 30  

c SIA3 – 7  j SIA12, 13, 15 r SIA31 – 32  

d  k SIA14, 16, 17 s SIA33 

e’ SIA9A, B l SIA18A t SIA34 

e’’  m SIA18B u SIA35, 36, 120 

f SIA10 n SIA18C   

g  o SIA19   

Table 3.4 Localities and samples collected from Sia pit. 
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Figure 3.26 Sia mine, January 2012, looking SE. Gossan overlies propylitised (prop.) lavas that are in turn 
adjacent to sulphide material. At one point, the sulphide material may have overlain the lavas, and then 
been altered to gossan. 

 

 

Figure 3.27 Gypsum and goethite in fractures (outlined) within pillow lavas on pit floor at locality ‘o’. Sia 
mine, January 2012. 
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Figure 3.28 Gypsum mineralisation within fractured lavas. Black lines follow mineralised fractures. Sia 
mine, January 2012. 

 

 

Figure 3.29 Locality ‘l’ on the eastern wall of Sia pit displaying highly fractured leached material with 
relict pseudo-pillow structures (outlined) (Sample SIA18-A). Sia mine, March 2010. 
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Figure 3.30 View of white leached zone at locality ‘c’ beneath an earthy limonitic zone, both situated 
adjacent to oxidised pillow lavas of locality ‘b’. Sia mine, January 2012. 

 

 

Figure 3.31 Proto-‘Rocky Road’ texture in leached lavas. A and B: Heavily leached lavas (a) are lined by 
fractures which show ferruginisation (b) and have gypsum and goethite veins at their core (c). C: The 
fracture pattern has created a honey-comb texture. Sia mine, January 2012. 
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3.3.8 Skouriotissa (SK) (049043 E /388380 N) 

The Skouriotissa mine is located in the axial region of the Solea Graben (Figure 

3.1), in the northeastern part of the Troodos Ophiolite (Schiffman and Smith, 1988; 

Adamides, 2010a). It is situated at the top of the UPL and contains two ore bodies: The 

Phoukasa PMS, mainly worked for primary sulphides since at least Roman times until 

the modern age, and the Phoenix secondary Cu ore body, currently mined for 

secondary Cu minerals (Figure 3.32). 

 

 

Figure 3.32 The Phoukasa and Phoenix pits at Skouriotissa mine, November 2009. 
 

3.3.8.1 Phoukasa (PHA) 

The Phoukasa pit (Figure 3.32) measures 220 m N-S and 230 m E-W, and is 

largely inaccessible due to bench failure. It is presently used for water storage. A haul 

road circumnavigates the pit, allowing access to the upper reaches of the ore body 

(Figure 3.33). The Phoukasa PMS (now mostly mined) was a flat-lying east-west 

trending ellipsoid lens lying within a shallow depression in the surface of pillow lavas. 

Lavas in the pit walls are propylitised. The area between the Phoukasa and Phoenix 

pits contains banded umbers and is intensely altered (Seward, 1999). Phoukasa is 

estimated to have contained 6 Mt of ore at 2.25% Cu and 46.5 to 47.5% S. The deposit 



90 

is unconformably overlain by ochres, exposed at the southern end of the pit (Herzig et 

al., 1991) along with umbers and black shales, which are in turn overlain by chalky 

marls and limestone (Constantinou and Govett, 1973). From drilling records, the 

umbers once formed a continuous blanket over the area. Overlying the sulphide lens 

was an 85 to 145 m thick gossan which was removed prior to mining (Constantinou, 

1972; Herzig, et al., 1991). 

An eastern extension to the Phoukasa ore body is currently (as of 2014) being 

mined, and was visited in March 2011 and Jan 2012. The massive sulphide was 

bounded by lavas to the north and south, and this area showed the most complete 

section through a massive sulphide body recorded in this study. Going up-section, the 

massive sulphides, which contain patches of covellite, are variably overlain by ochre 

(Figure 3.34) or gossanised volcanics, which are then overlain by bentonite and 

limestone (Figure 3.35). Within the ochres, sheets of gypsum are present parallel to 

bedding/ sulphide reaction fronts (Figure 3.36). 

Chalcopyrite within the massive sulphide is rimmed by covellite and then 

chalcocite. Covellite was prevalent in the massive sulphide, appearing within 10’s of 

cm of the contact with the ochre unit, and also seen to be coating chalcopyrite. In 

some places the ochres are overlain by umbers. 
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Figure 3.33 Phoukasa pit locality map. Red dashed lines indicate the rough position of major faults. 
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Figure 3.34 Relationship between massive sulphide, ochre and umber in the Phoukasa eastern extension 
January 2012 
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Figure 3.35 Stratigraphy of the Phoukasa East orebody. 
Gossanised volcanics and ochres are variably present overlying the orebody. The swelling clay bentonite 
can be seen overlying the sulphides. 

 

 

Figure 3.36 Relationship between sulphides, ochres and lavas at the Phoukasa East extension. 
Gypsum is present in multiple sheets parallel to the oxidation front. 

 

3.3.8.2 Phoenix (PHX) 

The Phoenix (PHX) mine is located adjacent to and topographically below the 

Phoukasa pit which lies to the east (Figure 3.32). The pit measures 570 m E-W by 430 

m N-S, making it much larger than Phoukasa. The two ore bodies are seemingly 

connected by a zone of intense alteration in the footwall lavas between the ore bodies 
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(Seward, 1999). The Phoenix secondary Cu deposit was delineated by the Cyprus 

Mining Company in the 1960s and is currently operational. The Phoenix deposit 

consists of disseminated and vein hosted sulphides within chloritised lavas (Figure 

3.38) and contains a resource of around 40 Mt at an average grade of 0.4% Cu. 

The mineralised lavas have a soapy texture, are pale green-grey in colour and 

contain disseminated pyrite with chalcopyrite coatings. Copper is mainly present in 

secondary minerals such as chalcocite, and delafossite (CuFeO2) in particular, but also 

as native Cu (Adamides, 2010a; 2010b). Red-brown jasperoidal fracture-infilling veins 

are prominent throughout the altered lavas and are host to pyrite and chalcopyrite 

(Figure 3.39, Figure 3.40). Delafossite mineralisation is located in the lower levels of 

the Phoenix pit (Adamides Pers. Comm., 2011). On the upper North wall of the Phoenix 

pit there is a distinctive bleached layer stained with oxides. 
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Figure 3.37 Phoenix pit locality map. The majority of the cenre of the pit is mineralised lavas. 



96 

 

Figure 3.38 North face of Phoenix pit displaying white leached zone overlying oxidised lavas. 
To the right of the image is a relict sulphide fragment overlain by the ochre unit. March 2011. 

 

 

Figure 3.39 Jasper with chalcopyrite. Phoenix pit, March 2011. 
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Figure 3.40 Jasper vein with chalcopyrite. Phoenix pit, March 2011. 

3.3.9 Strongili Horseshoe (SH) (053456 E /386877 N) 

The Strongili Horseshoe is a large crescent shaped ridge situated in the region 

between the Mathiati and Sia pits (Figure 3.1). It is accessed via a turn-off on the road 

between them. Strongili has no recorded examples of sulphide mineralisation, and as 

such has no open pit. The entire site is accessible. The lack of an ore body at this 

location, however, means that very little has been published about the site. 

The lower levels of the ridge are comprised of green coloured, propylitised 

pillow basalts with amygdales of calcite and a white zeolite. Lavas on the inner arc of 

the Horseshoe become increasingly altered as the ridge is ascended. This change is 

gradational in some locations and is relatively sharp in others (Figure 3.42). In the 

upper levels of the horseshoe, the outcrop becomes increasingly iron stained and filled 

with cavities (Figure 3.43), resembling ferricrete in its colour and hardness. This is a 

zone of leached lavas which show accelerated leaching along intrapillow fractures and 

subsequent goethite mineralisation along these fractures (Figure 3.44). The end result 

is a ‘rocky road’ (Figure 3.45) like texture of white leached lavas stained pink and 

yellow in places due to the precipitation of Fe-bearing secondary minerals. Pink 

stained zones are proximal to goethite mineralised fractures. 

Several crystals of a sulphide (pyrite) were found within the lower Strongili area 

(Figure 3.46), within the propylitised pillow lavas. Pseudomorphs of goethite after 

pyrite were observed in interpillow voids (Figure 3.47). However, no evidence for the 

presence of a PMS could be found. 
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Figure 3.41 Map of Strongili Horseshoe  
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Locality Sample collected Locality Sample collected Locality Sample collected 

a SH7 k SH18 u SH27 

b SH8 l SH19 v SH28 

c SH9 m  w SH29, SH30 

d SH10 n SH20 x SH31 

e SH11 o SH21 y SH32 

f SH12 p SH22 z SH33 

g SH13, SH14 q SH23 aa SH34 

h SH15 r SH24 ab SH35 

i SH16 s SH25 ac SH36 

j SH17 t SH26 ad SH37 

Table 3.5 Sample locations for Strongili Horseshoe 

 

 

Figure 3.42 Contact between propylitically altered lavas (green) and highly oxidised lavas (brown) at 
locality ‘r’. Sample SH24 represents the propylitised lavas. Strongili Horseshoe, March 2011. 

 

 

Figure 3.43 Cavities in ferricrete. Strongili Horseshoe, March 2011. 
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Lavas are progressively altered and bleached. Gypsum and goethite are present within fractures in the 
lavas. Eventually the remaining lava totally weathers out to leave a honeycomb of gypsum and goethite 
veining. This is the next stage of ‘rocky road’ leaching (Figure 3.44). 

 

Figure 3.44 ‘Rocky Road’ retali. Extremely fractured and leached lavas. 
Fractures are mineralised with a mixture of gypsum and goethite. Ferruginisation extends from the veins 
into the lavas taking the form of a pink colouring on the white lava. The dark mineralsation surrounding 
white lavas is reminiscent of Rocky Road cake (Figure 3.45). Strongili Horseshoe, March 2011. 

 

 

Figure 3.45 Rocky Road cake. (www.taste.com.au). 
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Figure 3.46 Chalcopyrite with bornite (tarnished purple) in altered lava at Strongili. Sample SH25 from 
locality ‘s’. Strongili Horseshoe, March 2011. 

 

 

Figure 3.47 Goethite pseudomorphs after pyrite. Sample SH29 from locality ‘w’ at Strongili Horseshoe. 
These dark cubes are colloquially known as ‘Devil’s Dice’. November 2009. 

 

3.3.10 Troulli (TR) (55688 E / 387673 N) 

The Troulli Inlier is a small island of volcanic material, hosting a small massive 

sulphide ore body, surrounded by Circum-Troodos sediments (Figure 3.1). Troulli Mine 

(Figure 3.48) is much smaller than others in this study, and is situated entirely within 
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the oxidised LPL. It is accessible by road through the nearby Troulli village. The 

periphery of the pit is accessible through a cut in the footwall lava, however bench 

failure makes access to the lower levels of the pit impossible. 

The footwall consists of red, oxidised lavas that underlie propylitised pillow 

lavas, separated by a layer of umber (Figure 3.49, Figure 3.50). The contact between 

the umber and lavas is sinuous, and the umbers appear to be entrained within the 

overlying lavas in places (Figure 3.51). Within the propylitised pillows there are pillows 

that display propylitic cores, but red outer zones (Figure 3.52). Inter pillow contacts are 

mineralised with gypsum, which also infills fractures. 

Troulli ore has secondary Cu minerals chalcocite and bornite replacing 

chalcopyrite along fractures and grain boundaries (Bear, 1963). Initial shipments of Cu 

from Troulli mine averaged 10.5 – 15.5 wt. % Cu. Remaining at the site are lavas with 

disseminated sulphide mineralisation and fracture-hosted Cu secondary minerals. 

There is an association between mineralisation and silicified vugs (amygdales) within 

the lavas. 

Overlying the VMS at Troulli, on the north side, and adjacent to oxidised lavas, 

is a large gossan that consists of red ferricrete overlying a white leached zone (Figure 

3.53). The pit hosts a spectacular turquoise lake, testament to the presence of large 

quantities of soluble copper species.  
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Figure 3.48 Map of Troulli showing sample localities. 
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Locality Sample collected 

a TR1, TR2, TR3 

b TR4 

c TR5, TR6 
d TR7 

e  

f TR8, TR9, TR10 

g  

Table 3.6 Sample locations for Troulli 

 

 

 

Figure 3.49. Heavily oxidised and propylitised lavas separated by a layer of umber. Locality ‘f’, Troulli, 
April 2011. 

 

 

Figure 3.50 Heavily oxidised and propylitised lavas separated by a layer of umber. Locality ‘b’, Troulli, 
April 2011. 
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Figure 3.51 Umbers entrained within younger overlying lavas. Locality ‘b’ Troulli, April 2011. 
 

 

 
 

 

Figure 3.52 Pillow lava displaying ferruginised outer rim (red) with less altered propylitic core (green). 
Troulli, April 2011. 
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Figure 3.53 Oxidised lavas overlying a white leached zone. Locality ‘g’, Troulli, April 2011. 

 

3.4 Lithological descriptions and classifications of VMS and 
gossanites in Cyprus 

Section 2.5 detailed the classification scheme for gossanites as present in the 

literature. This section re-examines those classifications, provides a more detailed 

lithological description, and re-presents these classifications in a manner more specific 

to Cyprus. 

3.4.1 Iron cap/ferricrete 

Gossans are very often topped by a blocky duricrust, ferricrete or iron cap. This 

ironstone is made up of iron oxide and oxyhydroxide minerals giving it a colour that 

varies from red-orange to a deep crimson. Silicification and crystallisation of limonite 

make the iron cap durable and resistant to weathering (Butt, 2008) so that gossans 

often form topographic highs, for example at Kokkinovounaros (Figure 3.13). 

Overhangs within the outcrop that are sheltered from precipitation may show 

mineralisation of water soluble iron-bearing minerals, for example melanterite 

(FeSO4.7H2O). If the iron cap formed via the weathering of massive sulphide then it 

stands to reason that the gossan may display voids after pyrite as observed at Mathiati 
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North (Figure 3.24), or goethite pseudomorphs after pyrite, as observed at Strongili 

(Figure 3.47). 

3.4.2 Limonite/earthy gossan 

The limonite zone is softer and more friable than ferricrete and displays a wider 

variation in colour from mustard yellow to orange, red or brown. This zone often has a 

powdery texture and fragments can be removed by hand with little effort. The limonite 

zone often shows relict outlines of pyrite grains, pseudomorphs after pyrite and box 

and ladderwork textures, such as those seen at Kokkinopezoula (Figure 3.9). 

 

 

Figure 3.54 Yellow limonite/earthy gossan sample KP3a from Kokkinopezoula. 

 

3.4.3 Leached zone 

The leached zone is readily identifiable by its bright white colour, texture and 

density, being superficially similar to chalk in these respects. The decrease in density 

and loss of colour correlate with an increasing level of leaching, however white 

leached rocks with differing densities were observed, those at Kokkinovounaros 

(Figure 3.8) being the least dense and those at Kokkinopezoula (Figure 3.14) and Sia 

(Figure 3.29) being relatively more dense. The variation in density for seemingly similar 

white rocks may relate to a loss of sulphide minerals (the leaching of sulphides would 

result in more pore spaces in the alteration product) or subsequent silicification and 

cementation of the leach rock (late stage hydrothermal fluids may mineralise pores 

with silica). 
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Leached zone material may exhibit localised pink staining by Fe oxides, or 

yellow staining by jarosite/natrojarosite, a relic of its genesis in an acidic oxidising 

environment. Having been leached of virtually all base metals, the rock is little more 

than a framework of silica, also referred to as silica ‘sponge’. 

3.4.4 Ochre 

Ochre is a very fine-grained (<< 1 mm) mudstone which is brightly coloured, 

ranging from intense reds to crimson and orange (Figure 3.55). They are highly friable, 

being easily broken apart between ones’ fingers. They readily stain skin and clothing 

red. Ochres at Skouriotissa are associated with extensive gypsum mineralisation 

(Figure 3.36). The NE extension of the Phoukasa mine studied in January 2012 showed 

an undulating 1m thick unit of ochre overlying the primary massive sulphide ore that 

was being mined (Figure 3.34). 

 

 

Figure 3.55 Sample SK46, ochre from Phoukasa East extension. 

3.4.5 Umber 

Umber, which resembles fine-grained mudstone, varies in colour from dark 

chocolate brown at Mathiati to light brown (Figure 3.18, Figure 3.56), or is sometimes 

deep red-brown for example at Troulli (Figure 3.50). Umber is readily identified in the 

field due to its high porosity; a drop of water will soak into the rock within a few 

seconds, and small pieces of umber will stick to the tongue.  
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Umber that has been silicified loses its porosity, becoming greasy and having a 

resinous lustre. It may often appear darker than nearby unsilicified umbers. The rock 

becomes hard, brittle and flinty, with a conchoidal fracture. Bedding within the umber 

is preserved during silicification as alternating dark and light bands.  

At the Phoukasa deposit, umber overlies the massive sulphide in the eastern 

extension visited in January 2012, and also the cliff exposure visited in November 

2009. In both instances, the umbers show marked colour variations from light brown 

to near black. Umbers studied in 2009 showed an association with gypsum, something 

which could not be verified in the 2012 due to their inaccessibility. The wide colour 

variation in Skouriotissa umbers is not observed in umbers at other locations. 

 

 

Figure 3.56 Sample MM10, unsilicified umber from Mathiati North. 

 

3.4.6 Primary sulphide mineralisation 

Primary sulphide mineralisation was observed in two forms: Stockwork 

mineralisation at Mathiati North and as massive sulphide deposits such as observed at 

Phoukasa. Stockwork sulphides are highly fractured and silicified, and contain a high 
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proportion of quartz veins (up to more than 50% of the groundmass). Massive sulphide 

mineralisation takes the form of fine grained (< 0.1mm) (Figure 3.57A) or coarser 

grained (generally 2 – 5, but up to 15 mm) (Figure 3.57B). Fine grained sulphides 

appear darker and ‘sooty’ while coarser crystalline sulphides have a metallic lustre. 

 

 

Figure 3.57 Massive sulphide from Skourioutissa Phoukasa, A: Sample SK101a, displaying a darker, fine-
grained ‘sooty’ surface and B: SK101b displaying coarser grained pyrite. 

 

3.4.7 Secondary Cu mineralisation 

Secondary enrichment of sulphide ores is a feature present in several Cyprus 

ore bodies (e.g. Skouriotissa, Troulli and Kokkinopezoula). Skouriotissa has been 

chosen as the type example for this case study due to its operational status during the 

study period (September 2009 - 2012) and ease of access. The Phoukasa deposit is a 

PMS that has been subject to gossanisation and leaching, followed by re-precipitation 
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of secondary sulphide minerals (generally chalcocite and covellite) as coatings on 

primary pyrite (Bear, 1963). The high porosity of the primary ore likely facilitated the 

migration of groundwaters which resulted in dissolution and re-precipitation of Cu 

minerals (Bear, 1963). In the northeast extension of the Phoukasa mine, covellite 

mineralisation within the primary sulphide is sporadic, but appears to be confined to a 

zone within tens of cm from the sulphide-ochre contact. This shallow zone of 

secondary enrichment within a sulphide mound is also observed at TAG (Glynn et al., 

2006; Severmann, 2006).  

The Phoenix mine at Skouriotissa is currently working an SCUD with Cu present 

in minerals such as delafossite (Adamides, 2010b) and chalcopyrite. Lavas in the pit 

walls generally contain abundant disseminated pyrite which often possesses a yellow-

gold sheen. Jasperoidal veins are frequent throughout the Phoenix pit and these 

contain yellow coloured cubic sulphides, either pyrite with a chalcopyrite coating, or 

chalcopyrite pseudomorphs of pyrite. The Phoenix mine contains abundant red 

siliceous veins, tentatively identified as jasper, which contain large proportions of 

sulphide material (Figure 3.39, Figure 3.40). This vein network superficially resembles a 

stockwork system, but with ferruginised mineral veins, as opposed to quartz-veins. 

There appears to be an association of gypsum with the secondary Cu ores in the 

Phoenix mine.  

At Kokkinopezoula, secondary Cu mineralisation is more restricted, mainly 

being observed as small patch of vivid green-turquoise malachite staining within the 

ferricrete zone of the gossan. At Kokkinovounaros, malachite mineralisation is 

restricted to interpillow fracture mineralisation where it is associated with gypsum and 

goethite. 

3.5 Discussion 
From field observations, a schematic diagram has been devised to illustrate the 

architecture of oxidation and secondary Cu mineralisation zones in oxidising VMS 

systems in Cyprus (Figure 3.58). The diagram draws on observations from all mines 

visited as no single mine shows a complete stratigraphic sequence. The location of the 

observed gossans and sample points are shown on the schematic diagram for 

reference (Figure 3.59). The aim of the diagram is to aid explorationists in estimating 

their field position with the oxidising VMS system, and therefore the possible location 
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of a PMS or SCUD. The environments and mode of formation of key lithologies are 

interpreted and the exploration significance of this VMS-specific architecture will be 

discussed. 

 

 

Figure 3.58 Adaptation of the previous gossan schematic (Figure 2.11) to be more appropriate for 
Cyprus-type VMS systems, based on the original schematic, literature review and field observations. 

 

 

 

Figure 3.59 Schematic representation of the lithologies encountered at the localities featured in this 
study, based on Figure 3.58. 
Boxes (not to scale) illustrate lithological exposure observed at each locality. 1: Skouriotissa Phoukasa 
(SK): The primary massive sulphide is overlain by pelagic sedimentary rocks (bentonite and limestone); 
2: Kokkinopezoula (KP) The remainder of the massive sulphide is overlain by an intensely bleached zone 
capped with a gossan; 3: Lysos (LY); 4: Mathiati North (MN), PMS was steeply dipping and therefore 
relatively unaltered hanging wall volcanics could be seen on north side of pit; 5: Sia (SIA); 6: Skouriotissa 
Phoenix (SK), 7: Kambia: red gossan and white leached material overlying sulphidic material; 8: Troulli 
(TR) at the pit periphery, unaltered wall rock lavas are shown to overlie umbers which in turn overlie 
highly ferruginised, probably once mineralised rock  

 

3.5.1 Discussion relating to specific localities 

Kambia  

Poor access to Kambia pit has led to few observations about the juxtapositions 

of the gossanites and VMS, however white leached lavas are observed to overly 
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sulphidic material, the lavas in turn overlain by a more red oxidised material (Figure 

3.59). 

The south dipping gossan at the mine correlates with historical records of the 

ore body being narrow and dipping to the south (Bear, 1963). This suggests that the 

orientation of the initial PMS controlled the architecture of the gossan that formed 

from it. An elongate gossan may suggest a tabular, steeply dipping PMS deposit. The 

extensive celadonite mineralisation of the lavas in the upper Kambia pit is indicative of 

low temperature sea floor alteration (Booij et al., 1995). Celadonite mineralisation, 

along with the silicification of umbers, are caused by low temperature alteration and 

hydrothermal circulation respectively (Prichard and Maliotis, 1998). Their presence 

indicates that this location was subject to off axis alteration and modification of the 

lavas and gossanites. 

Kokkinopezoula 

Kokkinopezoula contains the remainder of a massive sulphide ore body overlain 

by intensely bleached lavas (Figure 3.8) that are in turn overlain by a red limonitic 

gossan capped with a hard ferricrete layer. Unmineralised lavas are adjacent which 

places the Kokkinopezoula outcrop in position 2 in Figure 3.59. 

The gossan varies in colour dependant on mineral proportions, with haematite 

dominant assemblages being red, and goethite/limonite dominated assemblages more 

yellow. The natrojarosite shows rare box and ladderwork textures (Figure 3.10) 

indicating a mineralised protolith. 

Kokkinovounaros 

Kokkinovounaros is difficult to place in Figure 3.59 as it lacks any remains of a 

PMS. The bleached white rocks in the east wall of the open pit (Figure 3.14) show 

skeletal outlines of cubic pyrite crystals (Daniel Morgan, pers. comm., 2011), showing 

that they were once mineralised, however this is not necessarily indicative of a PMS. 

Massive sulphide mineralisation generally occurs at shallow depths due to the 

interaction of a hydrothermal fluid with cold seawater (see section 2.1.2). Fractures 

within the propylitised lavas are mineralised with gypsum, Mn oxides, goethite and 

sporadic malachite (Figure 3.16) indicating the former presence of pyrite and Cu 

sulphides, later oxidised to form goethite and malachite. 

Mathiati North 
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A sulphide-rich zone on the southern wall of the Mathiati North pit is highly 

silicified and brecciated. It has been interpreted as representing the stockwork system 

beneath the now mined-out massive sulphide lens (Hannington et al., 1998).  

The limonitic gossan material observed at Mathiati North contains square voids 

where pyrite has been leached from the rock (Figure 3.24). This would suggest that this 

outcrop is true gossan and not simply ironstone. The outcrop has a faulted contact 

with heavily altered pillow lavas on both sides. These are likely to be the host lava for 

the VMS due to their degree of alteration.  

Sia 

The Sia PMS has long since been mined out, and the remainder of the material 

in the pit is limited to sulphidic waste spalling from the benches, and altered and 

leached lavas and gossan that make up the walls of the pit. The pit floor is variably 

propylitised and ferruginised pillow lavas that increase in sulphide content towards the 

lake in the pit. The unmineralised lavas in the pit floor put this section outside the 

mineralised zone, and the lack of relict sulphides in leached wall-lavas suggests a 

position on the flank of a PMS body (Figure 3.59), with the original ore body overlying 

or adjacent to the present pit walls, in particular the outcrop shown in Figure 3.29.  

The ‘rocky road’ style highly leached and fractured lavas observed at Sia (Figure 

3.31) closely resemble those observed at Strongili Horseshoe (Figure 3.44). The pink 

staining related to the fracturing is likely due to Fe-rich fluids having pervaded the 

fractures and dispersing into the highly leached material. The gypsum and goethite 

assemblage observed within these fractures is similar to that observed at 

Kokkinovounaros, meaning the pit floor was probably mineralised, but has since been 

exposed to oxidising supergene fluids. 

Skouriotissa-Phoukasa 

The two deposits at Skouriotissa have individual, but intertwined origins. The 

Phoukasa deposit is a primary massive sulphide occupying a trough in the underlying 

UPL (Constantinou and Govett, 1973). The ore body has tongue like protrusions that 

extend to the east that were not originally mined and have only recently, from 2011, 

been mined by EMED. These protrusions are variably overlain by pelagic sediments or 

umbers, giving them their place on the periphery of the ore body in Figure 3.59, 

overlain by ochre and sediment. The sulphide material at Phoukasa is overlain by what 
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appears to be ochre, which contain ochre-sulphide-parallel sheets of gypsum, either 

aligned to a bedding plane or a reaction front (Figure 3.36). 

Skouriotissa-Phoenix 

The Phoenix deposit lies adjacent to but topographically below the Phoukasa 

PMS and consists of disseminated sulphides in altered lavas. The lavas have a soapy 

texture which may be related to the presence of nontronite, possibly formed as a 

result of the downflow of Fe-rich fluids. The Phoenix deposit is hosted within variably 

oxidised pillow lavas that contain stringers of silica-rich, jasperoidal material that 

contains abundant euhedral pyritic material. Extensive siliceous jasper veining in the 

east of the Phoenix pit becomes less common to the west. This may suggest that the 

eastern section of the Phoenix mine partly overlies the mineralised lavas adjacent to 

the Phoukasa deposit, or the stockwork system associated with the Phoukasa massive 

sulphide, as well as being partly within oxidised lavas, hence its position in Figure 3.59. 

Faulting at Skouriotissa makes positioning the Phoenix onto such a general diagram 

more difficult. 

The Phoenix deposit is likely to have formed via the mobilisation of Cu down-

fault due to the acidic environment generated through oxidation of pyrite within the 

Phoukasa ore body (Adamides, 2010b) resulting in a secondary ore body hosted within 

oxidised lavas of the UPL (Figure 3.59). While there are several examples of secondary 

Cu enrichment in Cyprus, the formation of an exotic SCUD is much more unusual. 

Strongili Horseshoe 

The lack of an observable sulphide ore body at Strongili means that it was not 

placed onto Figure 3.59. Strongili Horseshoe perhaps represents a false gossan, despite 

the tiny amount of sulphide mineralisation observed (Figure 3.46), and goethite 

pseudomorphs after pyrite. The rocky road retali observed at Strongili (Figure 3.44) is 

well developed, with friable leached lava cores being removed, leaving a framework of 

gypsum in fractures within the lava: The extensive alteration of lavas at Strongili 

suggests that there is a hydrothermal element to its formation. 

Troulli 

Troulli is perhaps the most complete example of a VMS-gossan sequence 

observed in this project, with the only missing element being the PMS itself. Heavily 

altered and ferruginised lavas are overlain immediately by umber (Figure 3.49) 

suggesting a period of quiescence before renewed volcanism which deposited the 
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relatively unaltered green lavas on top of the umber. The ‘bulldozing’ of the umber by 

the lavas and the subsequent entrainment of the umber between pillows (Figure 3.51; 

Figure 3.49) suggests that the umber was perhaps not fully lithified when new lavas 

were erupted. Supergene alteration is evidenced by the presence of secondary 

sulphide minerals and alteration of footwall lavas by an oxidising fluid, indicated by the 

ferruginised nature of the underlying volcanics. These include the strangely altered 

pillows that possess red-oxidised margins around green, propylitised cores (Figure 

3.52), suggesting that oxidation was not complete and did not penetrate to the heart 

of these pillows, such as with other lavas in this area that have been entirely 

ferruginised. 

3.5.2 Field constraints on the architecture of the oxidation zones  

Due to the extensive mining history of Cyprus, none of the areas studied 

contain a complete section through the oxidation zone of a VMS. This is because 

gossans were usually stripped back to gain access to the massive sulphide lens 

beneath. Study was therefore mainly restricted to preserved fragments of gossans 

around pit margins, which may not be entirely representative of the upper regions of 

gossans (ferricrete/limonite zones) visible during exploration. 

The weathering zones associated with VMS deposits in Cyprus have a complex 

architecture due to the interplay between fluctuating magmatic activity, 

sedimentation, uplift, and both seafloor and terrestrial oxidation. In addition, 

lithologies associated with the VMS are subject to uneven leaching, oxidation and 

mineralisation due to preferential alteration along fluid pathways such as faults. The 

result of this is that the degree of oxidation and alteration across a specific deposit is 

usually extremely heterogeneous. Indeed, highly oxidised zones may often contain 

relict fragments of primary sulphide material (Figure 3.38).  

From field studies, the architecture of VMS-related alteration zones was found 

to be very different to the standard schematic based on porphyry deposits (Figure 

2.11). A gossan crops out at the surface displaying bright red Fe oxidation colours. This 

may be overlain by material from the ochre unit representing the original surface of 

the VMS, or possibly umbers from distal vents. Below a sharp or gradational contact 

with the iron cap and gossan is a leached zone, which generally has a gradational 

boundary with a PMS.  
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At the periphery of a VMS system, in its original horizontal orientation, contacts 

generally have a shallow dip, meaning that erosion has a great effect on the sinuosity 

of the contact between massive sulphide and underlying lava. The sulphide mound is 

also likely irregular in shape on the scale of tens of metres, so ‘fingers’ of sulphide may 

protrude onto the lavas, further complicating field relations. 

In an idealised cross section, pelagic sediments, including bentonite if there 

were periods of volcanic ash fall (Figure 3.35) grade into hanging wall volcanics or 

umbers, which gradually increase in thickness proximal to the vent site, or collected in 

depressions on the sea floor surface. Beneath the umbers, the upper layer of the 

sulphide mound would be ochreous and contain secondary Cu minerals, which 

decrease in frequency further into the ore pile. The ochres may have a sinuous (on the 

cm scale) contact with underlying sulphide material, or be interbedded with oxidising 

sulphide material. In other places with enhanced oxidation, the ochre may overlie a 

leached zone (e.g. at Skouriotissa, Figure 3.38). 

The juxtaposition of the gossan, sulphide body and footwall rocks are also 

conspicuously different to that usually observed in porphyry systems (Figure 2.11). 

Rather than the gossan always overlying the PMS and stockwork (Figure 2.11), in VMS 

systems the gossan may directly overlie lavas, if the entire thickness of sulphide (or 

mineralised material) has been oxidised, such as at Skouriotissa (Figure 3.38).  

Due to the fact that the margins of PMS mounds often overlie unmineralised 

lavas, acidic fluids generated from the oxidation of the sulphides may percolate 

through and leach this underlying country rock, which may leave behind an off-white 

residuum similar in appearance to the leached zones within the massive sulphide ore 

body itself (blue shaded areas in Figure 3.58). These leached zones do not have the 

traditional appearance or characteristics of lithologies in the ironstone classification 

(see section 2.6) so it would therefore seem improper to consign them to this group. In 

the absence of a formal term, they are here dubbed ‘retali’ (Greek: ρετάλι), which in 

English means remnant. These retali are superficially similar in appearance to the 

leached zones underlying the traditional gossan (Figure 2.11), but do not share the 

same protolith. Alternatively, gossanites may lie adjacent to the massive ore body in 

the example of retali seen at Sia (Figure 3.29). The relationship between PMS and 

gossanites is shown in a developed schematic for gossanites related to Cyprus VMS 

(Figure 3.58). 
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Being able to differentiate between leached materials, all of which are 

superficially similar, but form in specific locations relative to a PMS ore body (gossan is 

leached sulphide generally overlying hypogene ore while retail is leached lava, likely to 

be adjacent to or below hypogene ore) is important in establishing an exploration 

vector toward a PMS deposit. Gossans can be distinguished from retali from the 

presence of relict primary structures from the protolith (e.g. volcanic pillows, etc.) and 

pseudomorphs (mainly Fe-oxides/hydroxides or voids), which represent the oxidised 

remnants of coarse-grained primary pyrite in the stockworks, veins or massive (often 

partially recrystallised) sulphide lenses. 

In rare cases, replacement of lavas by massive sulphides in the subsurface may 

result in the sulphide acquiring relict pillow structures from this lava (Bear, 1963), 

which, if they become part of a gossan leached zone may even more resemble retali. 

These would require differentiation from true retali through chemical studies (see 

Chapter 6).  

Secondary Cu mineralisation inevitably involves the mobilisation of Cu from its 

original host mineral. This is seen in two forms in Cyprus. The first is small scale 

remobilisation, where Cu-bearing sulphides break down and Cu is re-precipitated 

within the sulphide mound. This may be on the scale of millimetres to tens of 

centimetres as Cu scavenges S from adjacent pyrites to form coatings of secondary Cu 

sulphides, as is observed in the Phoukasa sulphides. This style of secondary enrichment 

is restricted to within the ore body and appears to be limited to within a range of 

centimetres of the oxidation front, represented by the ochre group (Figure 3.36).  

The other style of secondary Cu mineralisation involves mobilisation of Cu on 

the scale of hundreds of metres, whereupon a change in chemical environment may 

induce the precipitation of Cu oxides, sulphates, carbonates and sulphides (see section 

2.7) to form an SCUD. Here, Cu has been mobilised over a significant distance to form 

an entirely new ore body, as opposed to enriching an existing ore body. This scenario is 

represented by the Phoenix deposit. The precipitation of Cu minerals in a new location 

is largely driven by the factors explained in section 2.7, namely a change in redox 

conditions brought about by encountering the water table, or reaction of the 

supergene acidic fluids with wall-rock lavas, leaving the fluid unable to transport 

significant Cu. The precipitation of secondary Cu minerals at Phoenix was probably due 
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to the Cu-bearing supergene fluid encountering the falling water table within the 

oxidised lavas (Figure 3.38) (Adamides, 2010b). 

3.5.3 Colour variation within gossans  

Colour variation is often the most obvious feature to map in weathering 

environments as the fine-grained nature of many of the lithologies make it extremely 

difficult to accurately determine mineralogy. However, interpreting colour variations 

presents a challenge as they may be due to changes in mineralogy, small variations in 

redox state, particularly for Fe (Hunt. et al., 1971), or the presence of minor amounts 

of amorphous oxide and hydroxide phases. It is therefore important to understand the 

cause of these colour variations, and determine whether they can provide information 

on the nature of the protolith and weathering environment.  

The formation and evolution of a gossan is dependent on the nature of the 

massive sulphide protolith, structural controls, and depth to redox boundary. The 

oxidation of pyrite and hence gossan formation begins at the surface and progresses 

downwards, with the base of the gossan marked by the upper limits of the protore, or 

its lower limits if the PMS is entirely oxidised. Leaching and alteration intensity 

decrease with depth resulting in a distinct vertical zonation (Blanchard, 1968), as 

observed in the field (this Chapter). This results in gossan profiles that are generally 

capped by red ferricrete (hematite-quartz dominated), underlain sequentially by red 

(hematite-quartz dominated) then yellow (goethite-quartz dominated) earthy gossan 

(Figure 3.6). The red to yellow colour variation observed in gossans (Figure 3.6; Figure 

3.11; Figure 3.38) is due to the dominance of hematite at the top of the system, giving 

way to increasing amounts of goethite/limonite beneath. This mineralogical/colour 

change is probably related to the ‘maturity’ of the gossan (i.e., how dehydrated the 

oxy-hydroxide minerals are), which is largely controlled by depth to water table and 

intensity of local precipitation. Dehydration of the iron oxy-hydroxide 

limonite/goethite (FeOOH) causes a conversion to iron oxide hematite (FeO), thus red 

gossan may be interpreted to be ‘more mature’ than yellow gossan, which is still 

undergoing dehydration. This leads to the conclusion that yellow gossan may be more 

proximal to the original sulphide ore body than red gossan, where both are 

encountered. Natrojarosite mineralisation also imparts a yellow colour to a weathered 

zone (Figure 3.9; Figure 3.10) and is also shown to be a primary product of gossan 

formation, and subsequently lost upon reworking of the gossan (Leybourne et al., 
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2006) to more stable hematite and goethite. As a water table falls through a PMS ore 

body, the sulphide will initially oxidise to form metastable assemblages that include 

jarosite that forms in very low pH environments. As the water table continues to fall, 

the environment becomes progressively less acidic as pyrite oxidation nears 

completion, whereupon jarosite is reworked into goethite. As the water table drops 

further, and in semi-arid environments, the goethite will eventually dehydrate, losing 

its hydroxyl group and convert to hematite. 

Structural features that may act as pathways for fluids often possess a more 

limonitic mineralogy at their margins, regardless of proximity to primary ore. An 

example of this is the ‘jarosite gulley’ (Figure 3.9).  

3.5.4 Exploration significance of gossans and related rocks 

From the discussion above, a number of recommendations can be made for 

field-based exploration:  

1) The presence of large volumes of intensely leached materials (sulphides and 

volcanics) within PMS may suggest that sufficient metals have been stripped from the 

system to create a supergene enrichment zone. This may be either at depth or 

adjacent to the PMS, depending on fluid pathways. Intensely leached PMS is likely to 

provide a much more attractive exploration target than below leached unmineralised 

lavas (retali), as the metals concentrations of lavas will generally be much lower than 

PMS (see Chapter 6).  

2) Whether a secondary enrichment zone will have a high enough grade to be 

economic will largely depend on whether supergene mineralisation was focussed into 

a narrow enough zone. A shallow redox boundary is likely to result in secondary 

mineralisation being concentrated at relatively shallow depths. The Phoukasa deposit 

shows extensive secondary enrichment of the initial sulphide ore (Constantinou and 

Govett, 1973), with secondary minerals being largely constrained to the main ore 

body. This is probably due to a prolonged period of exposure in the submarine 

environment (Ravizza et al., 2001), where a shallow-redox boundary (Glynn et al., 

2006) promoted in-situ supergene enrichment of the protore. Field indicators of 

submarine gossanisation may include the presence of celadonite, a mineral known to 

form on the seafloor (Booij et al., 1995). Celadonite may also form under low grade 

metamorphic conditions, however the relatively unmetamorphosed mature of the 
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Troodos suggests that Celadonite is the result of seafloor hydrothermal alteration. 

Celadonite is present within circum-pit volcanics at Kambia. 

3) The presence of retali (unmineralised, but acid-leached/ferruginised lavas) 

may also act as a guide in exploration. Retali-forming fluids would undoubtedly have 

descended under gravity, meaning a source for the acids, an oxidising PMS, would 

have been located above or less likely adjacent to the retali. Their presence on surface 

may therefore indicate that an overlying PMS has been removed by erosion. 

Additionally, the occurrence of retali may suggest that acid, possibly Cu-bearing, fluids 

have passed through it, and therefore that an SCUD may exist at depth. 

4) In exploration, the field identification of ochres would indicate proximity to a 

sulphide lens, as the two appear to be intrinsically interlinked. Ochre at the surface 

may cover a relatively shallow massive sulphide ore body that could be uncovered by 

simple trenching. 

3.6 Conclusions 
The structure of Cyprus-type VMS gossans and associated leached zones 

(Figure 3.58) often differs from the porphyry-type mineralisation-based model 

presented in the literature (Figure 2.11), which does not take into account the complex 

interplay between the morphology and alteration styles typical of VMS deposits. For 

example, much of any PMS will overlie leached mineralised (gossan) or unmineralised 

(retali) lavas in addition to the stockwork. Zones of alteration and secondary Cu 

enrichment often extend beyond the cylindrical morphology presented in the porphyry 

models. 

The exploration significance of this is that if retali is exposed at surface, rather 

than gossan, then the associated massive sulphide is likely to have been eroded away, 

and the remnants of stockwork may be situated laterally to the observer’s current 

position. Surface exposures of gossan may suggest that there is PMS directly beneath. 

The VMS deposits overlain by sedimentary facies (Phoukasa, Troulli) display 

abundant secondary enrichment of Cu in the form of chalcocite and covellite, while the 

Cu-rich deposit overlain directly by lavas (Sia) shows only primary chalcopyrite 

mineralisation. The presence of Cu-rich primary sulphides at Sia show that the 

generation of an economic Cu ore body is not entirely dependent on supergene 

processes. 
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Regarding the formation of SCUDs in Cyprus, the main interpretation to be 

taken is that where examples have developed, such as at Phoukasa (a supergene 

enriched primary massive sulphide) and Phoenix (an exotic secondary Cu ore body), 

alteration and supergene enrichment is likely to have occurred at least partly on the 

seafloor. Evidence for this includes: 1) that the Phoukasa primary ore body is directly 

overlain by marine sediments (see above); 2) the presence of ochre, interpreted to be 

either a product of submarine oxidation of massive sulphides (Constantinou and 

Govett, 1973), or from diffuse hydrothermal venting on the sea floor leading to an Fe 

oxide-rich chemical sediment (Robertson and Fleet, 1976). The seafloor secondary 

enrichment of a primary ore body may have increased the potential for later 

supergene fluids to mobilise large amounts of Cu from the Phoukasa deposit, down-

gradient, to form the Phoenix secondary Cu deposit. 
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4 Analytical Methodologies 

4.1 Sample preparation 

4.1.1 Resin mounts  

The preparation of samples as polished resin blocks was required for reflected 

light microscopy and scanning electron microscopy (SEM). 

Many of the materials examined in this study contain secondary (sometimes 

water soluble) phases, have high clay content, or are extremely friable. The use of 

water at the cutting, lapping and polishing stage often resulted in removal of the 

material from the surface. Accordingly, flat surfaces for mounting were dry ground and 

lapped and polished using ethanol-based 1 m diamond media. 

4.1.2 Sample powders 

Sample powders were required for mineralogical analysis by XRD and 

geochemical analysis by XRF, ICP-AES and ICP-MS. Powdered samples were prepared 

according to Figure 4.1. 

4.1.3 Contamination control 

The use of a jaw crusher was identified early on as a source of contamination. 

Abrasion of the steel jaws during crushing and the possibility of cross-contamination 

due to incomplete cleaning meant that the jaw crusher was only used for particularly 

hard samples (such as massive sulphides). 

A tungsten-carbide TEMA pot was used in preference to a steel TEMA pot due 

to the interest in Fe, Cr and Mn, which may be introduced using steel grinding 

equipment (Hickson and Juras, 1986). The use of tungsten carbide could however 

introduce minor Co, Nb and W (Hickson and Juras, 1986), which will be taken into 

account when considering the results of the analyses.  
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Figure 4.1 Workflow for sample crushing and grinding to produce samples for mineralogical and 
geochemical analysis. 
Hard samples were broken in half with a rock splitter and one half was selected at random to be kept for 
archive. The other 50% of the sample was then processed according to this workflow. The ‘milling’ stage 
uses the procedure shown in Figure 4.2. 
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Figure 4.2 Cleaning routine for tungsten-carbide (TC) annular mill. 
(TEMA) = mill pot. Meths = methylated spirits. After the cleaning routine, one 40g riffle of the sample 
was run to charge the mill (prep) and discarded before running a second 40g sample which was milled 
and then retained for analysis. 
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Contamination between samples when using the TEMA was also a potential 

cause for concern, so a routine was developed (Figure 4.2) to ensure thorough cleaning 

of the TEMA pot. After the pot was cleaned with a brush, water, and methylated 

spirits, a 40g ‘charge’ of the sample was ground and discarded prior to grinding of a 

second ‘charge’ of the same material to produce the sample powder for analysis. Blank 

charges of acid-washed silica sand were run through the TEMA process and analysed 

to determine the thoroughness of the cleaning routine, and to attempt to determine 

whether the TEMA pot could potentially be a source of W, Co and Nb contamination. 

Duplicates were prepared every 10 samples to aid in quantifying any contamination 

from the mill and to determine the precision of sample preparation and analysis.  

4.2 Mineralogical analysis 

4.2.1 Scanning Electron Microscopy 

Polished resin mounts and stub-mounted samples were analysed in a Jeol JSM 

5400LV SEM with Oxford ISIS energy dispersive X-ray analysis system at Camborne 

School of Mines (CSM) to obtain images at high (up to 50,000x) magnification and to 

carryout qualitative elemental analyses at high spatial resolution (interaction volume 

~3 m). 

4.2.2 X-ray diffraction 

X-ray diffraction (XRD) studies were carried out at CSM, the Natural History 

Museum (NHM), London, and in the field. XRD analysis was carried out in one of two 

ways: The bulk mineralogy of a sample was determined by analysing a representative 

powdered whole-rock sample; the mineralogy of individual unknown minerals was 

determined by hand separation and analysis of the mineral species in question.  

For XRD analysis, samples prepared according to Figure 4.1 were re-ground 

with a pestle and mortar to ensure a particle size < 30 μm. Approximately 0.5 cm3 of 

the powder was placed on a single crystal quartz sample substrate. Acetone was added 

to the powder to spread the sample over a 1 cm diameter spot on the surface of the 

quartz substrate, and then left to evaporate to form a homogeneous flat powder layer. 

Analyses at the NHM were conducted using an Enraf-Nonius PDS 120 X-ray 

diffractometer with a Co filament running at 35 kV and 30 mA. The system uses 

monochromatic radiation (K), generated by using a primary Ge monochromator and 

horizontal (slit size 0.14 mm) and vertical (5 mm) slit system to confine the dimensions 
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of the beam on the sample. The sample, prepared as a powder, was inserted into the 

diffractometer sample holder and rotated during the analysis at a constant angle of tilt 

of 4o between the incident beam and sample surface. Samples were analysed for a 

minimum of 5 minutes, longer for poorly crystalline materials. The data was collected 

simultaneously using a 120° 2 INEL curved position sensitive detector (PSD). XRD 

patterns were calibrated using an external silicon standard (NIST SRM 640) and silver 

behenate, with 2 linearization undertaken using a least-squares cubic spline function, 

and were analysed with XPOW software. 

Analyses at CSM were conducted using a Siemens D5000 diffractometer in 

Bragg-Brentano configuration with a 1.5 Kw Cu-anode filament running at 40 kV and 

30 mA. The system uses monochromatic radiation (K) and variable 6mm slit system 

to confine the dimensions of the beam on the sample. The sample, prepared as a 

powder, was inserted into the diffractometer sample holder and scanned from 2-70° 

2with a step size of 0.02° 2and scan time of 1 second per step. The data was 

collected using a scintillation point detector. XRD patterns were analysed with EVA 

v.10.0.1.0 software with reference to the JCPDS PDF-2 (2004) database. 

Field XRD analyses were conducted using Innov-X system’s InXitu Terra 

portable rock and mineral analyser (Co filament, 30kV/10W X-ray tube) on-loan from 

the NHM. Samples were ground in a pestle and mortar to ensure particle size < 30 μm 

and then inserted into the sample holder of the analyser. Samples were analysed for 

15 minutes producing XRD patterns which were analysed using XPOW software. 

For XRD analyses minerals comprising less than 5% of the sample were 

considered to be below detection limits, i.e. showing no peaks in the XRD pattern 

unless they were very strong diffractors (e.g. pyrite) (Najorka J. pers. comm., 2010.). 

4.2.3 Automated mineralogical analysis  

QEMSCAN® is an automated mineral/phase analysis system based on a 

scanning electron microscope (SEM) that provides rapid determination and 

quantification of the mineralogy, chemical composition (through defined databases) 

and grain size of a sample (Pirrie et al., 2004). The QEMSCAN® 4300 system at CSM is 

based on a Zeiss EVO 50 series SEM and consists of four light-element Bruker SDD 

(Silicon Drift Droplet) Energy Dispersive X-ray Spectrometers (EDS) and a backscattered 

electron detector. Sample analysis by QEMSCAN® uses a combination of backscattered 
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electrons (BSE) and X-rays to examine a sample. Sample resin blocks or polished 

sections are carbon coated and an electron beam is rastered across the sample surface 

producing a BSE image and X-rays at pre-defined point spacings. At each point of 

analysis the X-ray spectrum is compared with a database of >750 known minerals and 

compounds and assigned to the most appropriate (Pirrie and Rollinson, 2011). The 

procedure is computer controlled using iMeasure software.  

Raw data (including X-ray and BSE data) collected from a sample requires 

processing to produce an accurate and focussed report, which involves checking 

mineral assignments and developing the identification database as required. This 

process is sample dependant and heavily relies on a knowledge of the expected 

mineralogy, to ensure the correct assignment of mineral names (Pirrie and Rollinson, 

2011). Data output can include quantitative modal mineralogy, mineral association, 

mineral liberation and false colour images of the measured particles.  

Operating conditions were: accelerating voltage 25kV, beam current 5nA. The 

system uses a tungsten filament operating under high vacuum conditions, typically 

3x10-5 Torr to 1x10-6 Torr, and gun vacuum from 4.5x10-7 Torr to 1 x 10-7 Torr. For each 

X-ray spectrum 1000 counts are collected. 

The system cannot separate polymorphs (same chemistry, different 

crystallography) as the analysis is based on chemical spectra, and minerals/phases with 

very similar or identical chemical spectra may be difficult or impossible to separate. 

Very fine grained material such as mixed clays (less than 5 m) may also be difficult to 

separate chemically due to the beam excitation volume effects of a 25kV accelerating 

voltage. Further details can be found in Rollinson et al. (2011). Operation of the 

QEMSCAN® follows quality control procedures developed in-house for sample 

preparation, instrumental calibration, operation and data processing. 

4.3 Geochemical analysis 

4.3.1 Preparation 

Geochemical analyses were undertaken both at the CSM and by ACME Labs, 

Vancouver. External laboratories were used due to a combination of XRF downtime 

(20+ months over a 36 month period) and due to the lack of time available to refine 

working methodologies on the recently installed ICP-MS facility at CSM. 
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Powder samples of whole rocks and individual minerals were subject to four 

acid digestion following the method of (Garbe-Schönberg, 1993). 250 mg of dried 

sample powder were weighed into Teflon vials and wet with deionised water. 4 ml HF 

and 4 ml aqua regia were added. After gas formation had ceased, the vials were closed 

and heated at 160 °C overnight (>10 hours). After cooling, the vials were opened, 1ml 

HClO4 added and the contents evaporated to dryness at 190 °C. This step was repeated 

with 1 ml HNO3 and 1 ml deionised water. 1 ml HNO3 and 5 ml deionised water were 

added and the vials warmed on a hot plate, then rinsed into a 50 ml volumetric flask 

and made up to volume with 5% nitric acid, resulting in a 5 gL-1 sample concentration, 

with a dilution factor of 200. Massive sulphide samples and those deemed to be high 

grade (likelihood of over 1 wt. % Cu) were further diluted by pipetting 0.5 ml of the 

solution into a 50ml volumetric flask and making it up to volume for a dilution factor of 

2000. Samples were stored in polyurethane vials until analysis for trace elements in an 

Agilent 7700 series ICP-MS at CSM.  

ACME Labs Vancouver were used to provide major element determinations by 

ICP-AES. To ensure total dissolution, sample powders were fused with Li-

metaborate/tetraborate and the resulting glass digested in nitric acid (analytical 

package 4A02). Trace elements were determined by ICP-MS following four acid 

digestion (analytical package 1T-MS). 

Data from all analyses was exported into Microsoft Excel for processing and 

interpretation. 

4.3.2 Quality assurance and quality control 

For samples analysed at both CSM and ACME Labs, one in ten was a duplicate, 

and one in twenty a certified reference material (CRM, of USGS BIR-1a, USGS BHVO-2, 

FER-1, BAS 682-2). Pairs of CRM’s were analysed at the beginning and end of each 

analysis to determine drift. Detection limits and contamination from digestion 

reagents were assessed using acid blanks, analysed by ICP-MS every ten samples at 

CSM (Figure 4.3, Figure 4.4). Detection limits for all trace elements (including REE) 

were 1 ppm or below, Au is 0.5 ppb. Detection limits for major elements were all 0.01 

wt. % or lower, with the exception of Fe (0.04 wt. %) (Appendix D). 

Data for the reference materials, from analyses at CSM and ACME, were 

compared with published values to determine analytical accuracy, results shown as % 

accuracy in Table 4.1, and as correlation plots in Figure 4.5. Chalcophile elements 
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discussed in Chapter 6 include Cu, Pb, As, and Zn and are all accurate to within at least 

10 %. Best fit trendlines through the data in Figure 4.5 always gave R2 values greater 

than 0.985 (Figure 4.5). For major elements, all analyses of reference materials were 

within 3 % of published values apart from P which was within 6%. 

 

Better than Analyte 

5 % Co, Ga, Sn, Ho, Yb, Lu, Zn, 

Ni, Rb,  

10 % Hf, V, Y, Tb, Cu, Pb, Sc, As 

15 % Nb, Sr, Ta, Nd, Sm, Eu, 

Sb, Li, La 

20 % Th, Zr, Cr, Ce 

25 % Ba, Be, Gd,  

Worse than 

25 % 

Dy, Bi 

Table 4.1 Difference between determined values and published values for certified reference materials. 
A difference of better than 5% means the analysed sample had element concentrations within 5 % of 
the published CRM value, i.e. 95 to 105 % of CRM total.  
 

Precision was determined using the method of Thompson and Howarth (1973; 

1978) with duplicate samples analysed by ACME labs plotted. The elements used 

frequently in interpretations always show a precision better than 20% for 100% of 

duplicates. Precision for Cu was better than 10% for 90% of duplicates, and better than 

5% for 80% of duplicates. Precision for TiO2 was better than 5% for 100% of duplicates. 

Precision values for the elements analysed can be found in Appendix D. 

 

 

Figure 4.3 Rare-earth element concentrations in acid blanks run at CSM. 
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Figure 4.4 Other element concentrations in acid blanks run at CSM. 

 

 
 
Figure 4.5 Values for reference materials determined at CSM and ACME Labs versus published values to 
indicate the accuracy of chemical analyses. 
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Sulphur, oxygen and deuterium isotope determinations were carried out at the 

Scottish Universities Environmental Research Centre (SUERC). Determinations were 
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were obtained from samples by handpicking minerals from coarse ground whole-rock 

material selected from archived riffle split material from Figure 4.1, stage 2. These 

were cleaned with de-ionised water and a stiff nylon brush before analysis. 

 

Isotope Materials analysed 

O Gypsum, carbonates, ground water, stream water. 

D Ground water, stream water. 
S Sulphides, gypsum. 

Table 4.2 List of materials analysed for respective isotopes. 
 

Sulphide powders were intimately mixed with Cu2O and reacted at 850°C, 

whereas sulphate powders were mixed with Cu2O and sand and reacted at 900°C. One 

in ten samples analysed was the in-house standard CP-1, one in ten was a duplicate 

sample, and one in twenty a triplicate. International and SUERC standards were 

analysed at the beginning and end of each day to account for analytical drift. 

The samples were analysed in a Thermo Scientific MAT 253 mass spectrometer. 

Analyses of international standards NBS-123 and IAEA-S-3, and the SUERC standard 

CP1 yielded 34S values of +16.75‰, -31.95‰ and -4.6‰ respectively (1σS.E. = ± 

0.16‰).  

Gypsum was prepared for sulphate oxygen analyses using the methods of Vogel 

(1961) and Bassett et al. (1981), by dissolution in 2M HCl, filtration, and re-

precipitation as BaSO4, by the addition of an excess of a 5% BaCl2 solution to the 

acidified (pH 2), warm (70°C) sulphate-bearing solution. Oxygen was then extracted 

following the method of Hall et al. (1991). The evolved CO2 was analysed on a VG 

OPTIMA mass spectrometer, with all results reported in standard delta notation as ‰ 

variations relative to the V-SMOW international standard. Analysis of the NBS-127 

BaSO4 standard during these analyses gave 8.6‰ compared to an accepted value of 

8.7‰. 
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Reference 
Material 

Mineral Isotope 
system 

Certified 
value (‰) 

Analysed 
value (‰) 

Difference 
(‰) 

NBS-123 Sphalerite 

(ZnS) 


34S 17.44 16.75‰ -0.69 

IAEA-S-3 Silver 
sulphide 

(Ag2S) 


34S -32.3 -31.95‰ -0.35 

CP1 Chalcopyrite 
(CuFeS4) 


34S -4.56 -4.6‰ 0.04 

NBS-127 Barium 
sulphate 
(BaSO4) 


18O 8.7‰. 8.6‰ -0.1 

Table 4.3 Isotope reference materials with certified and determined isotopic compositions. 
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5 Mineralogy and micro-textures of gossans and 
related lithologies in Cyprus 

5.1 Introduction 
From the results of field studies, mineralogical and textural criteria are key to 

the classification of different lithologies in oxidising VMS, for determining their 

environments of formation and the overall architecture of the systems. Understanding 

of this is crucial to the development of exploration models. Most importantly, when 

targeting economically viable mineralisation, it is necessary to recognise ‘true gossan’, 

formed from a sulphide protolith, from: a) ferruginised rock, ‘false gossan’ (Blain and 

Andrew, 1977); and b) retali, which is intensely leached lava in the footwall of PMS 

lenses (see Chapter 4; Figure 3.58). In addition, understanding whether SCUDs form in 

particular weathering environments, either on the seafloor or in terrestrial settings, 

and how this can be recognised from the mineralogy of overlying gossans, may aid in 

targeting prospective areas and gossans for further exploration. 

The aims of this chapter will be achieved by: 

 Classifying PMS, gossans, ochres, umbers and retali with respect to their 

mineralogy and texture, as observed in Cyprus. 

 Interpreting their mode of formation from the mineralogical and 

textural characteristics of these lithologies. 

 Determining the characteristics of secondary Cu occurrences. 

These studies will provide a framework on which to constrain and understand 

geochemical (Chapter 6) and isotopic data (Chapter 7). 

5.2 Methodology 
As mentioned in Chapter 4, that gossans overlie PMS ore bodies has largely 

ensured their removal as waste rock during mining. Resultantly, only Kokkinopezoula 

represents a stratigraphic succession from ferricrete to gossan to massive sulphide, 

although this site is missing the key lithologies umber and ochre. Other locations used 

represent specific zones within the system (Figure 3.59). 

Selected samples of massive sulphide and gossan were analysed by XRD and 

SEM-EDS. Several examples of extremely leached materials (Sia18a-c, KV17, SH39 etc.), 

those with ‘polystyrene-like’ textures (Chapter 4), were manually comminuted to 

produce fresh surfaces and then mounted on aluminium stubs and analysed under low 
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vacuum conditions. Examples of ochres were also examined for comparison with a 

material entirely derived from the breakdown of sulphides. 

One sample (SK105) was determined to possess the best example of secondary 

enrichment and was selected for automated mineralogical analysis using QEMSCAN® 

(a full methodology is presented in section 4.2.3). Three field scans in total were 

conducted, one at 1 pixel = 10 μm field scan across the entire block, and two 1 pixel = 1 

μm targeting specific zones of secondary Cu enrichment identified by SEM. 

5.3 The mineralogical and textural composition of gossanites 
in Cyprus 

The most common mineralogies and textures observed for each lithology are 

presented in Table 5.1. The results of mineralogical and textural analyses of individual 

samples in this study are listed in Table 5.2 and Table 5.3, respectively. Imposed onto 

the idealised VMS-gossan schematic (Figure 3.58) are the field occurrence of these 

mineralogies (Figure 5.1) and textures (Figure 5.2). 

 

Lithology Mineralogy Texture 

Massive sulphide py+cp+sp Fine sand to gravel sized py, either massive or discrete in massive qtz.  

(Stockwork) py+qtz Fine to coarse silicified pyrite blocks within a matrix of qtz fracturing) 

Ferricrete qtz+hem Variably sized qtz fragments in an Fe oxide-clay matrix, pseudomorphs 
after py, skeletal outlines of py. 

Earthy gossan qtz+hem+goe Coarser, less frequent qtz particles in Fe oxide. Matrix supported qtz 
breccia, pseudomorphs after py, skeletal outlines of py. 

Bleached gossan qtz±njr Clay matrix cemented qtz framework/breccia. 

Ochre hem Micron to submicron sized hem particles. 

Umber Mn oxides Micron to submicron sized oxide particles. 

Retali qtz.   

Secondary 
mineralisation 

py+cp+bn+cov+cc Replacive, space filling, rims primary pyrite. 

Table 5.1 Generalised mineralogies and textures for Cypriot gossanous lithologies, and basic 
classification scheme. 
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Sample ID Field classification 
Mineralogy 
(SEM-EDS) 

Mineralogy 
(XRD) 

KP2A Ferricrete   hem, njr, goe, djr 

KP2C Yellow earthy gossan   njr, qtz, hjr, sid 

KP2D Red earthy gossan   njr, hem 

KP3A Leached gossan   qtz, njr 

KP3B Leached gossan   qtz 

KP3C Yellow earthy gossan   njr, goe 

KP3D Brown earthy gossan   njr, qtz 

KP4A Ferricrete   hem, goe 

KP5A Ferricrete   njr, goe 

LY1 Ferricrete qtz, hem, Al-Si qtz, goe, hem 

Ly2A Red-Yellow earthy gossan py, qtz, Fe-Si-Al-S qtz, goe +/- cup 

LY2B Diabase qtz, sp, bn, py, cc qtz, clc, goe, +/- py 

LY3A Brown earthy gossan sph, qtz, cov, py,  qtz, pyr 

LY3B Green Cu phase (?malachite) sph, qtz, cov, py,  qtz, py 

LY4 Ferricrete qtz, Fe-O-Al qtz, goe 

LY5 Propylitised pillow basalt hem, qtz   

LY6 Propylitised pillow basalt hem/goe, qtz qtz 

LY8B Red earth (ochre)   qtz, njr, +/-hem 

LY8C  Yellow earth gossan   qtz, njr, +/-goe 

LY8D White earth gossan   qtz +/-hjr 

LY8E Red-Yellow earth   hem, njr, goe 

LY9 Massive sulphide py qtz   

MN31 Stockwork qtz, py,    

SIA1 Massive sulphide py, cp, mz, K-Na-Al-S-Fe-O, K-Fe-S-O   

SIA3 Gossan qtz, Fe-S-Si-O-Al   

SIA4 Earthy gossan qtz, Al-Fe-Si-O-S-Na-Ca   

SK1 Umber   qtz, hem, njr 

SK19 Weathered sulphide py, cp, Al-Si-O-S   

SK24 Weathered sulphide   py, szm, pvn 

SK25 Weathered sulphide   qtz, py, coq 

SK48-I Massive sulphide qtz, py, cp, cov, bn, cc   

SK48-II Massive sulphide py, cp   

SK48-III Massive sulphide qtz, py, cp, cov, cc   

SK48-IV Massive sulphide qtz, py, cp, cov, bn, cc   

SK48-V Massive sulphide qtz, py, cp, cov, bn, cc   

SK48-VI Massive sulphide qtz, py, cp, cov, bn, cc.   

SK36 Hanging wall lava qtz, hem, Si-Mg-O-S-Al   

SK101-I Massive sulphide py, sp +/-qtz   

SK101-II Massive sulphide py, cp, sp +/-qtz   

SK105-I Massive sulphide cov, qtz,    

SK113 Massive sulphide py, cov   

SK122-I Massive sulphide cov, py, cp   

SK122-II Massive sulphide cov, py, cp   

SK126-I Massive sulphide py, qtz, cp   

13-P6B Massive sulphide qtz, py, gyp   

4-15-P7B Massive sulphide py, Si-Al-Fe-S-O, gyp, alu    

4-16-P6A Massive sulphide py, qtz, alu   

4-P1 Massive sulphide py, hem, Al-Si-K-Ca-Mg-Na-Cu, cpy   

12H1 Massive sulphide py, cp, gyp   

14P4 Massive sulphide py, cp, gyp, Fe-Al-Si, ata?   

Table 5.2 Mineral compositions of different lithologies determined by SEM-EDS and XRD.  
Minerals identified by SEM are listed in order of relative abundance. Undetermined minerals have their 
constituent elements presented in peak height order, identified by EDS. Minerals identified by XRD are 
listed in order of relative peak height. 
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Sample 
ID 

Field ID Texture 

KP2A Ferricrete Very fine grained (0.1mm) 

KP2C Yellow earthy gossan Amorphous mass of Fe-oxyhydroxides 

KP2D Red earthy gossan Amorphous mass of Fe-oxyhydroxides 

KP3A Leached gossan Amorphous mass of Fe-oxyhydroxides 

KP3B Leached gossan Amorphous mass of Fe-oxyhydroxides 

KP3C Yellow earthy gossan Amorphous mass of Fe-oxyhydroxides 

KP3D Brown earthy gossan Amorphous mass of Fe-oxyhydroxides 

KP4A Ferricrete Amorphous mass of Fe-oxyhydroxides 

KP5A Ferricrete Amorphous mass of Fe-oxyhydroxides 

LY1 Ferricrete 
Amorphous submicron Fe-clay matrix supporting Fe-oxyhydroxide (1 m-10 m) and 

silica fragments (10 m-500 m) 

Ly2A 
Red-Yellow earthy 
gossan 

Pervasive amorphous/anastamosing submicron Fe-oxyhydroxide matrix supporting 

silica fragments (10-500 m) 

LY2B Diabase Massive qtz with frequent primary and secondary sulphide inclusions (10-100 m) 

LY3A Brown earthy gossan 
Pervasive amorphous/anastamosing submicron Fe-oxyhydroxide matrix supporting 

silica fragments (10-500 m) 

LY3B Green Cu phase? 
Secondary Cu (Cu-S-O-Al-Si) phase matrix supporting pervasive agglomerations/bands 

of small (10 m-20 m) and larger (50 m-150 m) qtz grains 

LY4 Ferricrete 
Pervasive amorphous/anastamosing submicron Fe-oxyhydroxide matrix supporting 

variably sized silica fragments (10-200 m, >1000 m) 

LY5 Prop pillow basalt   

LY6 Prop pillow basalt   

LY8B Red earth (ochre)   

LY8C  Yellow earth gossan   

LY8D White earth gossan   

LY8E Red-Yellow earth   

LY9 Massive sulphide Massive py (> 1000 m) with no observable inclusions 

MN31 Stockwork Highly fractured py with pervasive qtz veining 

SIA1 Massive sulphide Massive pyr with sporadic agglomerations of alteration minerals 

SIA3 Gossan 
Pervasive amorphous/anastamosing submicron Fe-oxyhydroxide matrix supporting 

silica fragments (10-500 m) 

SIA4 Earthy gossan Massive qtz with 1 m->1000 m agglomerations of alteration species 

SK1 Umber Amorphous mass of Fe-oxyhydroxides 

SK19 Weathered sulphide 
Mounted rock chip. Sample dominated by amorphous to botryoidal clay 

aluminosilicates with discrete anhedral py (10 m) 

SK24 Weathered sulphide   

SK25 Weathered sulphide   

SK48-I Massive sulphide 
Discrete, often tabular agglomerations of py (10 m – 300 m) in qtz matrix. Py 

masses infrequently show 150 m-500 m thick pseudobanding. 

SK48-II Massive sulphide 
Massive annealed py (1 m – 1000 m). Discrete voids within py mass, presence of 
minor cp replacing py within voids. 

SK48-III Massive sulphide 
Pervasive individual and agglomerated py grains (10 m-500 m) within qtz. 
Fractures within py show secondary Cu mineralisation. Cu sulphides appear embayed 
and have spongy textures 

SK48-IV Massive sulphide 

Pervasive bands and accumulations of py (1 mm-1000 mm) within qtz. py. makes up 
almost 50% of the groundmass. Some pseudobanding of py grains and some pseudo 
outlines of relict large py crystals. Pervasive secondary enrichment of py by Cu 
sulphide along grain boundaries and fractures, discrete mineralisation of Cu sulphide 
within voids in quartz. 

SK48-V Massive sulphide 
Massive py (>1000 m) containing discrete voids occasionally in bands. Pervasive 
enrichment of cp and py species with secondary Cu sulphate along grain boundaries 

SK48-VI Massive sulphide 
Massive pyrite. Individual crystals range from (1 m-1000 m), Cu enrichment of cp 
and py species 

SK36 Hanging wall lava 
Sample dominated by amorphous to botryoidal clay aluminosilicates with hem 
pseudomorphs after pyrite 

SK101-I Massive sulphide 
Massive py (> 1000 m) with discrete sp inclusions (10 m) voids (10 m-100 m) 
infilled with fragmented py and qtz..  

SK101-II Massive sulphide 
Massive py (> 1000 m) with discrete sp inclusions (10 m) voids (10 m-100m) 
infilled with fragmented py and qtz material. Rare cc. mineralisation within voids in py 

(50 m) 

SK105-I Massive sulphide 
Massive quartz with pervasive py (10 m-100 m) with discrete zones of secondary 
Cu mineralisation. Large bodies of irregular pyrite comprised of agglomerations of 10 

m euhedral py. 

SK113 Massive sulphide 
Massive crystalline py containing discrete cp inclusions and voids containing py grains 
and secondary Cu sulphide. Cp shows alteration to secondary Cu at grain boundaries 

SK122-I Massive sulphide 
Massive recrystallised euhedral pyrite. Fragmented py breccia present in some inter 
grain voids which contain py, qtz and heavily embayed secondary Cu sulphides. 

SK122-II Massive sulphide Massive recrystallised euhedral pyrite. Fragmented py breccia present in some inter 
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grain voids which also contain heavily embayed secondary Cu sulphides. 

SK126-I Massive sulphide 
Massive anhedral py (50 m – 500 m) embayments at grain boundaries and inter-
grain voids infilled with fragmented py and qtz material in potentially 
pseudomorphous distributions 

13-P6B Massive sulphide Massive py with discrete occurrence of qtz. 

4-15-P7B Massive sulphide 
Irregular, discrete py crystals (10 m-800 m) and agglomerations of alu, along with 
irregular cp and cc within an anastamosing, clay (Si-Al-O-Na-Ca) matrix 

4-16-P6A Massive sulphide 
Regular py and qtz banding within sample. Discrete amorphous clay phases (Al-S-Na-
K-Ca-Si, S-Al-Si-O-Fe-Na-Ca: potentially alunite) present. Several appear to have a 
square outline, potentially as a pseudomorph after pyrite.  

4-P1 Massive sulphide 
Massive py with discrete inclusions of cp and voids. Voids, grain boundaries and 
fractures are often infilled with hem. Discrete accumulations of clay material present 

12H1 Massive sulphide 
Irregular sized (10-1000 m) pyrite grains in quartz matrix. Chalcopyrite present as 

inclusions up to 100m across. 

14P4 Massive sulphide 
Heterogeneous clay (Si-Mn-O-Al-Mg) matrix containing localised pervasive veining 

with Cu-S-O infill supports irregular, highly fractured euhedral py (10 m-500 m) 

Table 5.3 Textures observed in SEM. A full list of abbreviations can be found in Appendix A. 
Textures for material analysed by XRD are given from their hand specimen/outcrop descriptions given in 
Chapter 4. 
 

 

 

Figure 5.1 Mineralogies common in gossanites in Cyprus. 

 

 

Figure 5.2 Textures commonly found in gossanites in Cyprus. 
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5.3.1 Massive sulphides 

Cyprus PMS samples are dominated by pyrite, either as discrete crystals in 

quartz (Figure 5.5 A+B) or in a massive form (Figure 5.5 C) (see Table 5.3). Samples 

from Skouriotissa (SK 48I-VI, SK101, SK105, SK122, SK126, Table 5.2) are chalcopyrite-

rich compared with those from other locations and contain secondary Cu minerals 

bornite, covellite and chalcocite, discussed later in this chapter. 

Silicified samples often show irregular 250-500 μm pseudo bands of pyrite 

within quartz (Figure 5.5 A+B). Banding in samples is rare and varies between an 

arcuate formation (Figure 5.5 A) and a more planar banding (Figure 5.5 B). Banding is 

also observed in hand specimen and is considered likely to be primary ‘sedimentary’ 

layering of material within the sulphide mound (Barrie et al., 2009)  as opposed to 

bacterial structures (Little C.T.S. pers. comm., 2012). 

Pyrite is variably associated with sphalerite and chalcopyrite, the former 

appearing only as inclusions within pyrite (Figure 5.5 C), and the latter occurring as 

either an adjacent, discrete mineral (Figure 5.5 E), more rarely as an inclusion within a 

larger pyrite grain or as a ‘rind’ on a pyrite grain (Figure 5.17 E). In siliceous samples, 

such as SK105-I (Figure 5.5 D), pyrite is sometimes present as dendritic crystal clusters 

(Table 5.3, Figure 5.17 D). Quartz-dominated samples generally contain more euhedral 

pyrite grains (e.g. Figure 5.5 A, D) and an increased level of chalcopyrite and fewer 

voids. Rarely, they exhibit dendritic crystal clusters (Figure 5.5 D). Pyrite sample SIA1 

from Sia pit contains an inclusion of a rare earth phosphate, probably xenotime, which, 

from SEM-EDS analysis (Figure 5.6), contains La, Ce, Dy and Y. 

Pyrite and chalcopyrite from Skouriotissa contain vugs, voids and ragged edges 

(Figure 5.8 A – E). Chalcopyrite in particular shows leaching of mineral cores (Figure 5.8 

A). Voids are present along grain boundaries between pyrite and chalcopyrite (Figure 

5.8 B, C, D). Irregular lineations of voids are present within pyrite (Sample SK48-V: 

Figure 5.8 E), with sizes and shapes similar to sphalerite inclusions (Figure 5.8 E, SK101: 

Figure 5.5 C). These are likely to represent areas where sphalerite has been 

preferentially leached from the pyrite. 

Some samples from Skouriotissa contain accumulations of fragmented pyrite 

and quartz material (Figure 5.9 A). This fragmentation occurs mainly at grain 

boundaries (Figure 5.9 B) and within vugs in the pyrite grains (Figure 5.9 C). Sample 4-
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15-P7B collected from Skouriotissa has iron oxide rimmed pyrite grains, and alunite 

within a clay-matrix (Figure 5.9 D). 

XRD analysis of loose sulphide material taken from waste dumps at Skouriotissa 

(Table 5.2) contains hydrated iron sulphate species such as szomolnokite and 

poitevinite in sample SK24 (Figure 5.3) in addition to coquimbite, quartz and pyrite in 

sample SK25 (Figure 5.4). 

 

 

Figure 5.3 XRD spectra for sample SK24 showing pyrite and hydrated Cu-Fe sulphates szomolnokite and 
poitevinite. 
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Figure 5.4 XRD spectra for sample SK25, which consists of quartz, pyrite and coquimbite. 

 

From the above evidence, massive sulphide can be regarded as consisting of a 

continuous mass of pyrite ± chalcopyrite grains containing inclusions of sphalerite and 

chalcopyrite. It can occasionally show extensive silicification, where in thin section, 

discrete pyrite grains are surrounded by quartz. 

5.3.2 Stockwork 

Pyrite and quartz-rich material from the Mathiati North pit is interpreted to be 

the remnant of a stockwork system that underlay the now mined-out massive sulphide 

lens (Hannington et al., 1998). Samples from the stockwork (n = 2) show an association 

of pyrite and quartz. Pyrite crystals are highly fractured in comparison with massive 

sulphide where individual crystals remain relatively intact (Figure 5.7 A, B). This is 

similar to the ‘brittle fracturing’ observed by Craig et al. (1998), where pyrite is 

replaced along fracture planes (e.g. Figure 6 in Craig et al., 1998). Anhedral pyrite often 

appears to be remnant after a euhedral precursor (Figure 5.7 B), the margins possibly 

having been broken down by chemical instability during mineralisation. 
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Figure 5.5 Backscattered electron photomicrographs showing primary sulphide textures in samples from 
Skouriotissa (Table 5.2). 
A: Arcuate pseudobands of pyrite within quartz; B: Planar banding of pyrite within quartz; C: Inclusions 
of sphalerite within annealed massive sulphide; D: Dendriform pyrite clusters within quartz; E: 
chalcopyrite adjacent to pyrite within quartz; E: Chalcopyrite coating massive pyrite. 
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Figure 5.6 A and B: Backscattered electron photomicrographs showing a pyrite crystal containing an REE-
bearing inclusion; C: EDS spectra from the point indicated with a filled circle shows presence of La, Ce, 
Nd, Dy, Y. 

 

 
Figure 5.7 Backscattered electron photomicrographs of sample MN31 from Mathiati North stockwork: 
A: fragmented pyrite within quartz and showing quartz veining; B: Fractured pyrite with outlines of relict 
euhedral pyrite grains.  
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Figure 5.8 Backscattered electron photomicrographs of leaching textures in samples from Skouriotissa: 
A: Euhedral pyrite with anhedral chalcopyrite displaying eroded mineral core; B: Chalcopyrite that has 
grown within voids within euhedral pyrite and subsequently leached, leaving voids at the py-cp 
boundary; C: embayed anhedral chalcopyrite surrounding pyrite; D: Pyrite-chalcopyrite contact showing 
loss of material at mineral boundary; E: Sphalerite inclusions within pyrite and ‘void tracks’ (t) of a 
similar morphology to sphalerite inclusions. 
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Figure 5.9 Backscattered electron photomicrographs showing oxidation features of massive sulphide 
from Skouriotissa: 
A: Pyrite-chalcopyrite-quartz breccia; B: Pyrite-quartz accumulation at pyrite grain boundary; C: 
Accumulation of pyrite-quartz material within voids in pyrites and between grains; D: Fe-oxide rind on 
pyrite grain in a Fe-oxide-clay matrix including agglomerations of alunite(?). 

 

5.3.3 Gossan and ferricrete 

Ferricrete contains a mixture of hematite, goethite, natrojarosite, and one 

particular sample, KP2A contained a small amount of Cu secondary mineral djurleite 

(Figure 5.10). The earthy gossan that underlies ferricrete is comprised of varying 

proportions of hematite, goethite, natrojarosite, and hydronium jarosite (Figure 5.5, 

Figure 5.15 A – E). At Kokkinopezoula, red gossan is more hematite-rich (Figure 5.11), 

while yellow gossan is more goethite-rich (Figure 5.12), correlating with previous work 

that related mineralogy to spectral characteristics (Hunt. et al., 1971).  

Quartz and iron oxides were identified using SEM-EDS analysis. In polished 

block, gossan is dominated by fragments of quartz within a matrix comprised of iron 

oxy-hydroxides (Figure 5.15, Table 5.1). XRD was used to identify jarosite, and to 

distinguish between hematite and goethite. Also common throughout the samples is 

an iron-aluminium mineral (probably alunite) detected using SEM-EDS, however the 

abundance of this was too low to produce a mineral separate for XRD analysis, so 

remains unidentified. In addition to the probable alunite, several other iron-aluminium 
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sulphate species were detected, however remain unidentified, which may be some of 

many metastable alteration minerals after pyrite.  

Bleached gossan at Kokkinopezoula (Figure 3.8) is dominantly quartz with 

minor (although > 5%) natrojarosite (Figure 5.13). 

 

 

Figure 5.10 XRD spectra for ferricrete sample KP2A from Kokkinopezoula. Ferricrete is composed of 
haematite, natrojarosite, goethite and very minor Cu sulphide, probably chalcocite (Cu2S) or djurleite 
(Cu1.94S). 
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Figure 5.11 XRD spectra for sample KP2D-1, red earthy gossan from Kokkinopezoula. 
 
 

 
Figure 5.12 XRD spectra for sample KP2C, yellow earthy gossan from Kokkinpezoula. Yellow gossan is 
comprised of natrojarosite, quartz and carphosiderite, now re-named hydronium jarosite 
[(H3O)Fe3+(SO4)2(OH)6]. 
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Figure 5.13 XRD spectra for leached material sample KP3A. 
 

5.3.4 Ochre 

Ochre, which is a metalliferous fine-grained material from the oxidised surface 

layers of a PMS lens, is soft and friable which prevented the production of polished 

samples. SEM-EDS analysis of rough samples of ochres showed that they are composed 

of hematite with minor goethite (Table 5.2).  

5.3.5 Umber 

Umbers analysed contain quartz, hematite and natrojarosite as identified by 

XRD (Table 5.1, Figure 5.14). Umber mounted in resin blocks smeared when polished 

for SEM-EDS analysis, so no data is presented. 
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Figure 5.14 XRD spectra forumber sample SK1 from Skouriotissa. 

 

5.3.6 Retali 

 Sample SIA18a – SIA18c were collected from a bleached white outcrop in close 

proximity to the Sia primary massive sulphide, which was observed to possess 

potential relict pillow lava structures (Figure 3.29). These pillows would have lain 

adjacent to the now mined out sulphide lens. The samples are dominated by silica and 

unidentified clay minerals (Table 5.2). No traces of pyrite were found, relic or 

otherwise, suggesting that this bleached material was never mineralised. 

5.3.7 Altered lavas 

Samples were collected of volcanic rocks, pillow lava successions and flows, 

from mine sites and adjacent areas which represent suites of lavas from the footwall 

and hanging wall of the mineralised zones, and lavas that would be more distal to 

mineralisation. Most are UPL and range from basaltic to andesitic in composition. All 

lavas have a baseline weak propylitic alteration probably due to interaction with sea 

water or hydrothermal fluids subsequent to their eruption on or close to the sea floor. 

The least altered lavas are usually a dark teal colour in outcrop. Voids and zeolite 

amygdales accompany pervasive irregular fractures in-filled with calcite. Increasingly 

altered lavas become paler in colour, with the most altered becoming bleached white 
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with residual iron oxide colours, which are classed as ‘retali’. On collection, lava 

samples were given an arbitrary assignment of ‘less altered’ or ‘more altered’ based on 

their colour, degree of fracturing and competency (harder or friable).  

 

 
Figure 5.15 Backscattered electron images of gossanites: 
A: Gossan showing quartz fragments associated with iron oxides; B: Amorphous anastamosing Fe oxides 
with quartz; C: Unusual relationship between quartz and hematite.; D: Quartz fragments in an matrix of 
anastamosing clays and Fe oxides.; E: Ferricrete showing large quartz fragment and fragmented Fe 
oxides within a clay-Fe oxide matrix; F: Quartz fragments with anastamosing matrix of Fe-oxides and 
clay.  

 
Altered lavas are often highly silicified (such as SIA3, Figure 5.15; LY2B) and 

often contain disseminated sulphides (py, cpy, sph), the oxidation of which contributes 
to acid generation and alteration of the host lava. Secondary Cu mineralisation in the 
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form of covellite associated with chalcopyrite is present within sample LY2B and will be 
discussed further in this section. 

5.3.8 Secondary mineralisation within VMS 

The characteristics of secondary Cu mineralisation in the studied VMS systems 

were determined by examination of polished mounts (n = 12) of samples from the 

northeast extension of the Phoukasa deposit (Section 3.3.8.1). The material was 

heterogeneous in hand specimen, dominated by massive pyrite, or occasionally 

discrete crystals within quartz (as in section 5.3.1; Figure 5.5) and containing varying 

proportions of secondary sulphides, most obviously blue covellite (Table 5.2). 

Secondary minerals include bornite, covellite and chalcocite. These appear as a 

continuum of sulphide species bearing differing ratios of Fe:Cu:S. This sequence 

parallels the paragenesis of Cu enrichment within the samples. These minerals were 

differentiated by SEM-EDS in terms of increasing copper relative to iron and sulphur 

(Figure 5.16).  

Secondary Cu mineralisation is typically limited to unsilicified, massive sulphide 

samples (Table 5.2; Figure 5.17 A-D). Siliceous material rarely contains secondary Cu 

phases and is sparse when present (Figure 5.5 A,C,D; Figure 5.17 E). Secondary 

mineralisation is focussed along grain boundaries and fracture planes within individual 

crystals (Figure 5.17 A-D). 

Secondary Cu sulphides often possess a blade like morphology (Figure 5.18 A, 

B, C), and in one instance exhibit a dendritic morphology when growing in a cavity 

within massive pyrite (Figure 5.18 D). In many samples, secondary Cu sulphides 

possess a ‘spongy’ texture (Figure 5.18 E) and embayments (Figure 5.18 G). Covellite 

also appears to be growing into irregular voids within quartz (Figure 5.18 F). Pyrite 

often has rims of chalcopyrite 1-5 μm wide (Figure 5.18 E). Whether these are 

overgrowths or replacive is unclear. 

Sample 14-P4 contained a Cu sulphate species which was found to infill voids 

within massive sulphide from Skouriotissa. The specific mineral is undetermined; 

however the Cu sulphate chalcanthite was identified in the field within massive 

sulphides from Skouriotissa (Section 3.3.8). 

The spongy, ragged nature of secondary Cu sulphides in the samples in 

comparison with the largely euhedral pyrite may be a result of preferred dissolution of 
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Cu sulphides over pyrite due to differing surface potentials (galvanic protection) 

(Kwong et al., 2003). 

QEMSCAN® analysis of Phoukasa sulphide SK105-V shows chalcopyrite grains in 

rimmed sequentially by bornite, covellite and chalcocite (Figure 5.19). Reflected light 

(RL) studies shows a core consisting of bornite and chalcopyrite, surrounded by patchy 

covellite and chalcocite. The misidentification of the Cu sulphide species is likely due to 

‘edge effects’ (see section 4.2.3), which may occur where a point of analysis (pixel in 

the mineralogical map) is directly on the contact between minerals. These ‘edge-

effects’ have resulted in the identification of bornite next to chalcopyrite as 

chalcopyrite alone, and an admixture of covellite (CuS) and chalcocite (Cu2S) as purely 

chalcocite. This is also the reason QEMSCAN® detected a bornite rim around the 

chalcopyrite: the Cu2S signal from chalcocite overlapped with the CuFeS2 signal from 

chalcopyrite, and this blend (3Cu, 1Fe, 3S in total) was identified as having a mineral 

formula closest to bornite. These issues can be resolved with further fine tuning of the 

identification parameters to distinguish between various copper-iron sulphide species. 
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Figure 5.16 Sample spectra used to discriminate between sulphide species during SEM-EDS analysis: 
A: pyrite containing S>Fe; B: chalcopyrite S>Fe>Cu; C: bornite, S>Cu>Fe; D: covellite (S peak roughly 
double Cu peak); E: chalcocite (S peak close in height to Cu peak) 
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Figure 5.17 Backscattered electron photomicrographs showing secondary Cu mineralisation features: 
A: Massive py with adjacent cp showing cc mineralisation along grain boundaries and fractures; B: 
Massive py with replacement of cp with cc along grain boundaries and fracture planes; C: massive py 
with replacement of py with bn along fracture planes; D: massive py with replacement of cp with cc; E: 
Siliceous py showing bn and cc mineralisation along fracture planes. Py appear stable probably due to 
preferential leaching of Cu and Zn sulphide phases due to varying surface potential between them and 
py (‘galvanic armouring’) (Kwong et al., 2003), however could be a euhedral overgrowth of later pyrite 
during subsequent modification of the orebody. 
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Figure 5.18 Backscattered electron photomicrographs of secondary sulphides: 
A: Bladed secondary cv. mineralisation along grain boundaries of cp; B: Close up of boxed image in A 
showing detail of blade like morphology of secondary cv mineralisation; C: Secondary cv mineralisation 
along cp grain boundaries; D: Dendritic growth of Cu secondary mineral within a void in py; E: ‘Spongy’ 
cc along py grain boundaries; F: Secondary Cu mineralisation along fracture planes within py and within 
voids in qtz; G: Anhedral, embayed secondary cv adjacent to py. 
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Figure 5.19 QEMSCAN© images of sample SK48-V: 
A: BSE image of sample SK48V; B: QEMSCAN© false colour image displaying secondary Cu mineralisation 
within massive sulphide. Cp is rimmed concentrically by bn and then cv and cc. Py is rimmed by cp and 
then bn. 
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Figure 5.20 Expanded image for box 1 in Figure 5.19. 
A: Reflected light (RL) and B: QEMSCAN

©
 false colour image. Discrete patches of cc and cv are visible in 

reflected light while QEMSCAN
©

 classes the same material as cc. Bn is shown to be present in the less 
altered core area (RL) while QEMSCAN© interprets this as cp. 
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5.4 Discussion 
The main objectives of the following discussion are to determine mineralogical 

and textural characteristics of different lithologies and their environments of 

formation, with the aim of developing field criteria for vectoring in on mineralisation. 

This will be achieved by assessing: 1) the causes of colour variations in gossans; 2) if 

gossans overlying Cu-prospective VMS show particular mineralogical or textural 

features; 3) the nature of retali and juxtaposition to other lithologies in VMS systems; 

4) by discussing the nature of secondary Cu mineralisation and interpreting its mode of 

formation. 

5.4.1 Variations in mineralogy and texture 

Different zones within a gossan possess different mineralogies and textures. 

Ferricrete, earthy-gossan and bleached gossan can all contain relict skeletal outlines of 

leached pyrite, or goethite/hematite pseudomorphs after pyrite. Ferricrete is 

comprised of varying sized quartz fragments with a fine haematitic and clay cement. 

Earthy gossan has less quartz overall than the ferricrete, with a cement is comprised of 

varying ratios of hematite and goethite/limonite. Gossan is likewise an amorphous 

mass of iron oxyhydroxides. Ochre is a near amorphous mass of fine hematite. Umber 

is dominated by manganese and iron oxides. Sulphide material is a mass of pyrite 

crystals with minor chalcopyrite and quartz, or may locally possesses larger amounts of 

quartz, which appear as discrete pyrite grains within massive quartz. Secondary 

minerals are bornite, covellite and chalcocite, and often appear concentrically 

mineralising around a chalcopyrite core, or as a film of chalcopyrite on a grain of 

pyrite.  

5.4.2 Gossans overlying Cu-bearing and Cu-barren PMS 

The mineralogy of gossans varies very little, regardless of the Cu content of the 

protore. All gossans are comprised of quartz, varying proportions of hematite and 

goethite which define the gossan colour, and varying alunite group minerals, mainly 

natrojarosite, all indicative of sulphide alteration in a low pH environment. Two main 

localities were studied where there is sufficient remaining gossan: Lysos where gossan 

lithologies overlie a PMS previously mined for Cu, and Kokkinopezoula where an 

excellent outcrop of gossan overlies a PMS mined for pyrite. 



159 

The main differences between the gossans from these localities were that at 

Lysos the gossan contained trace cuprite (sample LY2A, Table 5.1), along with 

sphalerite (armoured within pyrite). Small, localised quantities of malachite were 

observed in the field at Kokkinopezoula, Lysos and Kokkinovounaros with one small 

tarnished Cu sulphide located within propylitised lavas at Strongili Horseshoe. SEM-

EDS and XRD analysis showed no Cu-bearing minerals in gossans or altered lavas from 

other locations. 

5.4.3 Recognition of retali 

The term ‘retali’ is applied to a field unit that represents unmineralised, but 

acid-leached lavas. Retali is essentially false-gossan (see section 2.5), however, unlike 

the previously defined false gossan, possesses an association with sulphides and owes 

its genesis to acidic fluids emanating from an oxidising, adjacent or once overlying, 

sulphide ore body. 

Retali is differentiated from gossan by the presence of relict primary igneous 

and volcanic features such as outlines of heavily altered pillow lavas (e.g. Sia). Unlike 

retali, gossans will contain relict pyrite crystals, pseudomorphs after pyrite, or cubic 

voids after pyrite dissolution. These may also be displayed by lava containing 

disseminated sulphides, although the pyrite pseudomorphs are likely to be more 

dispersed. 

5.4.4 Nature and formation of secondary mineralisation within VMS 

Pyrite in the Phoukasa deposit is often rimmed by Cu-bearing minerals (Figure 

5.17; Figure 5.18), and pyrite, chalcopyrite and bornite also contain such minerals 

along grain boundaries and within fractures (Figure 5.19). This alteration is zoned 

concentrically around existing sulphide grains with the wt. % Cu of the secondary 

minerals increasing outwards. Secondary minerals have been identified as bornite 

(Cu5FeS4), covellite (CuS) and chalcocite (Cu2S). From EDS spectra and QEMSCAN®, 

minerals are identified based on peak ratios. Minerals with very close Cu:S ratios 

cannot be reliably identified without detailed method development (See: QEMSCAN®, 

p127). As such, a mineral identified as ‘chalcocite’ (Cu2S) could actually be djurlite 

(Cu1.94S) or digenite (Cu1.8S). These minerals can, however, be distinguished in reflected 

light (Figure 5.20). Electron microprobe analysis may be inappropriate due to the 
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potential for chalcocite to recrystallise to djurlite under the electron beam (Posfal and 

Buseck, 1994). 

The enrichment of a primary sulphide material with secondary copper minerals 

takes two forms: replacement of pyrite or chalcopyrite by Cu sulphide, and 

crystallisation within voids. A chalcopyrite core is rimmed by concentric zones of 

bornite, chalcocite and covellite (Figure 5.20), associations observed in hand specimen. 

5.4.5 Environment of gossan formation 

The environment of gossanite formation is difficult to determine as these 

materials will generally have a terrestrial alteration overprint, which may obliterate the 

presence of seafloor indicator minerals. No particular mineral within a gossan is 

conclusive of submarine alteration, however adjacent less altered lavas may contain 

such minerals, for example celadonite, which is known to be a product of seafloor low 

temperature alteration (Booij et al., 1995). Celadonite is present in lava sample KA1 

(Appendix B) from Kambia. Atacamite, a Cu-chloride mineral which requires a Cl 

saturated (i.e. seawater) environment to form, and has been found within supergene 

enriched zones in seafloor sulphide mounds (Glynn et al., 2006) is soluble and will 

therefore be lost if the gossan is subject to substantial terrestrial re-working.  

5.4.6 Mode of formation of gossans and associated lithologies 

Skeletal outlines of pyrite and pseudomorphs after pyrite in hand specimen and 

polished mount provide a clear indication that the gossanous material was once either 

massive sulphide, or material containing disseminated sulphides. The lack of these 

features in retali indicates that these lavas were unmineralised, yet altered by acidic 

fluids. Earthy gossan and ochre are physically and texturally similar. Ochre directly 

overlies massive sulphides and their contact represents either a chemical boundary or 

reaction front for sulphide oxidation, or chemical-sedimentary bedding. In a region 

with a falling water table and progressive sulphide oxidation, ochre would eventually 

be reclassified as ‘earthy gossan’ as the oxidation front descended. The pervasive 

presence of various jarosite group minerals (alunite, jarosite, natrojarosite – Table 5.1) 

is indicative of the weathering of pyrite in a low pH environment (Rye, 2005), which is 

in accordance with the perceived mode of genesis of these lithologies. 
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5.5 Conclusions 
Material derived from the weathering of both Cu-rich and Cu-poor PMS is 

heterogeneous in nature at hand specimen and outcrop scale. This is considered likely 

to be due to differences in protolith (either massive sulphides or lavas with 

disseminated sulphides) and the environment of formation and weathering. Subtle 

differences in weathering conditions such as depth of burial, length of time before 

burial, fluid:rock ratio, depth of water table have the potential to produce systematic 

differences in their mineralogical characteristics. Those ore bodies which may have 

been exposed to seawater for longer periods (Phoukasa, Troulli) contained secondary 

Cu sulphides, while other ore deposits did not. 

Gossans overlying both Cu-rich and Cu-poor PMS contain the same key 

minerals (quartz, hematite, goethite, and jarosites/alunites), however Cu-rich PMS are 

more likely to produce gossans that contain Cu secondary minerals such as malachite, 

however the presence of secondary Cu minerals alone is not enough to identify a 

deposit as Cu-rich. A lack of these minerals would suggest that the gossan overlies a 

barren ore deposit. Minerals, such as atacamite, that may indicate a submarine 

alteration environment were not observed in this study. SEM-EDS may be insufficient 

to address the question of alteration environment. 

The use of automated mineralogy is an effective way to determine the 

presence of key sulphide phases within a sample, such as the secondary Cu minerals 

chalcocite and covellite. The results it provides, however, are comparable to a visual 

inspection of the rock combined with SEM analysis. While QEMSCAN® is not a 

replacement for optical mineralogy and SEM imaging with EDS analysis, it is capable of 

providing quantitative data on mineral abundances, associations and distributions 

(Pirrie and Rollinson, 2011) which is potentially important information for the 

processing of an ore. 
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6  Geochemistry 

6.1 Introduction 
The geochemistry of gossans and related lithologies depends largely on the 

nature of the protolith, the environment of weathering and alteration, and the relative 

mobility of key elements within the acid alteration environment. From Chapter 2, the 

protolith of gossans in Cyprus can be either the PMS lens, stockwork or mineralised 

footwall volcanics, but could also potentially include zones of secondary sulphide 

mineralisation. These protoliths will vary in their chemical composition and therefore 

their potential to provide a source of Cu and other constituents for the formation of 

SCUD. The environment of weathering may affect the mineralogy and therefore the 

chemistry of the alteration assemblage, as will factors including depth to water table, 

redox and pH. This will greatly vary between deposits depending on their architecture, 

stratigraphy, mineralogy, permeability and a range of other factors. It is probable that 

limited dispersion, perhaps into a relatively reduced zone at shallow levels below the 

sea floor, might create a relatively higher grade mineralisation compared to the 

situation where sulphides have been uplifted into the terrestrial environment with 

greater permeability and distance to zones favouring precipitation, mainly in relatively 

reduced conditions below the water table (see Chapter 2). 

The nature of the weathering environment may be interpreted from specific 

chemical markers, such as the presence of Ce and Eu anomalies, and Sr content, along 

with field and mineralogical evidence (see Chapters 3 and 5). The mobility of Ce is 

sensitive to redox conditions and pH, with Ce3+ being relatively immobile compared 

with Ce4+, but relatively mobile at low pH (Brookins, 1989). In magmatic systems, Eu2+ 

generally substitutes for Ca in minerals such as plagioclase, whereas Eu3+ and 

neighbouring REE stay in the melt phase, leading to a positive Eu anomaly in 

plagioclase. Hydrothermal vent fluids show positive Eu anomalies (Mills and Elderfield, 

1995) which may be related to the breakdown of plagioclase by fluids in the root zones 

of ridge-type hydrothermal systems (Richardson, 1987). This is reflected in the 

composition of minerals (including sulphides) precipitated from these fluids (Peter et 

al., 2003). Leybourne et al. (2006) showed that in the Bathurst Mining Camp, New 

Brunswick (BMC) this positive Eu anomaly is preserved in gossans formed from Eu-

enriched sulphides, and subsequently lost when this gossan is reworked. These 
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geochemical features are ‘pathfinders’ which can be used to explore for subsurface ore 

bodies in regions where there is significant ferruginisation of country rocks, or where 

ore may not outcrop at surface (Butt, 2008). 

This chapter contains a summary of the geochemical characteristics of gossans 

and related lithologies in the Troodos as the basis for new exploration tools for Cu-

bearing PMS and SCUD. These tools are developed by:  

1. Assessing the mobilisation of ore-forming and co-existing elements within 

oxidising PMS by comparing the geochemical compositions of primary 

sulphides and relatively poorly altered (regionally propylitised) lavas with those 

which have undergone different types and degrees of alteration.  

2. Assessing the likely environment of gossan formation from major and trace 

element characteristics and with reference to field and laboratory 

observations, which may provide regionally mappable exploration criteria (see 

above). 

3. Determining key geochemical differences between gossans associated with Cu-

rich PMS and Cu barren mineralisation. 

The outcomes of this study, together with those from the mineralogical 

investigation (Chapter 5) will aid in the interpretation of isotopic data discussed in 

Chapter 7.  

6.2 Methodology 
The geology and mining history of the localities in this study are detailed in 

Chapter 2, with a full sample index in Appendix B. Trace elements were determined by 

ICP-MS at CSM following the four acid digestion procedure of Garbe-Schönberg (1993) 

and at ACME labs using four-acid digestion. Major elements were determined at ACME 

labs by ICP-AES following fusion with Li-tetraborate and subsequent nitric acid 

digestion of the fused beads. A fuller methodology is presented in Chapter 3. Detection 

limits for each element can be found in Appendix D. In rare earth element 

spidergrams, concentrations were normalised to chondrite, using values from 

McDonough and Sun (1995), and plotted on a logarithmic scale.  

6.3 Results 
This section describes the major, trace and rare-earth element data, in turn, for 

lavas, sulphides, gossans, ochres and umbers from all localities in this study. A small 
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sample of elemental plots shall be presented and discussed in this chapter, with the 

remainder included within Appendix D: Geochemical Diagrams. 

6.3.1 Geochemistry of variably altered volcanic rocks 

Samples of lavas were collected from the footwall and hanging wall of PMS 

lenses, and from more distal areas. Most are from the UPL (Chapter 2) and are basaltic 

to andesitic in composition, forming pillow lava successions and flows. On collection, 

the lavas were given an arbitrary assignment of ‘less altered’ or ‘more altered’ based 

on their colour, degree of fracturing and competency.  

6.3.1.1 Major elements in lavas 

Lavas show a wide range in SiO2 from 37 to 87 wt. %. They have a bimodal 

distribution, one population having a mode of 50 wt. %, with a range from 37 to 57 wt. 

%, and another a mode of 85 wt. %, with a range from 80 to 90 wt. %. Figure 6.1 shows 

negative correlations between SiO2 and Al2O3 and Fe2O3, however this is likely to be at 

least partly due to the closure effect (Chayes, 1960). The closure effect, or constant 

sum problem, occurs because the concentration of all element oxides in a sample must 

add up to 100 wt. %. As SiO2, Al2O3 and Fe2O3 together often comprise more than 50 

wt. % of the composition of the samples, an increase in one means a relative decrease 

in the others, resulting in negative correlations for dominant major elements. Major 

elements have therefore been plotted against MgO (Appendix E, Figure 11.3) which 

shows a wide range of values in Troodos lavas (Cameron, 1985), and is generally in low 

enough concentrations not to suffer from the closure effect.  

Low SiO2 lavas have a greater range in Fe2O3 (Figure 11.2). The lower SiO2 

population has a near vertical trend with CaO which decreases rapidly with minor 

increases in SiO2. This is echoed for K2O and MnO, and to a lesser extent Na2O. 

MgO, Al2O3, Fe2O3, TiO2, Cr2O3, P2O5, and SiO2 show no variation between lavas 

adjacent to Cu-rich and Cu-poor VMS, while MnO, CaO, K2O, and to a lesser extent, 

Na2O, are relatively depleted in lavas associated with Cu-rich PMS (Appendix E: Figure 

11.2). Lavas from the Sia-Mathiati road (SM, blue squares) are not associated with a 

PMS ore body, and also have among the highest CaO contents, while lavas associated 

with Sia PMS (red triangles) have the lowest CaO contents (Figure 6.1). 
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Figure 6.1 Harker variation diagrams for Al2O3 and CaO plotted against wt. % SiO2 for lavas adjacent to 
mineralised areas. High-Cu PMS are shown to be associated with lavas relatively low in CaO. 
Red symbols indicate a Cu-rich locality, while blue symbols a Cu-poor locality. Anorthite ([Ca1, Na0] 
[Al2Si2O8]) is plotted to represent plagioclase found in lavas, and can be seen as an end member to the 
alteration trends observed in the lavas. The Ca and Al content of these lavas decrease as plagioclase 
weathering proceeds. Locality abbreviations are as used in Chapter 3 and are: KP = Kokkinopezoula; KV = 
Kokkinovounaros; SH = Strongili Horseshoe; SM = Sia-Mathiati Road locations; LY = Lysos; SIA = Sia; SK = 
Skouriotissa 
 

6.3.1.2 Trace elements in lavas 

Trace elements were plotted against MgO, TiO2 and Zr for comparison with 

mobile and immobile trace elements (See Appendix D: Figure 11.5). Low MgO rocks 

appear enriched in Mo, Pb, As and Zr. Lavas with 5-10 wt. % MgO have the highest Cu 

and Zn concentrations. Ni shows a positive correlation with MgO, with both UPL and 

LPL falling on the linear array (Appendix D, Figure 11.5). The plotting of Sr versus MgO 
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Sr values, while a series of lavas plot in an array of rapidly increasing Sr with small 

increases in MgO. These samples include SM6, SM8, SM13, SH19, and SH37, all lesser 

altered lavas from the area close to Sia pit, and collected from Strongili Horseshoe. 

All volcanics have relatively low Pb and As (up to around 7 ppm and 10 ppm 

respectively). Volcanics are much more enriched in Cu, Zn, Co and Ni (all up to around 

100 ppm) in the population with 40-50 wt. % SiO2, however the population at 75-90 

wt. % SiO2 show significantly lower Cu, Co and Ni. Lavas are shown to have similar Cu 

contents, regardless of proximity to a Cu-bearing PMS (Figure 6.2). Lavas from Strongili 

Horseshoe (SH, Figure 6.2) have higher Zn contents than other lavas, despite being 

unassociated with a PMS ore body. Other lavas have lower Zn contents. 

 

 

Figure 6.2 Harker variation diagrams for Cu and Zn plotted against SiO2. 

  

6.3.1.3 Rare earth elements in lavas 

Kokkinopezoula (Cu-poor) 

All lavas from Kokkinopezoula plot at higher REE concentrations than SMAV, 

which stands for Sia-Mathiati Average Volcanic, which is a value derived from the 

average compositions of a series of propylitised volcanics in the vicinity of Sia mine. No 

Ce anomaly is present, nor a strong Eu anomaly. KP3B is heavily leached, bleached 

white material adjacent to KP3A (see Chapter 4). It is unknown why the two should 

possess significantly different total REE contents. 
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Figure 6.3 Chondrite-normalised (McDonough and Sun, 1995) rare earth element plot for lavas from 
Kokkinopezoula (KP). 

 

Strongili Horseshoe (Cu-poor) 

REE in samples from Strongili Horseshoe generally show a gradual rise in REE 

from La to Pr, followed by a concave flattening of the curve. Examples of this pattern 

include SH19: ‘ungossanised lava’, SH27: propylitised pillow lava; SH35: the core of a 

propylitised pillow lava. SH25A differs greatly from the general pattern, showing 

significant HREE depletion compared to LREE, accompanied by a pronounced negative 

Eu anomaly. Whether this is because SH25A contains 3 mm crystals of disseminated 

pyrite is not clear.  
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Figure 6.4 Chondrite-normalised (McDonough and Sun, 1995) rare earth element plot for lavas from 
Strongili Horseshoe (SH). 

 

Kokkinovounaros (Cu-poor) 

Samples KV5 and KV6 represent the lesser leached, propylitised lavas. Patterns 

for these samples are similar in shape to that of SMAV, however are relatively 

depleted in HREE and KV5 shows a negative Ce anomaly. 

 

 

Figure 6.5 Chondrite-normalised (McDonough and Sun, 1995) rare earth element patterns for lavas from 
Lysos and Kokkinovounaros. 
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and pseudomorphs after pyrite (Chapter 5), suggests that SIA18A, B and C could be 

classed as ‘retali’. No samples from Sia exhibit a Ce anomaly. SIA18C, a highly leached, 

bleached white material, has a slight positive Eu anomaly, while SIA18A and SIA10 

have negative Eu anomalies. 

 

 

Figure 6.6 Chondrite-normalised (McDonough and Sun, 1995) rare earth element patterns for lavas from 
Sia. 
 

Skouriotissa (Cu-rich) 

Samples from Skouriotissa include lavas from the Phoukasa pit (SK31), the 

Phoenix pit (SK42, SK50, SK51, SK52B), and the region of altered propylitised pillow 

lavas between the two pits (SK35), see Chapters 2 and 4. Sample SK31 (a lava 

immediately underlying umbers to the northeast of the Phoukasa pit) and SK50 (lava 

from the base of the Phoenix deposit) bear the closest resemblance to the pattern of 

SMAV. SK31 may be post-mineralisation lava and thus have not undergone 

hydrothermal alteration. SK50 may have been an unaltered lava that has since been 

exposed to supergene fluids. SK42 and SK51 show disseminated sulphide 

mineralisation which may have imparted the negative Eu anomaly onto SK51. SK52b is 

lava showing extensive secondary Cu mineralisation in the form of chalcopyrite and 

delafossite, hosted within jasperoid veins (sample SK52 was split, SK52a representing a 

sulphide-rich fraction and SK52b a whole sample). SK35 was originally classed as 

oxidised lava overlying the secondary Phoenix ore, however it has a significantly 

different REE pattern to other lavas, instead possessing a signature closer to that of 

umber. SK35 is markedly different to the patterns of other lavas, possessing an overall 

concave shape with small negative Ce anomaly. This pattern is more similar in shape to 
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those of material interpreted as gossan, which also often possess a concave shape, 

where generally La > Pr > Lu. 

 

 

Figure 6.7 Chondrite-normalised (McDonough and Sun, 1995) rare earth element patterns for lavas from 
Skouriotissa. 

 

Sia−Mathiati Road (Cu-poor) 

Samples were collected of variably, but generally less altered (by visual 

assessement) lavas from the area surrounding the Sia open pit and on the Sia-Mathiati 

road. These samples represent background lavas, i.e. far from mineralisation, and have 

been averaged to produce values for a ‘background volcanic’, SMAV, which plots as the 

average of SM volcanics (Figure 6.8). SM6, 8 and 10 display a negative Ce anomaly, 

while samples SM11, 12 and 13 do not. Sample SM6 showed minor celadonite 

mineralisation, as did SM11. SM11 and SM12 were collected in proximity (within 

300m) to the Sia mine. 
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Figure 6.8 Chondrite-normalised (McDonough and Sun, 1995) rare earth element patterns for lavas from 
adjacent to Sia mine. 
 

6.3.2 Sulphide geochemistry 

A range of different sulphide occurrences were sampled from Mathiati, Sia, 

Skouriotissa (Phoukasa and Phoenix) and Kokkinopezoula, as well as smaller amounts 

at Lysos and Troulli. These included massive sulphides from Sia, Phoukasa and 

Kokkinopezoula (i.e. massive pyritic material with few other visible minerals), 

disseminated secondary sulphides from the Phoenix deposit (smaller discreet pyrite 

and chalcopyrite crystals hosted within altered lavas and within jasperoid veins), 

secondary mineralised primary sulphide from Phoukasa (massive sulphide with clear 

chalcopyrite and covellite mineralisation), and stockwork material from Mathiati North 

(with a large portion of rock mass consisting of quartz veins). 

To investigate the relationship between sulphide chemistry and sulphide 
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D) ‘Secondary’ sulphides including any pyrite dominated material that has a surface 

area comprised of at least 10% secondary Cu minerals (obvious covellite, chalcocite 

mineralisation etc., e.g. SK48, SK122, TR5) and sulphide material present within 

jasperoid veins in the Phoenix pit. 

E) ‘Other’ – this classification is used for material that does not fit comfortably into 

one of the other categories, yet is still genetically and spatially related to sulphide 

material. 

6.3.2.1 Major elements in sulphides 

Massive sulphide generally contains between 0.3 and 13 ppm SiO2 (Appendix D; 

Figure 11.7, Figure 11.8). Stockwork-related material is more siliceous, with 29.8 to 

59.6 wt. % SiO2, with the exception of sample SK61 from the base of the Phoenix pit, 

which had SiO2 wt. % = 0.27. This sample was visibly less silicified than examples of 

stockwork material from Mathiati (e.g. MN31, MN32). 

Disseminated sulphides possess lower overall Fe2O3 and higher SiO2, potentially 

due to the presence of volcanic materials. Secondary sulphides plot in roughly the 

same field as highly silicified primary massive sulphide. The ‘other’ group, comprising 

of white alteration material at the sulphide-volcanic contact, shows a closer 

relationship with the disseminated, volcanic-related sulphides than the other sulphide 

types. 

Major elements within sulphides were plotted against TiO2 (Appendix D, Figure 

11.8) due to this being relatively immobile in weathering systems (see Discussion, this 

chapter). Variation diagrams for sulphides show many positive correlations for major 

elements versus TiO2, such as Al2O3, MgO and CaO. There is a pattern of decreasing 

Fe2O3 values with increasing TiO2 (Figure 6.9). 
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Figure 6.9 Harker variation diagrams for Fe2O3 and Al2O3 plotted against TiO2. 

 

 

6.3.2.2 Trace elements in sulphides 

SiO2 showed the greatest variation in sulphide chemistry, so was chosen to plot 

versus trace element data (Figure 11.9). TiO2 (Figure 11.10) was selected to represent 

relatively immobile components. Sulphide material from PMS not historically mined 

for Cu (Mathiati North, Kokkinopezoula) are shown to have similar, high SiO2 contents, 

whereas sulphide mined from Cu producing PMS have a much wider range in SiO2 

wt.%, encompassing the high values seen in Cu-poor PMS (Figure 6.10). TiO2 content of 

sulphides varies widely from 0.1 – 1 ppm across samples from both Cu-rich and Cu-

poor PMS (Figure 6.11). 
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Figure 6.10 Harker variation diagrams for Cu plotted against SiO2.Locality abbreviations as in Chapter 3. 

 

 

Figure 6.11 Harker variation diagram for Cu plotted against TiO2. Abbreviations as in Figure 6.1. 
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6.3.2.3 Rare earth elements in sulphides 

The sulphide material present at Mathiati is thought to represent the remains 

of a stockwork system beneath the now-mined PMS (Bear, 1963; Adamides, 2010a). 

The silica-rich material shows low concentrations of REE relative to chondrite, and 

total depletion to below detection in HREE’s Ym, Yb and Lu for MM0002, MM0003C 

and MN32 (Figure 6.12). MNStock possesses slight HREE depletion compared to LREE, 

and also a negative Eu anomaly.  

Samples collected from Sia, consisting of massive sulphide material present in 

mounds on the eastern side of the pit, show two different REE patterns. SIA1 shows 

LREE depletion. Samples SIA2 and SIA22 show HREE depletion (Figure 6.13). Of all 

three samples, SIA22 possesses a negative Eu anomaly, while SIA1 and SIA2 do not. 

 

 

Figure 6.12 Chondrite-normalised (McDonough and Sun, 1995) rare earth element patterns for 
sulphides from Mathiati compared with the average for the volcanics (SMAV). 
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Figure 6.13 Chondrite-normalised (McDonough and Sun, 1995) rare earth element patterns for 
sulphides from Sia. 

 

Disseminated (SK52a), massive (SK45, SK61, SK100-126) and secondary (SK48) 

sulphides from Skouriotissa generally show strong negative Ce anomalies, weak 

negative Eu anomalies with variable total REE concentrations (Figure 6.14). SK45, 48, 

109, 110, 111, 122, 124 and 126 are all from the eastern extension of the Phoukasa 

orebody, with 45, 48 and 122 displaying visible secondary Cu mineralisation (Chapter 

4). SK52a and SK61 come from the base of Phoenix pit and represent sulphide material 

picked from within mineralised lavas. SK109 and 111 are white sulphide related 

material, while SK110 is sulphide collected from the lava-sulphide contact. The 

proximity of these samples to the host lavas may be the cause of the similarity in the 

shape of the pattern with SMAV, however their REE patterns are more similar to other 

sulphides than those of lavas.  

Sulphides from Troulli (TR2 and TR5) show secondary enrichment in hand 

specimen and possess negative Ce and Eu anomalies (Figure 6.15) Massive sulphide 

from Kokkinopezoula shows no Ce anomaly, but has a positive Eu anomaly.  
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Figure 6.14 Chondrite-normalised (McDonough and Sun, 1995) rare earth element patterns for primary 
pyrite sulphides from Skouriotissa. 

 

 

Figure 6.15 Chondrite-normalised (McDonough and Sun, 1995) rare earth element plot for sulphides 
from Lysos, Kokkinopezoula and Troulli. 
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highly leached lavas at Kokkinovounaros. A fuller description of these locations is 

found in Chapter 3. The best preserved gossan was at Kokkinopezoula, which 

resultantly dominates the geochemical dataset. This gossan comprises hard ferricrete, 

soft earthy gossan along with retali, all of which overlie the remainder of a PMS. 

Gossan at Lysos contained little ferricrete, but a preserved section of earthy gossan. 

6.3.3.1 Major elements in gossans 

Relatively immobile elements Al2O3 and TiO2 show a linear relationship (Figure 

6.16). This ratio may be used to plot against more mobile elements to determine the 

relative gains and losses of an element of interest (see Discussion, this chapter). Other 

major elements do not show a correlation with TiO2 (see Appendix). MgO and MnO 

values are low in some gossanous material. As observed in lavas, gossan chemistry is 

dominated by SiO2 and Fe2O3 which can each make up to 75 wt. % (Figure 6.16) of the 

composition of an individual sample. 

 

 

Figure 6.16 Variation diagrams for major elements in gossans plotted against TiO2 wt. % for all localities.  
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LY3a plots at the upper detection limit for the analytical protocol used of 10,000 ppm 

Cu and 1.0 ppm Zr, due to this sample containing malachite. 

Lysos contains higher base metal contents than all other gossans, but also the 

lowest TiO2 concentration. Leybourne et al. (2006) showed that Pb is relatively 

immobile in the gossans in the study, so elemental concentrations of chalcophiles (Cu, 

Zn, Mo, Ni) were plotted against Pb values. A positive correlation between Pb values 

and those of the chalcophiles would indicate that they both remained immobile during 

alteration. The lack of correlation (Appendix D, Figure 11.12) indicates that one or both 

were mobile. Pb often shows a much wider range in concentrations than other 

chalcophile elements suggesting Pb is mobile in the Cyprus gossan environment unlike 

the VMS observed in Leybourne et al. (2006). The lack of correlation between Pb and 

Zr (Figure 6.17) or TiO2 (Appendix D, Figure 11.14) also indicates that Pb is mobile in 

the Cyprus environment. 

 

 
Figure 6.17 Trace element data for gossan material versus Zr. 
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Figure 6.18 Variation diagram of Cu versus Zn for gossans for high- and low-Cu PMS. 
 

6.3.3.3 Rare-earth elements in gossans 

The total rare earth contents of gossans are generally an order of magnitude 

lower than those of lavas, although some gossans have lava-like concentrations. 

Kokkinopezoula 

Gossan material from Kokkinopezoula shows a consistent negative Eu anomaly, 
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collected in close proximity to one another, and represent a geochemical section 

through the outcrop (samples are identified in Figure 3.7). KP2A is ferricrete and 

possesses a strong negative Eu anomaly and HREE depletion. KP2B is powdery white 

material marking the top of the earthy gossan layer and has a negative Eu anomaly, 

but otherwise smooth REE pattern. KP2C (yellow earthy gossan) has the lowest total 

REE from this section and possesses a pronounced negative Ce anomaly. KP2D is red 

earthy gossan and has a small Eu anomaly in a relatively smooth REE pattern. 
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Figure 6.19 Chondrite-normalised (McDonough and Sun, 1995) rare earth element patterns for gossan 
samples from Kokkinopezoula (Cu-poor). 

 

 

Oxidised material from Lysos (Figure 6.20) shows negative Ce anomalies with 

small or no apparent Eu anomalies. Unusually, the REE patterns for LY8A, LY8B and 

LY8E have a similar shape to sulphide material SK109 and 110 (Figure 6.14), with a 

pronounced negative Ce anomaly, coupled with a sharp depletion in Sm and Eu. 

 

 

Figure 6.20 Chondrite-normalised (McDonough and Sun, 1995) rare earth element patterns for gossan 
samples from Lysos (Cu-rich). 
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Figure 6.21 Chondrite-normalised (McDonough and Sun, 1995) rare earth element patterns for gossan 
samples from Strongili Horseshoe (Cu-poor). 

 

 

Figure 6.22 Chondrite-normalised (McDonough and Sun, 1995) rare earth element patterns for gossan 
samples from Kokkinovounaros (Cu-poor) and Sia (Cu-rich). 
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extension: SK117A-D are also from this area and comprise the remainder of the 

samples). Al2O3, Na2O and MnO show the greatest variation in these samples. Fe2O3 is 

from 45 – 55 wt. % in samples SK117A-D, taken from the upper layers of ochre and 

which form the larger population. SK100, taken from the lower ochre layer, closer to 

the massive sulphide ore, is represented by the outlier with higher iron content. Na2O 

is higher in the upper ochre material. 

 

 

Figure 6.23 Variation diagrams versus TiO2 for major element concentrations in ochres from 
Skouriotissa. 
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6.3.4.2 Trace elements in ochres 

TiO2 shows the greatest range in values and is also deemed an immobile 

element (see Discussion, this chapter) and thus was chosen to plot against chalcophile 

elements (Figure 6.24; Appendix D, Figure 11.17). Cu, Zn, Ni and Co concentrations do 

not correlate with TiO2 while Pb shows a positive correlation and is probably immobile 

in ochre. Ag has an inverse relationship with TiO2 (Figure 11.17) as does Sn. Sr has a 

generally positive correlation with TiO2 offset by one high wt. % TiO2 point. 

 

 

Figure 6.24 Variation diagrams for chalcophile elements versus TiO2 for ochres from Skouriotissa 
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6.3.4.3 Rare earth elements in ochres 

Ochres from Phoukasa show a strong negative Ce anomaly, but no Eu anomaly 

(Figure 6.25). Ochre from Herzig et al. (1991), also from Skouriotissa also possess a 

negative Ce anomaly, and also a positive Eu anomaly. Modern ochres from TAG (Mills 

and Elderfield, 1995) possess a positive Eu anomaly, but do not show the negative Ce 

anomaly evident in Skouriotissa ochres.  

 

 
Figure 6.25 Chondrite-normalised (McDonough and Sun, 1995) rare earth element plot for Skouriotissa 
ochres from this study (Samples SK100-SK117D). Also shown is data for Skouriotissa ochres (A-1, A-7) 
from Herzig et al. (1991), and ochres from TAG (2190-12-1 to 2183-2-2) from Mills and Elderfield (1995).  

 

6.3.5 Umber geochemistry 

Umbers from two localities (Mathiati North and Skouriotissa) were analysed for 

major and trace elements. Other localities in this study (such as Sia, Kokkinopezoula, 

Lysos) lacked umber close to the mine site. Samples MN9 and MN12 are visually typical 

of unsilicified umbers: blocky, tan coloured, lacking conchoidal fracture and porous. 

SK28 and SK29 show similar features, although are slightly darker in colour. 

The umbers have SiO2 ranging from 13.6 to 34.6 wt. %, with Mathiati umbers 

having 13.6 and 13.8 wt. %, and Skouriotissa umbers being more siliceous with 

between 29.6 and 34 wt. % (Figure 6.31). Al2O3, MgO, CaO, TiO2, P2O5, MnO and K2O 

contents decrease with increasing silica, while Na2O and Cr2O3 contents increase. 

Samples from individual mines seem to possess generally similar major element 

characteristics between samples, for examples those from Mathiati North have near 

identical SiO2 as well as Al2O3, Na2O, Cr2O3, TiO2 and K2O contents. Samples from 
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Skouriotissa vary more in SiO2, but possess similar Al2O3, MgO, P2O5, Cr2O3, TiO2 and 

K2O contents. 

6.3.5.1 Major elements in umbers 

Iron content of umbers varies from 43.4 to 50.9 wt. % in samples from 

Mathiati, while samples from Skouriotissa show a much narrower range (Figure 6.26; 

Appendix D, Figure 11.18). Skouriotissa umbers have little to no Mn present, while 

those from Mathiati contain from 7-11 wt. % MnO. Umbers from Skouriotissa and 

Mathiati can be separated by their SiO2 contents, where Skouriotissa has a higher wt. 

% than MN (Figure 6.26), and by their TiO2 content, where Mathiati umbers possess 

the higher value (Figure 6.26). SiO2 and TiO2 show an inverse correlation.  

 

 
Figure 6.26 Harker variation diagrams for umber from Mathiati North and Skouriotissa. 
 
 

6.3.5.2 Trace elements and precious metals in umbers 

Skouriotissa umbers are enriched in Cu relative to Mathiati (Figure 6.27), there 
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analytical protocol used by ACME, and another with 35,400 ppm (analysed at CSM). In 

contrast, the Cu-poor Mathiati North PMS is associated with umbers that have a much 

lower Cu content (Figure 6.27). The Cu rich umber of Phoukasa is associated with 

higher SiO2 contents. Other element data can be found in Appendix D (Figure 11.19). 

Gold contents in the sampled umbers are below the detection limit of 0.1 ppb. 

These umbers are largely unsilicified, containing less than 34.6 wt. % SiO2. The low gold 

content of the unsilicified umbers is in accordance with data from Prichard and 

Maliotis (1998). 
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Figure 6.27 Harker variation diagram for trace elements vs TiO2 in umber. 

 

6.3.5.3 Rare earth elements in umbers 

Figure 6.28 shows REE patterns for umbers from selected localities. MN9 and 

MN12 are unsilicified umbers from Mathiati North, taken from the area to the south 

east of the open pit. Umbers from Mathiati and Skouriotissa show negative Ce 

anomalies, and display small negative Eu anomalies. 

 

 

Figure 6.28 Chondrite-normalised (McDonough and Sun, 1995) rare earth element patterns of umbers 
from Mathiati North and Skouriotissa. 
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PMS, and to determine whether Cu enrichment in Cyprus PMS is a primary or 

secondary feature. 

6.4.1 Element mobility during alteration 

In any study using chemical data to determine the weathering environment and 

protolith of gossan-related lithologies, the main complicating factor is varying element 

mobility during alteration. This will depend largely on the stability of minerals in the 

rock under the specific conditions of alteration, the nature of the fluid and the 

fluid:rock ratio. A high fluid:rock ratio will cause the rock to begin to take on the 

properties of the fluid, while a very small fluid:rock ratio will see the fluid begin to take 

on the chemistry of the rock.  

Variably altered volcanics from the Troodos have a bimodal distribution of SiO2 

wt. % which may be a result of natural variation in the protolith andesite-dacite lavas, 

or due to mobilisation and element enrichment. Chesworth et al. (1981) showed that 

early breakdown of olivine within basalts leads to increased mobility of SiO2 in altering 

lavas, which is later fixed into stable alteration minerals such as clays. Figure 6.29 

shows the compositions of lavas in this study. Lavas with relatively low SiO2 (mode 50 

wt.%) are likely to represent the composition of the original volcanic (UPL has 52.4 wt. 

% SiO2). Lavas with higher SiO2 than this may have undergone silicification by 

hydrothermal fluids. Higher silica samples generally show low values for other element 

oxides which would support this, although for major elements this could also be due to 

the closure effect, discussed earlier. Previous authors have shown that there are 

several styles of alteration within the volcanics of the Troodos, each with distinct 

chemical characteristics. Enrichment in K2O with depletion in Na2O is suggested to be a 

cold-water alteration signature, whilst enrichment in both Na2O and K2O is indicative 

of low temperature (< 170°C) alteration (Bednarz and Schmincke, 1989). The sheeted 

dyke complex, characterised as a high temperature (< 440°C) alteration zone, shows 

thorough leaching of K2O and variable behaviour of CaO and Na2O, consistent with 

existing literature (Bednarz and Schmincke, 1989). 

The population with an initial SiO2 content of 40-60 wt. % (Figure 6.29) shows 

significant enrichment in MgO, CaO, Na2O, K2O and Cr2O3 relative to the population 

with higher total SiO2. For the low SiO2 group (which lie on the trend of the arrow in 

Figure 6.29), increasing SiO2 is associated with a rapid decrease in the concentrations 

of other element oxides, indicating that they are either preferentially mobilised and 
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removed from the rock, or the addition of Si has diluted their concentrations. K, Na 

and Mg are shown by Chesworth et al. (1981) to be among the first elements removed 

from a basalt during weathering, followed by Ca. 

 

 

Figure 6.29 Alteration signatures within lavas from all localities. Arrows show possible alteration trends 
due to leaching of CaO, MnO and Na2O.  

 

The high field strength (HFS) elements, including Zr, Y, Hf, Ti, La, Ce, Nb and Ta, 

are generally considered to be poorly mobile during hydrothermal alteration, 

diagenetic processes in basalt and in extreme acid weathering environments 

(Chesworth et al., 1981; Klammer, 1997). Elements generally regarded as immobile in 

the VMS alteration systems include Al, Ti, Zr, Nb, Y, heavy REE, Hf, Ta and Th (MacLean 

and Barrett, 1993), and these immobile elements should remain in roughly the same 

proportions within an altering system. Seawater, however has a strong negative Ce 

anomaly, caused by the oxidation of Ce3+ to Ce4+, with Ce4+ then precipitated out and 

incorporated into sediments (Elderfield and Greaves, 1982), while other REE3+ remain 

in the seawater. 

A broad assessment of element mobility can be made by plotting data for 

variably altered samples from the same protolith on variation diagrams (Figure 6.30). If 

both elements are immobile, a straight line correlation should be evident, plotting 

through the origin, as in Cann (1970). Zr and TiO2 show the best constant ratio for a 

range of variably altered lavas and gossan materials and are thus deemed ‘immobile’ 

for the purposes of defining protoliths and the nature of alteration.  
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Figure 6.30 Selected immobile trace elements plotted against one another for all lithologies sampled in 
this study. 
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of material could result from e.g. the mineralisation of lavas with sulphides, addition of 

exotic iron (to form an exotic/travelled) gossan, or the addition of silica during 

hydrothermal alteration. An alternative that would also drive the rock composition to 

the lower left would be extreme acid leaching that may be sufficient to break down Zr- 

and Ti-bearing phases such as zircon and rutile, however Zr- and Ti-bearing minerals 

have been shown to remain stable in extreme acid weathering environments 

(Klammer, 1997).  

 

 

Figure 6.31 Variation diagram for Zr versus TiO2. 
Lavas, sulphides and gossan plot on a line of similar Zr:TiO2 ratio. Ochres and umbers form a separate 
trend above the previous line, UPL = upper pillow lavas, compiled from Cameron (1985); LPL = lower 
pillow lavas, from Cameron (1985). SMAV – Sia-Mathiati Average Volcanic, averaged values from 4 ‘least 
altered’ lavas. 
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Figure 6.32 Example vectors for weathering of different protoliths (such as UPL or massive sulphide) and 
for either mass gain or loss. Average UPL composition (green triangle) from Cameron (1985).  

 

6.4.2 Isocon analysis to assess element mobility during alteration 

In order to determine the relative loss and gain of elements during the 

alteration of the volcanics, the isocon method of Grant (1986) was used. This allows an 

estimation of the degree of alteration undergone by a sample by comparing its 

composition with a less altered equivalent on a scatter diagram. A line of best fit will 

plot from the origin through elements that maintain a similar ratio between unaltered 

and altered rocks. The elements that plot further away from the line have experienced 

the greatest amount of change in concentration due to alteration. 

Three samples were selected for constructing isocon diagrams, based on their 

positioning on the Zr versus TiO2 diagram (Figure 6.33). KP3A was selected as the most 

altered lava composition, being heavily leached, bleached white lava underlying 

gossanised material at Kokkinopezoula (Figure 3.8). Its Zr and TiO2 concentrations were 

higher than those of average unaltered lavas (SMAV), indicating a relative loss of 

mobile elements.  
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Figure 6.33 Zr versus TiO2 for samples used to generate isocon diagrams. KP3A represents a lava that has 
undergone extensive mass wasting, SK51 has had sulphide material added, SH25A plots on the diagram 
in the region of increased non-sulphide mass input. 

 

SH25A was selected as it falls at low values of both Zr and TiO2, compared with 

SMAV, suggesting an influx of material into the rock. SK51 was chosen due to having 

lower than SMAV Zr and TiO2 values, and also possessing disseminated pyrite.  

Figure 6.34 displays lines of constant element ratios in altered (KP3A) and less 

altered lavas (SMAV). Both Zr and TiO2 lie above the black line (representative of a 1:1 

ratio between elements), indicating that they are relatively enriched in the leached 

material (corresponding with the Zr/TiO2 plot). They both lie on lines of nearly identical 

gradient from the origin, indicating that they remain in the same ratio as they were in 

the original unaltered rock. This supports the notion that Zr and TiO2 are suitable for 

use as immobile constituents in the alteration study. Elements plotting above the 

origin-TiO2-Zr (TiZ) line are preserved in the leached rock, and were therefore relatively 

poorly mobile. Species such as MnO, Co, Zn, which plot below the line were relatively 

mobile, and are present in the less altered lavas in amounts greater than found in the 

heavily leached lava. Al2O3, often assumed to be relatively immobile (Chesworth et al., 

1981), is shown to be mobile, being depleted in the altered material, in accordance 

with the conjecture of aluminium mobility in Chapter 2 (Blot, 2004). 
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Rare earth elements (including Y) plot in a linear array similar in gradient to the 

TiZ line, indicating that there has been little overall loss of total REE, and no 

preferential loss of LREE or HREE during alteration. Au plots just below the TiZ line and 

was therefore moderately mobile. MnO is the lowest point on the plot, consistent with 

it being highly mobile during hydrothermal alteration, with up to 90% lost in the 

sheeted dyke complex root zones of hydrothermal systems (Richardson, 1987) and 

during gossan formation (Boyle, 2003). Chalcophile elements such as Co, Ni, Zn, Cu (in 

order of distance from TiZ line) are all shown to be depleted in the altered material, 

being relatively efficiently mobilised during gossanisation (Boyle, 2003). 

Most elements in the mineralised lava SH25A (Figure 6.35) plot above the TiO2 

line suggesting that they were introduced into the rock, with the exception of Au, Cu, 

Sr and Eu which fall close to or below the line, indicating probable loss during 

alteration.  

SK51, a mineralised blue-coloured lava from the base of Phoenix pit, 

Skouriotissa, shows amongst the lowest values of Zr and TiO2 (Figure 6.36). The 

isochron diagram shows many similarities to that of SH25A, the main difference being 

the introduction during alteration of chalcophile elements, including Mo, As, Ni and 

Cu, consistent with the mineralised nature of the lavas.  
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Figure 6.34 Isocon diagram displaying relative abundances of elements between the theoretical least 
altered lava encountered (SMAV) and KP3A, the lava with the highest total Zr+TiO2. 
The black line represents a 1:1 element ratio, so elements lying above this are more enriched in the 
leached material, and elements below are enriched in the less altered material. The green and blue lines 
correspond with Zr and TiO2 respectively, shown to be immobile in the acid alteration environment. The 
red line correlated with Al2O3. Leybourne et al. (2006) notes that Sn is the most immobile element in the 
study, and is used to determine relative volume changes and element mobility. 
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Figure 6.35 Isocon diagram displaying relative abundances of elements between the theoretical least 
altered lava encountered (SMAV) and the lava most similar to SMAV (SH25A). Black line = 1:1 ratio, blue 
is the line joining TiO2, green for Zr, and red for Al2O3.  
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Figure 6.36 Isocon diagram displaying relative abundances of elements between the theoretical least 
altered lava encountered (SMAV) and the lava with one of the lowest values for both Zr and TiO2 (SK51). 
Black line = 1:1 ratio, blue is the line joining TiO2, green for Zr, and red for Al2O3. 
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REE in the studied altered rocks (KP3A, SK51, SH25A; Figure 6.34 to Figure 6.36) 

show an overall enrichment in La, Ce and Pr in all altered rocks compared to unaltered 

(Figure 6.37). KP3A (high degree of mass wastage) shows enrichment in MREE and 

HREE compared to SMAV, while SK51 (lava with disseminated sulphide mineralisation) 

and SH25A (unmineralised lava associated with ferruginised material) show a distinct 

depletion in MREE and HREE. SK51 possesses a distinct Ce anomaly. Summary data on 

the relative mobility of elements is summarised in Table 6.1. 

Applying the same analyses to chalcophile elements along with Sr (which could 

be at least partly controlled by interaction with seawater) and Sn (often associated 

with mineralisation) (Figure 6.38), KP3A, the sample showing high mass wastage, has 

retained a large portion of Pb compared to the less altered SMAV. Cu is depleted in 

both ferruginised, unmineralised and heavily leached lavas, however only slightly 

enriched in the mineralised lava SK51. 

 

 

Figure 6.37 Enrichment-depletion diagram for rare earth elements in samples KP3A (most leached), 
SK51 (mineralised), and SH25A (least altered). 

 

 

Figure 6.38 Enrichment-depletion diagram for chalcophile elements, Sn and Sr in samples KP3A (most 
leached), SK51 (mineralised), and SH25A (least altered). 
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Sample Rock Type Immobile Mobile 

KP3A Ti+Zr > SMAV 

(LEACHED/RETALI) 

Hg, Pb, Sn, Mo, 

(Zn, Al2O3) 

MnO, Be, CaO, Co, Rb, Ni, MgO, Fe2O3, Ba, 

Sr, Cu, Na2O (Zn, Al2O3,) 

SH25A Ti+Zr = SMAV (UNALTERED) Zr, Al2O3?, Fe2O3 Na2O, Cu, LREE?  

SK51 Ti+Zr < SMAV 

(INPUT/MINERALISED) 

Al2O3 Cu, Sr, K2O, Rb, CaO, LREE 

Table 6.1 Summary of mobile and immobile elements in lavas from isocon diagrams: 
KP3A (leached material with higher Zr and TiO2 than SMAV), material that has been added to, with lower 
Zr and TiO2 than SMAV. 

 

From isocon analysis and elemental enrichment-depletion diagrams, it can be seen 

that elements are variably enriched or depleted in gossans and altered lavas. Elements 

that tend to be immobile are Al, while Cu appears to be mobilised in all cases, including 

leached material, and mineralised material, the former losing Cu and the latter gaining. 

6.4.3 Protolith of gossans and related lithologies 

An issue that has arisen over the course of this study is the nature of the 

protolith of gossanites in oxidising VMS systems. Gossan can form by weathering of 

either PMS, stockwork material or volcanics containing disseminated sulphides. From 

the relationships in Figure 6.32, material that plots at higher Zr and TiO2 values than 

UPL (Figure 6.31), which has undergone mass wasting (as per Figure 6.32), is likely to 

be mainly retali, i.e. leached, unmineralised lava. Samples which plot between the 

compositions of the UPL and the origin, could be either: a) mineralised, probably 

silicified, sulphidised or ferruginised lavas, i.e. showing an increase in density, or b) 

represent gossan, where sulphides, mostly falling close the origin, with low Zr and TiO2, 

have been oxidised and leached causing their compositions to move to higher Zr and 

TiO2 values. Gossans are seen to be formed from altered massive sulphides or 

mineralised lavas, and gossans and lavas have similar Zr: TiO2 ratios. Eu anomalies in 

gossans are likely to be inherited from the sulphide protolith as opposed to resulting 

from the modification of the gossan. 

Ochres and umbers form their own trend of higher Zr:TiO2 ratio, separate from 

the gossan-altered lava trend (Figure 6.31). Most sulphide samples plot near the origin, 

however several are shown to plot along the gossan-altered lava trend, while none 

plot on the ochre-umber trend. Similarly, no samples of gossan (i.e. altered sulphide 

showing textures such as pseudomorphs after pyrite), plot on the ochre-umber trend. 
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This would suggest that ochres and umbers can together be genetically separated from 

sulphides and mineralised lavas, due to differing Zr:TiO2 ratios, which would remain 

constant if the ochre was a weathering product of the sulphide, converse to 

Constantinou and Govett (1973) who classed ochre as the oxidation product of VMS. 

That ochres and umbers plot on the same Zr:TiO2 trend hints at a similar genetic origin, 

which correlates with the conclusions reached by Robertson and Fleet (1976) that 

umbers and ochres are both forms of ultra-diffuse hydrothermal venting, possibly from 

off axis thermal springs, into different Eh environments which cause the variable 

chemical precipitation of Fe and Mn. Umber is generally thought to have a more distal 

vent source to sulphides on the ocean floor, while ochre would precipitate atop 

sulphides. 

The similarity in both appearance and chemistry of ochres and umbers explains 

why they have been misidentified as one another in the field (Bear, 1963; Naden, 

2006), particularly where umbers are relatively Fe- rather than Mn-rich, and possibly 

because massive sulphides on the seafloor may be overlain by umbers directly (from 

concurrently active more distal vents), rather than necessarily having been oxidised on 

their surfaces. From the geochemical data, however, ochres and umbers show marked 

differences in major element compositions, which allows the separation of these 

lithologies: ochres have 46 to 55 wt. % SiO2 (Figure 6.23, Figure 6.39) while umbers 

have around 13 wt. % to 35 wt. % (Figure 6.26, Figure 6.39). The most telling chemical 

variations between umber and ochre are in CaO and MnO. Ochre is relatively depleted 

in both, having 0.05 to 0.08 wt. % CaO and 0.03 to 0.05 wt. % MnO, compared to 

umber, which has 1.1 to 3.3 wt. % CaO, and from 0.2 wt. % to 10.6 wt. % MnO (Figure 

6.39). These differences in MnO may reflect proximity to the hydrothermal vent, 

variations in chemical precipitation reactions with distance from the vent, and/or rates 

of deposition: slower formed deposits likely to incorporate higher levels of pelagic 

sediments. These processes, however, may not have greatly affected the Zr:TiO2 ratios 

(mainly caused by low TiO2) of the ochres and umbers. As massive sulphides generally 

show higher TiO2, it may be that Ti oxides, along with Cu and Zn sulphides, were 

precipitated relatively early during the genesis of the massive sulphide mounts, 

whereas Zr precipitated relatively late, during formation of the ochres and umbers, 

possibly as a result of relatively high degrees of mixing with seawater.  
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Figure 6.39 Harker variation diagrams for ochres and umbers. 

 

The two ochre samples analysed show extremely varied total REE (∑REE from 3 

to 206 ppm, with a mean = 56 ppm) (Figure 6.43), as do the umbers (∑REE from 6 to 

522 ppm, mean = 201 ppm). However, the shapes of the REE patterns for ochres and 

umbers are very similar, with very large negative Ce anomalies in both the ochres 
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(Ce/Ce* = 0.12 to 0.22, mean = 0.19) and the umbers (Ce/Ce* = 0.07 to 1.03, mean = 

0.39), probably reflecting precipitation and deposition in a seawater environment 

(McDonough and Sun, 1995). This similarity in the shapes of REE patterns supports the 

conclusion that the ochres and umber samples in this study formed from a similar 

source, probably from more distal fluids than those which formed the PMS. 

Most PMS samples show very different REE patterns to the ochres and umbers, 

with no negative Ce anomaly, except for those from Skouriotissa (Figure 6.12 to Figure 

6.15). The lack of negative Ce anomaly in sulphides, particularly from Sia (Ce/Ce* = 

0.52 to 1.0, mean = 0.80) and Kokkinopezoula (Ce/Ce* = 0.90 to 1.08, mean = 1.0), may 

reflect a relatively low fluid:rock ratio, resulting in REE patterns more similar to those 

of the lavas (i.e. with no negative Ce anomaly). In contrast, some sulphides from 

Skouriotissa show very pronounced negative Ce anomalies: Phoenix Ce/Ce* = 0.51 to 

0.55; Phoukasa Ce/Ce* = 0.16 to 0.38 (most Phoukasa samples had Ce contents below 

detection limits) which may have resulted from larger fluid:rock ratios, i.e. leading to a 

more seawater-dominated REE signature.  

In conclusion, it is likely that samples identified as ochre in this study are 

actually precipitated from off-axis or other hydrothermal fluids (as with umbers), 

rather than representing the seafloor oxidised upper layer of a PMS. This explains why 

samples identified from textural criteria (mainly pseudomorphs after pyrite) as gossans 

do not follow the same trend as ochres on the Zr versus TiO2 diagram, but instead 

follow a similar, flatter, alteration (leaching) trend to the massive sulphides and 

variably leached, and variably pyrite mineralised lavas. 
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Figure 6.40 Compilation of characteristic Chondrite-normalised (McDonough and Sun, 1995) rare earth 
element patterns for all lithologies in this study, featuring sulphides (black line), gossan (red line), ochre 
(grey line), umber (brown line), and. lavas (green line). 
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6.4.4 Environment of alteration and gossan genesis  

Seawater has several specific geochemical characteristics, most notably a 

negative Ce anomaly (Elderfield and Greaves, 1982) and high Sr. Likewise, 

hydrothermal vent (black smoker) fluids have positive Eu anomalies (Mills and 

Elderfield, 1995), which are interpreted to be inherited by massive sulphides 

precipitating from these fluids, and sulphide species show Eu enrichment correlative to 

their proximity to the vent. A large positive Eu anomaly in ferruginous sediments, such 

as umber and ochre may indicate close proximity to a vent site (Barrett et al., 1990). A 

signature possessing both positive Eu anomaly and negative Ce anomaly is attributed 

to mixing of vent fluid and seawater (Mills and Elderfield, 1995).  

Europium 

In a hot (250 °C), off axis environment, reducing conditions in a sulphide 

mound mean that the more mobile Eu2+ ion is relatively mobile (Sverjensky, 1984; 

Douville et al., 1999). Eu is generally immobile in the supra-water table oxidising 

terrestrial weathering environment where the Eu3+ ion is stable (Sverjensky, 1984). As 

Eu is mobile in the warm, seafloor hydrothermal environment, and immobile in the 

oxidising terrestrial environment, it is likely that loss of Eu to produce a flat REE 

pattern or possibly negative anomaly in a gossan would have been caused by 

alteration on the sea floor, or alternatively by hydrothermal activity in the terrestrial 

environment. A negative Eu anomaly is, therefore, most likely to have been produced 

as a result of submarine hydrothermal alteration that may also have served to 

redistribute base metals within the sulphide lens. 

Leybourne et al. (2006) showed that, in the Bathurst Mining Camp, Canada, the 

positive Eu anomalies in primary sulphides were reflected in overlying gossans and 

that gossans with positive Eu anomalies overlie sulphides with positive anomalies. A 

negative Eu anomaly in a gossan is attributed by Leybourne et al. (2006) to the gossan 

being "chemically reworked...since primary gossan formation”. Where PMS and 

gossans have a negative Eu anomaly, this has been imparted on them post gossan-

formation, i.e., due to later reworking (Leybourne et al., 2006). However, this would 

require both gossan and PMS to behave in the same manner during reworking, which 

is deemed unlikely. It is more probable that chemical reworking was pre gossan-

formation, and that the gossan inherited the negative Eu anomaly from the reworked 

PMS. Eu2+ is only immobile at an alkaline pH and under relatively reducing conditions 
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(Sverjensky, 1984), which are unlikely to occur in the terrestrial gossan-forming 

environment (low pH, relatively oxidising), meaning Eu should be immobile in the 

terrestrial weathering environment. At 250°C and above, Eu would be present as Eu2+ 

only (Sverjensky, 1984; Douville et al., 1999) and therefore mobile, and able to be 

transported in hydrothermal solutions. 

Eu concentrations were below detection limits in a large number of samples 

(mostly sulphide samples), resulting in fewer data points than on other plots (Figure 

6.41). The majority of lavas, sulphides and gossans have slight negative Eu anomalies, 

with umbers possessing a strong Eu anomaly, where Eu/Eu* is between 0.22 and 0.25. 

Sulphides have a slight negative Eu anomaly, with very few samples showing a positive 

Eu anomaly, those being KP12 (sulphide mineralised lava), SIA1 and SIA2 (massive 

sulphide). One gossan sample (LY6 – ferricrete-like gossan) shows a slight positive Eu 

anomaly (Eu/Eu* = 1.08), while other ferricretes (e.g. KP2A, KP4A) have Eu/Eu* < 1. 

 

 
Figure 6.41 Eu/Eu* plotted against Sr (ppm) for for all samples. Eu/Eu* > 1 indicates a positive Ce 
anomaly, Ce/Ce*<1 indicates a negative Ce anomaly. 

 

The Eu enriched, hot (350 to 450 °C) vent fluids emitted at massive sulphide 

mineralisation sites (Mills and Elderfield, 1995) would produce Eu enriched massive 

sulphides (Barrett, 1995). The Eu in these sulphides could potentially be remobilised by 

cooler, possibly off-axis hydrothermal circulation in the relatively reducing 

environment present within the ore pile. It is unlikely that Eu would be mobilised 
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within the sulphide mound after uplift to the terrestrial environment where waters are 

more likely to be neutral pH, low temperature meteoric water, or lower pH oxidising 

waters due to sulphide weathering. 

The model of Eu removal from a massive sulphide ore body due to off axis 

hydrothermal circulation within the sulphide lens fits the data presented in this 

chapter, and also correlates with that presented in Leybourne et al. (2006). The 

massive sulphide becomes depleted in Eu on the seafloor, and this negative (or 

flattened positive) Eu anomaly is then inherited by a daughter gossan. This is a much 

simpler model than the Eu loss due to reworking of both sulphide lens and gossan 

post-gossanisation presented by Leybourne et al. (2006) that requires the stable co-

existence of Eu2+, Fe3+ and SO4
2- at surface conditions, for which no chemical 

conditions at 25°C appear to exist (Leybourne et al., 2006). 

Strontium 

Seawater is enriched in Sr relative to chondrite (McDonough and Sun, 1995). 

Seawater 87Sr/86Sr ratios (for the Troodos, Cretaceous seawater values) are echoed in 

marine sediments (McArthur, 1994) including Troodos massive sulphides (Chapman et 

al., 1975). Troodos Ophiolite material likewise exhibits signs of extensive seawater 

alteration at depths of up to 2 km within the Ophiolite (Spooner et al., 1977). 

Hydrothermal alteration and mineralisation leaches Sr from VMS stockworks 

(such as Mathiati North) and mineralised samples (Chapman et al., 1975) as well as 

basalts showing little mineralisation (Humphris and Thompson, 1978). Virtually all Sr 

was leached from the highly altered central zones of ore deposits (below 2 ppm 

remained – Chapman et al., 1975). Where Sr was detected in altered lithologies, 

87Sr/86Sr ratios were near identical to that of Cretaceous seawater (Chapman and 

Spooner, 1977).  

Sr content in a weathered rock is a delicate interplay between leaching of Sr 

into seawater, and fixing of Sr into secondary alteration minerals such as epidote 

(Mottl and Holland, 1978; Edmond et al., 1979) and as a result it can be present in 

highly variable concentrations. Hart (1987) showed Sr enrichment in altered volcanic 

material, while unpublished data from Dymond (1972), alluded to in Dasch et al. 

(1973), shows a 20% decrease in Sr in the weathered rims of volcanic clasts compared 

to their unaltered cores.  



207 

Meteoric water in a geothermal environment may also leach Sr from volcanic 

rocks (Elderfield and Greaves, 1981). From the isocon diagram for highly leached lava 

KP3A (Figure 6.34), Sr is relatively depleted compared with the average for UPL. This 

leaching was not as extensive (below 2 ppm), however, as that observed by Humpris 

and Thompson (1978).  

Cerium 

To assess the utility of Sr and Ce in interpreting the environments of alteration, 

they have been plotted against one another (Figure 6.42). Increasing chemical 

interaction with seawater will, in theory, drive the composition of the alteration 

products to greater total Sr, and to a negative Ce anomaly (Ce/Ce*<1). Lavas, gossans 

sulphides, ochres, umbers and gypsums all plot within specific zones in this diagram. 

Lavas show significant variations in Sr contents, however show little variation in 

Ce/Ce*. Sample LY2A contains 2 ppm Sr, compared with to 2599 ppm in KP3. LY2A, a 

diabase from Lysos, showing secondary sulphide mineralisation (Chapter 5), is 

interestingly the ‘most altered’ material from the previous section. The ‘most leached’ 

material, KP3A, contains 114 ppm Sr (near to the average UPL value of 119 ppm), and 

was sourced adjacent to KP3B in the field. This is likely due to a combination of natural 

variation within the lavas and variable interaction with seawater before burial in the 

lava pile. 

Ochres have a consistent strong negative Ce anomaly (Figure 6.40) which 

parallels that of seawater (Elderfield and Greaves, 1982) and are generally more 

enriched in Sr than massive sulphides. Ochres range from 178 ppm Sr in sample SK100, 

to 584 ppm in sample SK117B; massive sulphides generally range from 1 ppm in 

sample SK124, to 54 ppm in SK110. Sr is below the detection limit of 1 ppm in many 

sulphide samples (including MN0002, MNSTOCK, SIA22, SK101, SK111 and SK122). 

SK109 at 599 ppm is discounted as it is now reclassed as altered lava (Figure 6.14). 

Umbers show a consistent strong negative Ce anomaly, even more so than the ochres. 

The fields for lavas and gossans significantly overlap. Ce/Ce* values are 

centralised on the line of Ce/Ce* = 1 (Figure 6.42), however there is significant 

migration below this line suggesting some seawater interaction, however this is not 

sufficient to discriminate seafloor altered volcanics from seafloor altered gossan, in the 

way that seafloor ochre can be separated from gossan and protolith massive sulphide. 
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Figure 6.42 Ce/Ce* versus Sr for all samples. Ce/Ce* > 1 indicates a positive Ce anomaly, Ce/Ce*<1 
indicates a negative Ce anomaly. 
There is the potential that all REE may have been removed together, removing Ce3+ at the same time as 
Ce4+, which would result in no discernible Ce anomaly. This was investigated by plotting total rare earth 
concentrations (TREE) against the immobile indicator Zr. All samples plot loosely on a line of positive Zr-
TREE correlation, with any variation from the line along the x axis being due to REE mobility, particularly 
preferential loss of Eu or Ce from the sample. On the whole, ochres have higher TREE than their 
protolith sulphides, suggesting that REE are largely immobile. 

 

Plotting total REE against immobile Zr shows the surprising result that the two 

show a general positive correlation (Figure 6.43) suggesting that REE are reasonably 

immobile in the submarine and terrestrial alteration environments. 
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Figure 6.43 Total rare earth element concentration plotted versus Zr for all lithologies from all localities. 

 

 

Figure 6.44 Ce/Ce* plotted against selected chalcophile elements for all locations and lithologies in this 
study. 

 

The main indicator for the environment of alteration is a Ce anomaly, which will be 
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likely to be mobile in the seafloor hydrothermal environment, and will probably be 

stable in the oxidising terrestrial environment.  

6.4.5 Reconciling field and geochemical alteration characteristics of lavas 

Samples that were classified by alteration intensity based on brief visual 

assessment into ‘volcanic’, ‘altered volcanic’ and ‘gossan’, plot on a linear array from 

the origin to LPL (Cameron, 1985), on a Zr versus TiO2 diagram, with total Zr and TiO2 

increasing while maintaining a constant ratio (Figure 6.45). The array is bimodal with 

two populations possessing 0.36 to 0.48 wt. % TiO2, and the other 0.75 to 0.99 wt. % 

TiO2. These two populations are roughly segregated into those samples identified as 

volcanic or altered volcanic, suggesting the initial visual appraisal was accurate. Two 

samples identified in the field as volcanic plot in the altered volcanic population (SH27: 

“Green lava near the top of the inner horseshoe arc”; SH32: “lavas of decreasing 

alteration”), and two altered samples plot in the volcanic population (SH17: “Unaltered 

lava from roadside”, and SH21: Increasingly altered lava forming a ridge”). 

The altered volcanics plot with generally lower total Zr+TiO2 than the less 

altered lavas, suggesting that they have undergone a net influx of material, which 

would account for their often iron stained appearance (e.g. Appendix B: samples SH2A, 

SH5A, SH18; Figure 3.42; Figure 3.43; Figure 3.47). The two populations can be used to 

identify general chemical characteristics of altered and less altered material by plotting 

the element in question against TiO2.  

The comparison of TiO2 and Zr ratios with visual characteristics shows that lavas 

that appear more intensely altered in the field (paler, more fractured, more 

amygdales) are chemically different from those more pristine lavas. 
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Figure 6.45 Zr versus TiO2 for material from Strongili Horseshoe. 

 

 
Figure 6.46 Cu against Eu anomaly for all litholgies and localities in this study. Sulphides and ochres 
show the greatest Cu values, and umbers have a large negative Eu anomaly.  
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Figure 6.47 Zn plotted against Eu anomaly for all lithologies and localities in this study. 

 

 

Figure 6.48 Cu and Zn contents in sulphides by location from all localities. 
 

6.5 Conclusions 
Weathered lavas with higher values of Zr+TiO2 than UPL must have been 

leached, and can be classed as retali. Lavas with Zr+TiO2 < UPL must have been subject 

to a net input of material such as Fe and SiO2, becoming denser, and therefore may be 

ironstones or silicified lavas. Material identified from textural criteria as gossan mainly 

falls between the compositions of UPL and massive sulphides on Figure 6.32, indicating 

0.1

1

10

0.1 1 10 100 1000 10000

Eu/Eu* 

Zn (ppm) 

Lava

Gossan

Sulphide

Ochre

Umber

Gypsum

0

2000

4000

6000

8000

10000

12000

0 200 400 600 800 1000 1200 1400

C
u

 (
p

p
m

) 

Zn (ppm) 

KP

LY

MN

SIA

PHA

PHX

TR



213 

that most gossans are the oxidised remnants of massive sulphides, or other sulphide-

rich lithologies.  

There is a significant difference in Ce/Ce* between both ochres and umbers 

(large negative Ce anomaly) and gossan (weak negative Ce anomaly) (Figure 6.40), 

reinforcing the submarine origin of the metalliferous sediments. Some lavas have 

Ce/Ce* < 1 indicating some seafloor alteration/formation of new minerals in the 

seawater environment (which may have included celadonite). The Phoukasa deposit 

possesses such a negative Ce anomaly and as such is likely to have undergone 

submarine alteration. Sia has a Ce/Ce* ≈ 1 and is therefore less likely to have 

experienced this. 

Massive sulphide material probably has a positive Eu anomaly on the seafloor 

at formation. Negative Eu anomalies are probably caused by the leaching of Eu (as 

Eu2+) from the sulphide mound. As hot (> 250 °C) reducing conditions are needed to 

stabilise Eu2+ in the submarine environment, Eu mobilisation is probably more likely 

due to warm off axis fluids in the submarine environment, as opposed to the lower 

temperature, oxidising fluid that would be present in the terrestrial environment, as 

suggested by Leybourne et al. (2006). 

Gossans overlying Cu-rich and Cu-poor PMS show no significant chemical 

differences. Umbers show strong enrichments in Cu in the vicinity of Cu-rich PMS (e.g., 

Phoukasa) and much lower Cu contents when associated with Cu-poor PMS (e.g. 

Mathiati North). 
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7 Isotopic constraints on the genesis of gossanites in 
Cyprus 

7.1 Introduction 
Stable isotope analyses, particularly for S and O, have been used in a number of 

studies of VMS deposits, particularly to determine their environments of formation 

(Field and Lombardi, 1972; Alt, 1994; Cazañas et al., 2003), sources of mineralising 

fluids (Hedenquist and Lowenstern, 1994; Cazañas et al., 2003), and mechanisms of 

seafloor weathering and Cu enrichment (Glynn et al., 2006). One of the most 

informative of recent S isotope studies was that of the currently developing and well 

constrained Alvin hydrothermal mound, 2 to 4 km from TAG on the Mid-Atlantic Ridge 

(Glynn et al., 2006). Here SO4
2- reduction to gypsum was shown to have been 

bacterially-mediated, with SO4 sourced from the oxidation of sulphides just below the 

sea floor. This generated steep redox and pH gradients causing Cu mobilisation and re-

precipitation at shallow level (<2 m depth) supergene reaction fronts. This has obvious 

implications for the role of seafloor weathering in the production of secondary Cu 

deposits (see Discussion). 

Previous S isotope studies of VMS have shown that primary massive sulphides 

(34S = 1.3 – 1.5 ‰) formed due to the mixing of hydrothermal fluids with cooler 

seawater (Woodruff and Shanks, 1988; Tivey, 2007). The hydrothermal fluids 

themselves (34S = +1 to +2‰) represented seawater (with Cretaceous values = +15 to 

+19‰, (Prokoph et al., 2008) which had been drawn down through normal faults, via 

large scale (crustal) convection cells, where it interacted with volcanic ocean crust, 

which has 34S = +1.5‰ at the MAR (Rouxel et al., 2004), and magmatic volatiles (Yang 

and Scott, 2002). 

Oxygen isotopes can be studied in sulphates, oxides and silicates, however, 

without suitable textural evidence, these cannot be assumed to have formed from the 

same fluids and under the same conditions as the sulphides. The main use of oxygen 

isotopes in VMS-related rocks is, therefore, in determining whether alteration and 

supergene mineralisation, to form secondary Cu deposits, took place on the seafloor or 

in a terrestrial environment. This is possible because rocks forming in a Mediterranean 

seawater setting, where 18O = 0.0‰ to 2.2‰ (Muelenbachs, 1986; Gat et al., 1996) 

will have very different O isotope compositions to those forming in a Mediterranean 
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meteoric water-dominated environment where 
18O = -4.70‰ to -5.15‰ 

(Muelenbachs, 1986; Sheppard, 1986; Gat et al., 1994).  

From the examples above, stable isotopes can provide useful tools to support 

field-based and laboratory petrographic and geochemical studies for evaluating the 

environments of formation and types of fluids responsible for the genesis of VMS-

related deposits. 

The aims of this chapter are to characterise the S and O isotope composition of 

minerals from different components of VMS systems in the Troodos in order to 

constrain the types of fluids involved in their formation, the environment of alteration 

and the associated development of the SCUD at Phoenix. Specific isotope-related 

hypotheses to be tested are as follows: 

Research theme 1: Ore grade 

Cu-bearing sulphides in VMS from the Troodos show the same sulphur isotope 

composition as primary pyrite indicating contemporaneous formation, largely from 

fluids of seawater composition, partially equilibrated with volcanics in the upper 

oceanic crust. The implication of this is that the Cu-bearing sulphides are primary and 

therefore that different primary deposits have different Cu potential in Cyprus. An 

alternative hypothesis is that the Cu-bearing sulphides are supergene, and therefore 

that higher Cu concentrations in certain VMS are due to secondary processes rather 

than being primary in origin. 

To address this hypothesis, stable isotope analyses were undertaken to 

compare the S isotope composition of primary and secondary sulphides. Mines that 

represented Cu-rich (Lycos, Sia, Phoukasa) and Cu-poor (Mathiati North, 

Kokkinopezoula) PMS (in the context of Cyprus) were sampled. The Phoenix ore body 

represents an example of a Cu oxide-dominated supergene ore body (Adamides, 2010) 

and the Phoukasa deposit represents a Cu endowed PMS with secondary Cu 

enrichment. 

Research theme 2: Alteration environment 

The unique status of Phoenix as the only known (at the time of writing) SCUD in Cyprus 

is due to two, or possibly multiple, episodes of supergene enrichment, largely involving 

seawater on and below the sea floor. Other deposits in Cyprus underwent weathering 

in the terrestrial environment, involving meteoric water, following uplift of the 

Troodos, and have no known SCUD. The formation of SCUDs in terrestrial 
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environments may be precluded, or is less likely, as the permeability of surrounding 

rocks will have been greatly enhanced as a result of mechanical processes during 

uplift. The migration of mineralising fluids from oxidising sulphides would therefore be 

far more dispersed than in the case of sub-seafloor migration, which is seen to occupy 

a narrow band at shallow levels (Glynn et al., 2006). Additionally, the water table in a 

rapidly uplifting terrestrial environment such as Cyprus will be falling (Alpers and 

Brimhall, 1989) relative to the primary sulphide lens, providing much deeper and 

probably seasonably variable sites for secondary Cu mineral precipitation. This 

hypothesis is supported by field relations, in that the Phoukasa VMS is overlain by 

marine pelagic sediments, rather than volcanics, as is the case for most other VMS 

deposits in Cyprus (Chapter 2). This is thought likely to indicate a relatively protracted 

period of exposure of the PMS to seawater. Seafloor weathering of the Phoukasa 

deposit has also been suggested in previous studies (Constantinou and Govett, 1973; 

Ravizza et al., 2001).  

The hypothesis will be tested by comparing the S and O isotope compositions 

of gypsum from gossans and retali from different VMS in Cyprus, to see if Phoenix and 

Phoukasa show unique compositions which can be explained by weathering in a 

seawater, rather than meteoric water, dominated environment.  

The testing of these hypotheses will lead to increased understanding of 

supergene processes in both submarine and subaerial environments, and provide 

exploration indicators for secondary Cu ore bodies. 

7.2 The use of stable isotopes in studies related to the 
weathering of VMS deposits 

To address the hypotheses in section 7.1 requires knowledge of the initial 

isotope characteristics of the primary massive sulphide ore body, and factors 

controlling this, the characteristics and fractionation effects of submarine alteration of 

sulphides, and the fractionation effects that occur during terrestrial oxidation. The 

characteristics of primary sulphides can be compared with those from currently active 

hydrothermal systems such as at the MAR (Hannington et al., 1998). Alteration of PMS 

on the seabed can be compared to extinct hydrothermal systems and VMS currently 

being oxidising on the seafloor (Herzig et al., 1991). The effects of terrestrial oxidation 

are well known from studies of mine waste rocks and acid-mine-drainage (AMD) 

(Edraki et al., 2005; Hubbard et al., 2009). After an introduction to general S isotope 
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systematics, these analogues for the formation of VMS-related lithologies in Cyprus 

will be discussed in turn. 

7.2.1 Sulphur isotope systematics 

The major sources of S for VMS-forming hydrothermal systems are oceanic 

crust (dominantly basalts and gabbros) and magmatic-hydrothermal fluids (Yang and 

Scott, 2002) with 34S = 0.2 ±0.2‰, and seawater, currently with a 34S of 21‰, but 

which was 17 – 19‰ in the Cretaceous (Prokoph et al., 2008). The 34S character of 

material sourced from these reservoirs is subject to isotopic fractionation by chemical 

and physical processes such as bacterially-mediated reduction of seawater sulphate to 

form pyrite. These fractionation processes are summarised in Figure 7.1, compiled 

from information in Faure (1986) and Thode (1991). Thermo-chemical and bacterially-

mediated reduction of sulphate (2 in Figure 7.1) preferentially fractionates 34S in 

favour of the lighter isotope which leaves a residual pool of sulphate enriched in the 

heavier isotope by 2 – 10‰ (Bottrell et al., 2000). This is because the bonds linking the 

isotope with a lighter isotopic mass are relatively easy to break compared with those 

of the heavier isotope, so that lighter isotopes are generally enriched in reaction 

products (Canfield, 2001). 

The degree of fractionation that results from these processes is critical to 

understanding the genesis of the system. The thermo-chemical or abiotic reduction of 

sulphate by an agent such as H2, or possibly more complex C-H compounds (Ohmoto, 

1986), exhibits fractionation from high 34S to lower 34S (Figure 7.2), with the degree 

of fractionation depending on whether the system is open or closed, and the 

temperature (Ohmoto, 1986). Bacterially-mediated sulphate reduction is capable of 

showing large shifts (tens of ‰) to very negative 34S values (Figure 7.2), for example 

causing a shift of up to −46‰ during the formation of secondary Cu mineralisation, 

e.g. Enders et al. (2006). 

In a closed system, bacteria would eventually metabolise all reservoir sulphate, 

resulting in no overall fractionation effect between source and sink for S. It is therefore 

surmised that very large negative S isotope ratios, such as those observed by Enders et 

al. (2006), are due to open system behaviour of S where 32S is preferentially 

partitioned into secondary sulphides and 34S may be lost from the system, e.g. into 

sea- or ground waters. 
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Figure 7.1 Important processes in the sulphur cycle that affect 34S of sulphur reservoirs. 

Mantle sulphur has 34S ≈ 0‰ and ocean 34S ≈21‰. 1) Volcanic processes can modify this depending 
on fO2 and sulphate to sulphide ratio. 2) Bacterial reduction of seawater sulphate to form pyrite 
fractionates S strongly in favour of the lighter isotope, leaving seawater relatively enriched in 34S. 3) 

Evaporation has little impact on 34S, therefore evaporates generally have a similar 34S to seawater 4) 

Contamination of magmas by sediments (sulphurisation) drives 34S (generally 0‰) toward that of the 

country rock. 5) 34S of hydrocarbons typically reflect that of the source rock, although are typically 

driven to enrichment in 34S with maturity (Orr, 1974). 6) 34S in hydrothermal systems is controlled by a 

variety of factors including 34S of the source, incorporation of existing sulphides, pH and temperature. 

Figure compiled from Faure (1986) and Thode (1991). The range in 34S found in nature and caused by 
these processes are located in Figure 7.2. 
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Figure 7.2 Typical 34S ranges found in nature compared to V-CDT (Vienna-Canyon Diablo Troilite) (after 

Thode, 1991), including TAG sulphides (Gemmell and Sharpe, 1998) (average 
34

S indicated by bar). 
Also shown are the relative magnitudes of fractionation caused by thermo-chemical sulphate reduction 
(TSR) and bacterial sulphate reduction (BSR) of seawater sulphate. As lighter S is entrained within the 
products of sulphate reduction, the source becomes relatively enriched in the heavier isotope, with the 

overall 
34

S shift being relative to the abundance of S in the source: Seawater will experience little to no 

increase in 
34

S as TSR and BSR progresses, but S drawn from the limited pool of sulphate from oxidised 

sulphides will produce a slight shift to higher 34S in the remaining sulphate. 

 

7.2.2 Oxygen isotope systematics 

The use of O isotopes to determine the origin of hypogene fluids in VMS 

formation is explained below. The origin of the mineralising fluids in Cyprus is not 

further discussed as they are assumed to be modified seawater (see Chapter 2). 

Resultantly, the subsequent discussion (Section 7.6) is focussed on the nature of the 

supergene fluid causing the oxidation of the VMS and the creation of an SCUD. 

Waters, and the aqueous fluids and brines derived from them, are critical to 

the transport of ore-forming metals, their precipitation and subsequent alteration. 

Knowledge of the origins of the ore-forming fluid is crucial to understanding the 
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genesis of the deposit. Chemical data for waters is often insufficient to determine its 

source due to modifications by mineral interactions (Sheppard, 1986). However, 

waters from different sources do often show characteristic hydrogen and oxygen 

stable isotope signatures, making this method ideal for determining the source of the 

water from which gypsum precipitated at Skouriotissa.  

When plotted on a diagram of 
18O versus D, waters from different 

environments plot in different locations (Sheppard, 1986), and as such, an isotopic 

distinction can be made between natural waters such as seawater, meteoric water, 

magmatic water and hydrothermal fluids. Average global seawater has had a 

consistent 
18O of 0.0‰ over geological time (Muelenbachs, 1986) while 

Mediterranean seawater can vary from the global seawater value, being up to +2.2‰ 

(Gat et al., 1994; Gat et al., 1996). Meteoric water shows great variation in 18O due to 

slight preferential fractionation of light 16O into the vapour phase during evaporation 

(Sheppard, 1986). Likewise, condensates (to form water droplets in clouds) favour the 

heavier 18O isotope so preferentially fractionating the light isotope into the remaining 

water vapour. The movement of water vapour in air currents generally results in 

increasingly negative 18O with increasing latitude with the most negative values at the 

poles (Sheppard, 1986). In the same fashion, evaporation of seawater leads to an 

increase in 18O in the remainder of the reservoir which can be reflected in minerals 

which precipitate from that reservoir, which include evaporite minerals such as 

gypsum and anhydrite. However, the fractionation effects are minimal in a large, open 

reservoir such as seawater, meaning evaporite minerals will generally have similar 18O 

to seawater (Faure, 1986). 

The study of hydrogen/deuterium, combined with δ16O/δ18O ratios provides 

further constraints on the sources of water. Both the lighter H and 18O isotopes 

preferentially fractionate into the vapour phase during evaporation. This means that 

while standard mean ocean water (SMOW) has D = 0.0‰ and 18O = 0.0‰, the 

vapour formed from evaporation of ocean water, and therefore local rainfall, will be 

relatively enriched in the lighter isotope. The precise isotopic composition of local 

rainfall is therefore related to the specific air temperature (Dansgaard, 1964). In cooler 

climates, the lighter isotopes are preferentially lost to the vapour phase during 

evaporation, producing rainfall with very negative values, while in warmer climates 

evaporation is not so heavily weighted to the lighter isotope and meteoric water D 
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and 18O becomes closer to SMOW values. For example, in Whitehorse, Canada 

(latitude = 60.7167° N), precipitation showed D values = -110‰ and 18O = -21‰, and 

in New Delhi, India (latitude = 28.6100° N) D ≈-35‰ and 18O = 5‰ (Dansgaard, 

1964). This variation of D and 18O with mean air temperature is systematic, and can 

be plotted onto a graph to form a ‘Meteoric Water Line’ (MWL) (Dansgaard, 1964) 

onto which most meteoric waters will plot (Figure 7.3).  

 

 

Figure 7.3 D-18O diagram showing the field for present day ocean waters, SMOW, the meteoric water 
line (MWL), the trend for eastern Mediterranean waters. 
Trends are given for waters undergoing exchange with 18O enriched minerals (to the right of the MWL) 
and 18O poor minerals (to the left of the MWL line). Relationship between approximate annual air 
temperature and mean isotopic composition after Dansgaard (1964), East Mediterranean (E. Med.) 
Waters from Yurtsever and Gat (1981). 
 

Rock contains relatively little H in comparison to water, while oxygen bound in 

silicates is more abundant, resulting in greater potential for equilibrium between 

δ18Orock and δ18Ofluid. This means that deviation of meteoric waters from the MWL will 

be more apparent on the δ18O axis and can be attributed to fluid interaction with O-

bearing minerals. 

The systematic variation in D and 18O with air temperature (Dansgaard, 1964) 

allows the estimation of the isotopic composition of Cyprus meteoric water at D ≈-

30‰ and 18O ≈-5‰ (Yurtsever and Gat, 1981; Sheppard, 1986), while global 

seawaters plot as a field on the diagram, and are represented by SMOW. 

The source of mineralising fluids can thus be assessed using Figure 7.3 if values 

for the original hydrothermal fluid can be estimated, for example through fluid 

inclusion studies (Wilkinson, 2001). Systems dominated by meteoric water will plot on 
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or near the MWL, and where ore-forming fluids diverge from the MWL, their nature 

may be obscured due to modification through wall rock interaction, or mixing with 

magmatic or seawater (Sun and Eadington, (1987); Henley and McNabb, (1978); Sheets 

et al.,(1996). Determining the nature of the mineralising fluid in a more complex 

environment will be discussed in more detail in subsequent sections. If all components 

are known, the degree of divergence from the MWL can be used to estimate the 

proportion of each component involved in mineralisation (e.g. Henley and McNabb, 

(1978). 

7.2.3 Isotopes in seafloor hydrothermal and VMS systems 

As previously mentioned, the main sources of S in seafloor hydrothermal 

systems are seawater, magmatic fluids (Yang and Scott, 2002) and the basic lavas 

which form most of the upper part the oceanic crust. The leaching of lavas, along with 

a direct component from magmatic fluids, is also the main source of base metals in 

VMS-forming hydrothermal fluids (Richardson, 1987; Yang and Scott, 2002). Seawater, 

with 34S values varying from +17 to +21‰ between the Cretaceous and present 

(Faure, 1986; Prokoph et al., 2008), is drawn down in fractures, as part of 

hydrothermal convection cells (Coumou et al., 2008), where it interacts and begins to 

equilibrate at high temperatures and low water-rock ratios with lavas (34S = +1 – 

+2‰, (Rouxel et al., 2004). The fluids are heated and as such begin to migrate upwards 

and are finally expelled onto the seafloor, via hydrothermal vents, with 34S between 

that of seawater and the volcanics. Vent fluids show variable 34S due to mixing of 

hydrothermal fluid and seawater in varying proportions (Woodruff and Shanks, 1988). 

δ34S data for hydrothermal vent fluids includes that from the Juan de Fuca Ridge, at 

+1.3 to +1.5‰, up to +4.0‰ (Shanks and Seyfried, 1987), the Logatchev hydrothermal 

field, MAR with a range of +0.2‰ to +8.8‰ with an average of +6.66‰ (Peters et al., 

2010), the East Pacific Rise with +5.5‰ to +8‰ (Woodruff and Shanks, 1988), and the 

Mariana Back Arc Basin spreading ridge with values of +3.6 to +4.8‰ (Kusakabe et al., 

1990). 

For O, seawater has δ18O = 0.0‰ (Muelenbachs, 1986), while O in seawater 

sulphate (18OSO4) forms a separate source with 18O = 9.1‰ (Kusakabe et al., 1990) to 

9.3‰ (Longinelli and Craig, 1968). The short (1 my) residence time of SO4 in the oceans 
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means that Oseawater and Osulphate do not isotopically equilibrate, resulting in two 

sources of O with distinct δ18O (Turchyn and Schrag, 2006). 

7.2.4 Isotopes in extinct mineralised (seafloor weathering) systems 

In addition to the hydrothermal activity at mid ocean ridges, significant 

hydrothermal circulation occurs off-axis on the ridge flanks (Mottl, 2003). Off-axis 

circulation takes place in the volcanic units at temperatures of 40 to 150 °C, much 

lower than on axis (350°C). However, it can continue for an average of 65 m.y., and 

involve greater total transfer and movement of heat and fluids than on-axis systems 

(Mottl, 2003; Fisher, 2005). The large flux of oxygenated seawater can result in the 

oxidation of basalts which causes a net loss of S from volcanics to seawater (Alt, 1995).  

Fluid flow is at least partly fault controlled producing a heterogeneous redox 

environment within the volcanics. In relatively reduced zones, bacteria fix seawater 

sulphate into the volcanics, converting magnetite to secondary marcasite and pyrite 

(Alt, 2004; Fisher, 2005; Rouxel et al., 2008; Alt and Shanks, 2011). This reaction is 

microbially-mediated which results in the secondary formed sulphides having 34S of 

up to -30 (versus V-CDT) (Alt and Shanks, 2011). The bacterial reduction of SO4 prefers 

the light O isotope leaving a residual heavier pool. The magnitude of this selection is 2 

– 10‰ (Bottrell et al., 2000). 

In addition to potential fractionation during the oxidation of pyrite, there is also 

fractionation during the mineralisation of sulphate into gypsum, which is suggested to 

be bacterially-mediated (e.g. Glynn et al., 2006). Bacteria preferentially metabolise the 

lighter isotope in this process (Canfield, 2001; Alt and Shanks, 2011), and there is also 

O isotope exchange between seawater sulphate (18O = +9.1‰) and seawater (18O = 

0.0‰). 


18OSO4 changes with depth, increasing from seawater sulphate values of 


18OSO4 = +9.1‰ in surface sediments to 18OSO4 = +22‰ to + 25‰ deeper into the 

sediments (Longinelli and Craig, 1968; Turchyn et al., 2006). If kinetic fractionation was 

the only process involved, 18OSO4 would be expected to continually increase with 

depth, however the values hold at +22‰ to +25‰ which can be attributed to 

microbial activity (Turchyn et al., 2006). 

The precise degree of fractionation during S reduction can be hard to predict 

due to the presence of multiple S pathways for reduction featuring various S species 
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(sulphate, sulphide, thiosulphates etc., (Antler et al., 2013) which vary by environment. 

Sulphate-water isotopic exchange occurs via a sulphite intermediary (Turchyn et al., 

2006). Sulphate may be incorporated into bacterial cells, partially reduced to sulphite, 

which re-equilibrates with surrounding waters, and then undergoes reoxidation to 

sulphate. 

7.2.5 Isotope systematics of AMD (terrestrial weathering) 

AMD results from the oxidation of pyrite in mine workings and waste rocks and 

subsequent release of sulphuric acid and precipitation of Fe oxides as ‘ochre’ in 

watercourses. This presents a potential environmental hazard and as such there has 

been extensive research into the nature and formation of AMD. In general, the 

weathering of pyritic mine wastes and formation of AMD is an excellent analogue for 

the oxidation of VMS in the terrestrial environment to form gossans. In areas affected 

by AMD, such as at Rio Tinto, Spain, up to 93% of the dissolved sulphate in water 

courses can be attributed to release from pyrite oxidation (Hubbard et al., 2009). 

Dissolved sulphate ranges greatly in composition due to variable pathways for pyrite 

oxidation (Pisapia et al., 2007), however, example δ18Osulphate values are as follows: = 

−2.0 to +11.0‰ (Pisapia et al., 2007) −1.1 to +8.1‰ (Hubbard et al., 2009); δ34S = +2.8 

to +4.5‰ (Pisapia et al., 2007). Various authors have found no systematic S 

fractionation between reactants (sulphides) and their oxidation products (sulphates), 

regardless of the presence of bacteria (McCready and Krouse, 1982; Taylor et al., 1984; 

Balci et al., 2007; Pisapia et al., 2007; Brunner et al., 2008). 

Experimental oxidation of pyrite in air shows that over 25% (Hubbard et al., 

2009), and up to 87.5% (Pisapia et al., 2007), of O in sulphate oxygen is incorporated 

from atmospheric oxygen which has 18O = +23.5 ± 0.3‰ (Kroopnick and Craig, 1972). 

The remainder is sourced from meteoric water which has a 18O ranging from -5 to -

15‰ (Dansgaard, 1964), and around -5‰ in the Eastern Mediterranean (Yurtsever and 

Gat, 1981). As in the case of seawater (Turchyn and Schrag, 2006), there is a lack of 

equilibration between 18OSO4 and 18OH20, with little isotopic exchange at low 

temperatures and even at low pH (Chiba and Sakai, 1985). This means that 18O 

remains an adequate tool for the identification of fractionation processes. 

Sulphates formed as a result of pyrite oxidation show variable 18OSO4 from +3.9 

to +13.6 ‰ due to a range of possible oxidation pathways (via various intermediate 
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phases etc.) and sources of O. The pyrite oxidation pathway varies dependent on 

environmental factors such as redox, Fe concentration and pH, and oxidation often 

proceeds through multiple stages using different pathways, often simultaneously 

(Taylor et al., 1984; Brunner et al., 2008). Sulphate formation preferentially 

incorporates the lighter 16O from water (Brunne et al., 2008). 

7.3 Methodology 
A NERC Isotope Geoscience award (IP-1261-0511) supported the stable isotope 

studies which were carried out on a Thermo Scientific MAT 253 mass spectrometer at 

the Scottish Universities Environmental Research Centre (SUERC) between September 

2011 and February 2012. All results are given with the delta notation in per mil relative 

to Vienna Canyon Diablo Troilite (V-CDT) (Krouse and Coplen, 1997), and Vienna 

Standard Mean Ocean Water (V-SMOW) calculated as follows: 

 

 

7.3.1 Sample selection 

Sample selection for stable isotope analysis was based on a number of criteria 

(see Table 7.1) including samples which were:  

 Obtained from sites with well constrained field relations.  

 Characterised in SEM, and analysed for major and trace elements. 

 Collected from deposits with relatively low and high Cu PMS. 

 Altered in different environments, as interpreted from the literature, 

 field, and petrographic studies.  

 Representative of localities with undetermined genetic origin. 
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Site Reason for sampling 
Materials 
sampled 

Kokkinopezoula Low Cu PMS, major and trace element chemistry determined. Py 

Kokkinovounaros 
Constrained structure at locality, timing of mineralisation and 
formation of leached cap uncertain. 

Gyp 

Lysos Historic enrichment in Cu. Py 

Mathiati North 
Has no prior history of Cu mining and low Cu grade PMS (0.3%, 
Bear, 1963), sampling was from stockwork zone.  

Py, gyp 

Sia 
Cu enrichment in PMS, abundant material to sample, trace and 
major element chemistry determined 

Py, gyp 

Phoukasa 

Relatively high PMS Cu grade (2.25%, Adamides, 2010b). PMS 
overlain by ochre and umber, and in places limestone, rather than 
volcanics, indicating at least partial alteration/oxidation on the 
seafloor (Ravizza et al., 2001). Contains primary as well as some 
‘secondary’ sulphide (covellite). Excellent exposure due to pit 
extension to the east in 2012. 

Py, cp, cv, 
gyp 

Phoenix 
SCUD with low Cu grade (0.4%, Adamides, 2010b); currently being 
worked. 

Py, gyp 

Troulli 
Mined out PMS showing remnant examples of secondary Cu 
minerals and abundant gypsum. 

Cv, gyp 

Table 7.1 Summary of samples from VMS systems in Cyprus investigated in this study. Full descriptions 
of localities can be found in Chapter 3.3. 
 

Two samples analysed in his study (GC-CP and GC-PY, Table 7.1) come from the 

collection of George Constantinou, stored at Imperial College, London. The collection 

represents a suite of typical lithologies from Cyprus. 

Due to a restriction on the number of sulphate δ18O analyses that could be run, 

two sites were selected as potential end members for the environment of alteration. 

Phoukasa and Phoenix were selected as PMS oxidation is expected to have occurred in 

a submarine environment. Sia was selected as a potential candidate for terrestrial 

gypsum formation. 

To verify a 18O meteoric water signature in some gossans, two samples of 

water were collected from water butts in the Mathiati area. For comparison, one 

sample of tap water was collected from a local house at Mathiati, drawn from an 

aquifer at 200 m depth. A sample of stream water from Kambi village was also 

collected for the same reason. 

7.3.2 Sample preparation 

Pyrite samples were coarse-crushed to a 1 – 2 mm particle size and hand-

picked to produce an optically pure pyrite concentrate. This was transferred to a glass 

vial which was labelled according to the original field designation. 

 



227 

Covellite, which forms coatings on pyrite from discrete zones at Phoukasa (see 

Chapter 5), was scraped off the pyrite using a stainless steel spatula before being 

transferred to a glass vial to produce a fine grained (0.1 mm) covellite concentrate. 

Inevitably this contained traces of pyrite as silvery specks. The concentrate was 

labelled according to the field designation of the sample, with an identifier for 

secondary material in the form of a ‘-2’ suffix, (e.g. SK107-2). To determine the effect 

of pyrite contamination on 34S values, blue covellite particles were then hand-picked 

from samples SK107-2 and SK110-2 to produce a more pure concentrate. These were 

then analysed in tandem with the unpicked covellite concentrate. No difference in 34S 

was observed between picked and unpicked covellite. 

Gypsum samples were coarse crushed to a 1 – 2 mm particle size before being 

transferred to a glass vial and labelled according to field sample designation.  

One in ten samples of sulphides and sulphates were prepared as duplicates to 

assess the precision of analysis. Where duplicates varied by more than 1‰, a third 

charge of the sample was also prepared and analysed with the anomalous value 

discarded. 

7.3.3 Stable isotope analysis 

5 mg charges of sample powder were loaded into glass vials, the powders held 

in place by quartz wool. Sulphate powders were first mixed with Cu2O to ensure 

complete conversion of SO4 to SO2 during ignition. SO2 was evolved from sulphide 

samples by heating at 900°C for 20 minutes, and sulphate samples by heating at 950°C 

for 25 minutes. All reactions were in the presence of Cu wire to remove O from the 

system. SO2 was cryogenically isolated from other evolved gases and trapped in a glass 

vial for transfer to the mass spectrometer. A fuller methodology is found in Chapter 3.  

Duplicates were run every ten samples and triplicates when 34S between 

duplicates differed by more than 1‰. Where the difference in 34S was < 1 between 

repeats, these values were averaged. A difference in 34S greater than 1 between 

repeats caused the sample to be run in triplicate, then the anomalous value discarded. 

Precision was always better than 1%. 

Three standards were analysed at the beginning and end of each batch of 

analyses, international standards NBS123 (34S = 17.1) and IAEA S-3 (34S = -31.5), with 

SUERC internal standard CP1 (34S = -4.56) run every 10 samples. Repeated analysis (4 
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repeats each of three standards) of international and internal standards produced a 

standard error of less than 0.31‰. Accuracy was within 1.5% and 0.3% of the 

published values for NBS123 and IAEA S-3, respectively, and within 5.7% for internal 

standard CP1. 

7.4 Results 
40 samples were analysed for S isotopes and 9 samples for O isotopes. A full list 

of all samples analysed, and their respective 34S and 18O can be found in Table 7.2. 

This information is repeated along with other chemical data in Appendix B. 

 

 

Figure 7.4 The locations of formation of minerals exhibiting S isotope fractionation. 

Shifts in 34S of pyrite oxidation products relative to pyrite 34S during alteration on the seafloor. The 
oxidation of the upper crust of the massive sulphide produces SO4 sulphate, some of which is likely lost 
to seawater. Percolation of seawater into the PMS mound may draw sulphate down to the reducing 
environment of unoxidised sulphides, where it becomes fixed into secondary sulphides, a reaction 
catalysed by bacteria and promoting fractionation of the lighter 32S isotope.  
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Sample Mineral 
34

S 
18

O Sample Mineral 
34

S 
18

O

KP13 cpy 1.3   
GC-CP2-

CPA cpy -2.5   

GC-CP2-Py py 
 

  SK52A cc 5.2   

KP11 py 7.3   TR2 cc/cp 3.7   

KP12 py 2.8   SK105-2 cov -9.3   

KP14P py 2.9   SK107-2 cov 3.7   

LY9 py 7.1   SK107B cov 5.3   

MM0002 py 3.1   SK110-2 cov 3.7   

MM0003b py 3.4   SK110B cov 4.7   

MM0003c py 4.3   KV10 gyp 9.2   

MN31 py 3.7   MM0003B gyp 5.0   

MN32 py 3.4   MM18 gyp 7.3   

MNST py 4.0   SIA12 gyp 5.9   

SIA1 py 1.9   SIA15 gyp 7.0   

SIA2 py 2.4   SK104-G gyp 6.0 8.2 

SIA23A py 1.8   SK120-G gyp 5.7   

SIA32 py 2.0   SK32-G gyp 5.5 1.4 

SIA33 py -1.1   SK47 gyp 6.8 5.4 

SIA34 py -1.0   SK49 gyp 7.3 7.2 

SIA34 py 0.3   SK50-G gyp 9.9 7.8 

SIA34 py -5.5   SK50-G gyp 8.4   

SIASUL py 1.2   SK56 gyp 6.6 10.7 

SK101 py 2.9   SK60 gyp 5.4   

SK105 py 4.1   TR7 gyp 6.1   

SK107 py 4.2   SIA20 
 

4.5 1.7 

SK110 py 3.5   SIA36 
 

8.0 3.0 

SK113 py 3.4     
  

  

SK115b py 3.5     
  

  

SK122 py 0.9     
  

  

SK122 py 3.9     
  

  

SK124 py 5.3     
  

  

SK126 py 3.4     
  

  

SK24 py 2.6     
  

  

SK25 py 2.6     
  

  

SK40 gp 2.3     
  

  

SK45 py 5.6     
  

  

SK48 py 4.4     
  

  

SK61 py 5.5     
  

  

TJ3 py 1.3     
  

  

TJ3 py 2.4     
  

  

SK51 py/cpy 6.1     
  

  

SK52B py/cpy 5.9           

Table 7.2 Samples analysed for S and O isotopes, including repeat analyses. 
Subsequent data presentation in this chapter uses the averaged values of these repeats, after the 
exclusion of outliers. A blank space means that no analysis was conducted for that isotope in that 
sample. 
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7.5 Sulphur isotope data 
Samples from each locality possess distinctive 34S values (Table 7.2 to Table 

7.4). Sia mine has the lowest 34S of -1.2‰, while Kokkinopezoula the highest at 

7.27‰ (Table 7.3, Figure 7.5). Phoenix pyrites show a narrow range in 34S which 

overlaps with the upper range of the generally isotopically lighter pyrites from the 

Phoukasa deposit (Figure 7.5, Figure 7.6). 

Covellite picked from massive sulphide near the oxidation front of the currently 

mined Phoukasa eastern extension (see Chapter 4) has 34S = -9.6‰. Unfortunately no 

secondary Cu sulphides were observed or could be collected from the Phoenix pit, the 

most common secondary Cu mineral being the oxide delafossite. Access to actively 

mined areas was prohibited, which may have prevented the collection of chalcocite 

ore. Primary pyrite from Phoenix was often coated with bornite and/or chalcopyrite. In 

addition, a chalcopyrite sample (SK52) was analysed from a heavily altered jasperoidal 

vein. Covellite, in association with pyrite, was identified as a secondary Cu phase at 

Troulli. 

 

Location 
34S (‰) 

 n =  Min. value Max. value Average 

Kokkinopezoula (KP) 4 1.30 7.27 3.57 

Kokkinovounaros (KV) - - - - 

Lysos (LY) 1 7.1 7.1 7.1 

Mathiati North (MN) 6 3.0 4.8 3.9 
Sia (SIA) 7 -1.1 2.3 1.0 

Phoukasa (PHA) 14 2.6 5.6 4.0 

Phoenix (PHX) 3 5.5 6.1 5.8 

Tourounjia (TJ) 2 1.3 2.4 1.85 

Troulli (TR) - - - - 

Table 7.3 34S for pyrite samples showing total number of samples analysed (n), and minimum and 

maximum 
34

S values obtained from samples for each locality along with averaged values for each 
locality.  
 

Location 
34

S (‰) 
 n =  Min. value Max. value Average 

Kokkinopezoula (KP) - - - - 

Kokkinovounaros (KV) - - - - 

Lysos (LY) - - - - 

Mathiati North (MN) - - - - 

Sia (SIA) - - - - 

Phoukasa (PHA) 5 -9.26 5.30 0.95 

Phoenix (PHX) 1 5.20 5.20 5.20 

Tourounjia (TJ) - - - - 

Troulli (TR) 1 3.70 3.70 3.70 

Table 7.4 
34

S for secondary sulphides showing total number of samples analysed (n), and minimum, 
maximum, and average values for samples from each locality. 
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Location 
34S (‰) 

 n =  Min. value Max. value Average 

Kokkinopezoula (KP) - - - - 

Kokkinovounaros (KV) 1 9.20 9.20 9.20 

Lysos (LY) - - - - 

Mathiati North (MN) 2 5.2 7.5 6.3 

Sia (SIA) 3 4.6 7.2 6.0 

Phoukasa (PHA) 5 5.5 6.9 6.0 

Phoenix (PHX) 3 6.8 9.3 8.1 

Tourounjia (TJ) - - - - 

Troulli (TR) 1 6.1 6.1 6.1 

Table 7.5 34S for gypsum showing total number of samples analysed (n), minimum, maximum, and 
average values for samples from each locality. 

 

 

Figure 7.5 
34

S values for pyrite, secondary Cu sulphides and gypsum for locations detailed in Chapter 2. 
Includes material from the Skouriotissa fault, between Phoukasa and Phoenix (SKM). The value for 
Cretaceous seawater is from Prokoph et al. (2008).  

 

For pyrite, Sia shows the lowest δ34S values of the deposits (Figure 7.6) while 

Lysos has the highest. Gypsum specimens from all localities show a narrower overall 

range in 34S which is higher than that of pyrite, with no value below 34S = 4‰ (Figure 

7.6). Gypsum generally has 34S values 0 to 3‰ higher than associated pyrite from 

within the same mine (for example Phoukasa, Phoenix, Sia) (Figure 7.7).  

Secondary sulphides show two populations and a much greater range in 34S 

with one population of similar 34S to the primary pyrites and the other with much 

more negative values (Figure 7.7). Phoenix secondary material shows the same 34S as 

the primary pyrite. Most Phoukasa secondary sulphides have the same range in 34S as 

the primary pyrites, with two examples showing negative 34S values of -2.5‰ (GC-

CP2) and -9.26‰ (SK105-2). 
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Figure 7.6 Frequency of 
34

S values for pyrite from each locality. 

 

 

Figure 7.7 Frequency of 
34

S values for gypsum from each locality. Gypsum generally has a higher 
34

S 
than pyrite from the same locality. 
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Figure 7.8 Frequency of 
34

S values for secondary Cu sulphides from each locality. ‘Secondary sulphides’ 
include covellite from Troulli and Phoukasa, along with chalcopyrite from the Phoenix mine. 

 

Pyrite appears to exhibit a general decrease in 34S when progressing from the 

westernmost localities (Lysos, 34S = +7.1‰) to the easternmost (Sia, 34S = +1.0‰) 

(Figure 7.9), although this trend would need to be confirmed through the analysis of 

further samples. Gypsum values are consistent across all locations, with the exception 

of Phoenix where they are roughly 1‰ lighter than those from other mines. 

 

 

 

Figure 7.9 Average 34S values for pyrite (blue) secondary Cu minerals (red) and gypsum (green) for 
different mines shown on the geological map of the Troodos from Chapter 2. 
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7.5.1 Oxygen isotope data 

To determine the environment of formation of gypsum, and by association, 

sulphide alteration, gypsum sulphate was analysed from Sia (n=2), the Phoukasa ore 

body (n=4), and Phoenix (n=3), along with material from the Skouriotissa Fault 

(Adamides, 2010b) (n=1, Table 7.6). 

All samples from Skouriotissa show higher values of 18O compared with 

Cypriot meteoric water (18O = -5‰) and seawater (18O ≈0.0‰). Samples from the 

same locality generally show similar values to one another, with gypsum from Sia and 

the Phoenix deposit showing small ranges (18O of 7.2 to 7.8‰). Material taken from 

the central Skouriotissa (and Skouriotissa Fault) area, between Phoukasa and Phoenix 

mines, samples SK32 and SK47, show the greatest variability with values of 1.4‰ and 

5.4‰, respectively (Figure 7.10). 

Carbonate samples were collected for O and C analyses from Kambia, Mathiati 

North and Phoukasa to determine the character of the limestones in the region (Table 

7.7). 

 

Location 
18O (‰) 

 n =  Min. 
value 

Max. 
value 

average 

Kokkinopezoula (KP) - - - - 

Kokkinovounaros (KV) - - - - 

Lysos (LY) - - - - 

Mathiati North (MN) - - - - 

Sia (SIA) 2 1.7 3.0 2.35 

Phoukasa (PHA) 4 1.4 10.0 6.25 

Skouriotissa Mid 1 10.7 10.7 10.7 

Phoenix (PHX) 3 7.2 7.8 7.5 

Tourounjia (TJ) - - - - 

Troulli (TR) - - - - 
Table 7.6 

18
O values for sulphate minerals collected as part of this study. 

 

Location/Sample  

 n =  
18

Opdb (‰) 
13

C pdb (‰) 
Kambia (KA4) 1 -0.77 1.97 

Mathiati North (SM 23) 1 -0.80 0.87 

Phoukasa (SK57) 1 5.38 -0.35 

Cretaceous SW. - -1.00 
 

2.00 

Table 7.7 18O values for carbonate samples, with Cretaceous seawater (SW) values from Prokoph et al. 
(2008) for comparison.  
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Location/Sample Local waters (‰) 

 n =  D 
18

O 
Kambia (KAW) 1 - -6.3 

Mathiati North (TW) 1 -24.2 -3.8- 

Mathiati North (MW1) 1 -1.2 0.9 

Mathiati North (MW2) 1 -20.0 -3.3 

Table 7.8 D and 18O values for local waters. 
KAW was collected from a stream near to Kambia village, TW is tap water from a home close to Mathiati 
North, with a supply from an aquifer 200m deep. MW1 was collected from large water butts close to 
Mathiati North and may have been subject to evaporative fractionation. MW2 was collected from a 
small bucket filled with recent rainfall from the same house as TW and is unlikely to show significant 

evaporation. D value for Kambi missing as sample not analysed. 

 

 

Figure 7.10 18O for gypsum samples plotted by locality. 

Cypriot meteoric water is expected to have 18O = -5‰ (Sheppard, 1986), seawater 18O = 0.0‰ 

(Muelenbachs, 1986), while seawater sulphate has 
18

O = +9.1‰ (Kusakabe et al., 1990).  
 

7.6 Discussion  
The S and O isotope characteristics of a material are defined by its original 

composition and by secondary effects such as fluid interaction, and thermo-chemical 

and/or biological processes, all of which may have distinct or overlapping isotope 

signatures. These signatures need to be unravelled, ideally in combination with the use 

of field, textural and geochemical data (e.g. Glynn et al., 2006), to determine the origin 

and alteration history of a mineral deposit. 

The compositions of the hydrothermal fluids and seawater that mix to 

precipitate sulphides on and below the seafloor, and their proportions in mixing, can 

have an effect on the isotopic signatures of the sulphides. In addition, the isotope 
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composition can be influenced by preferential fractionation of light or heavier isotopes 

into the precipitate, through either thermo-chemical or organic processes, especially 

where bacteria catalyse the precipitation of certain minerals (Van Everdingen and 

Krouse, 1985; Sillitoe et al., 1996; Enders et al., 2006; Glynn et al., 2006; Balci et al., 

2007; Mangalo et al., 2007; Antler et al., 2013). Important in the generation of SCUD is 

that bacteria also catalyse pyrite break down and acid generation reactions needed to 

re-mobilise and precipitate Cu in the system. 

The aims of the following discussion are to present and explain the isotopic 

characteristics of sulphides and sulphates from Troodos VMS, and to discuss the 

relevance of this to the formation of gossans and SCUD in general. This will be 

achieved by addressing the hypotheses presented in section 7.1. 

7.6.1 Sulphur isotope composition of Troodos primary sulphides  

Primary pyrite from Kokkinopezoula and Lysos shows 34S values which overlap 

with those of MAR sulphides at around +6.5 to +9‰ (Figure 7.11), such as at TAG 

(Sakai, 1984; Chiba, 1998), reflecting formation from fluids of sea water origin which 

had at least partially equilibrated with basic volcanics in the upper oceanic crust 

(Heaton and Sheppard, 1977; Alt, 1999). However, in this study most primary pyrite 

from the Troodos shows lighter S isotope ratios than these values, with a mean of 

2.9±0.1 ‰. 


34S values for Phoukasa and Phoenix overlap, probably due to having a 

common origin (See section 3.3.8 and references therein). Mathiati North shows the 

narrowest 34S range. Pyrite from Phoukasa (34S = +2.6‰ to +5.6‰) and Phoenix 

(34S = +5.5 to +6.1‰) show similar 34S to Troodos sheeted dykes (34S = +5.4‰) and 

epidosites (metasomatised dykes: Richardson, 1987) (34S = +5.2‰ to +6.5‰) (Figure 

7.12). The epidosites are thought to have been metasomatised by the fluids which at 

higher levels were expelled through the hydrothermal vents (‘black smokers’) to form 

massive sulphide deposits (see section 2.1.1). 

The 34S of +5.4‰ for the sheeted dyke complex (Alt, 1994) is thought to be 

due to the mixing of seawater sulphate (34S = +15 to +20‰) and magmatic/volcanic 

sulphide through the reduction of seawater sulphate by the oxidation of ferrous iron in 

the dykes and the conversion of primary igneous pyrrhotite to pyrite (Alt, 1994). That 

the 34S of the sheeted dyke complex remains constant during metasomatism is 
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suggestive of low water-rock ratios where the fluid has equilibrated with the isotopic 

character of the rock. This is consistent with the concept that the hydrothermal 

reaction zone within the sheeted dyke complex is the source for the base metals and 

sulphur for the formation of the VMS (Richardson, 1987; Bettison-Varga et al., 1992). 

 

 

Figure 7.11 34S distribution for all minerals. 
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Figure 7.12 34S of Troodos sulphides compared with Troodos Ophiolite lithologies (Alt, 1994), Mid-
Atlantic Ridge (MAR) massive sulphides (Chiba, 1998), MAR MORB (Sakai, 1984) and Modern and 
Cretaceous seawater (Prokoph et al., 2008). 
 

7.6.2 Sulphur isotopic signature of gypsum  

The δ34S of gypsums within a single mine are on average 2.10‰ isotopically 

heavier than their associated sulphides (Figure 7.12), although this varies by mine, 

ranging from 1‰ (Phoukasa) to 3.9‰ (Sia) (Figure 7.12). The isotopically heavier 

character of the gypsum is probably related to its mode of formation, and is also 

observed in gypsums from the TAG sulphide mounds (Glynn et al., 2006) and sulphate 

forming from the oxidation of sulphides under experimental conditions, e.g. Brunner et 

al. (2006).  

Gypsum sulphate is likely sourced from oxidised sulphide material as opposed 

to seawater sulphate (as shown for Alvin hydrothermal mound, 2 to 4 km from TAG on 

the Mid-Atlantic Ridge, Glynn et al., 2006) which was +15 to +20‰ in the Cretaceous 

(Prokoph et al., 2008) and is +20.99‰ presently (Titley, 1995). 

While gypsum is often abundant in outcrops within Cypriot VMS mines, a 

literature study has not uncovered evidence for gypsum precipitating at active 

hydrothermal mounds. Gypsum is instead thought to represent recrystallised 
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anhydrite which precipitates from seawater at temperatures around 150°C (Ohmoto, 

1986). Gypsum is present at the inactive Alvin mound, however (Glynn et al., 2006) 

suggest that its formation is post-hydrothermal, or that it may be a diagenetic product 

of anhydrite. The gypsum present in the Cyprus VMS is probably a product of SO4 

released through sulphide weathering and Ca leached from lavas or released from 

anhydrite which would re-dissolve as the mound cooled. Anhydrite associated with 

TAG mounds has a modified seawater 34S signature of around +21.4 to +22.8‰ 

(Kesler, 1962), whereas gypsum with sulphate sourced from seawater would have 34S 

values similar to seawater (Ohmoto, 1986). 

Products of bacterial reduction of sulphate in the environment are generally 

isotopically lighter than the protolith, sometimes showing extreme S fractionation 

values of up to -46‰ (Kaplan and Rittenberg, 1964; Enders et al., 2006). However, this 

depends on the bacterial species involved, sulphate fixing bacteria unlikely to impact 

the isotopic composition of gypsum directly. This means that the slight shift in gypsum 

to heavier 34S compared with sulphide from the same deposit may be due to either: 

A) incorporation of small amounts of seawater sulphate (34S = 21‰); B) preferential 

fixing of 32S into secondary minerals by sulphate reducing bacteria (Enders et al., 

2006), leaving the sulphate reservoir for gypsum relatively enriched in the heavy S 

isotope; C) uptake of 34S into gypsum by some other means. 

7.6.3 Influence of fractionation processes on the S isotope composition of gypsum 

Gypsum associated with sulphide deposits from across the Troodos, including 

the SCUD at Phoenix, has 34S within 4.0‰ of sulphate produced from the oxidation of 

pyrite (Figure 7.11), a feature noted by Brunner et al. (2008). This strongly suggests 

that gypsum S is dominated by that released from the oxidation of pyrite. In contrast, 

gypsum formed as a result of evaporation of seawater would show seawater 34S 

values (Thode, 1991; Toulkeridis et al., 1998), and gypsum from magmatic-

hydrothermal fluids in MOR settings would show mantle values (Toulkeridis et al., 

1998). Thus, the source of S in gypsum sulphate in Cyprus is unquestionably from 

oxidising pyrite. 

Determining where the O came from is more problematic. In the terrestrial 

environment, potential sources of O are meteoric H2O (-5‰) and O2 (+23.6‰) from 

the atmosphere, whilst in the submarine environment O can be sourced from 
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seawater H2O (0.0 to +2.2‰), seawater sulphate (+9.1‰) and dissolved oxygen. It is 

therefore possible for multiple sources to contribute O to SO4. Data showing the 

percentage uptake of Oatmos and OH2O into terrestrially formed sulphates suggests that 

between 25 and 87.5% of O is from Oatmos (Pisapia et al., 2007; Brunner et al., 2008). 

From Figure 7.13, for34S versus 18O, almost all the gypsum samples from Troodos 

fall within the field expected for sulphate formed by pyrite weathering in the 

terrestrial environment.  

Whilst the δ18O of Troodos gypsum is somewhat similar to that of seawater 

sulphate (+9.1‰), some values are higher. The preferential reduction of the heavier 

isotope is thermodynamically unlikely (Bottrell et al., 2000; Canfield, 2001) and these 

values are therefore more easily explained by the incorporation of atmospheric O 

(δ18O = +23.6‰). 

Both primary anhydrite and gypsum formed from anhydrite plot elsewhere on 

the δ18O-34S diagram, while gypsum formed from the products of sulphate oxidation 

plots at 34S values lower than seawater. Gypsum from the Macquarie Island Ophiolite 

shows similar δ18O values to this data at 12.5 to 14.4‰ (Alt et al., 2003). Chiba et al. 

(1981) suggested that such relatively high values of δ18O may result from low 

temperature mineralisation, matching the off-axis environment, however 34S for 

these gypsums is high at 26.2‰ – 29.0‰, far heavier than Troodos gypsum. 

In conclusion, the S in Cypriot gypsum must be sourced from submarine 

oxidisation of sulphides, as they are consistently 2 – 4 ‰ isotopically heavier than their 

parent sulphide, as predicted by Brunner et al. (2008) and as is observed by Glynn et 

al. (2006). This requires the O in the sulphate to be sourced from either seawater O 

(+21 ‰) or seawater sulphate (+9.1 ‰). As seawater sulphate is not the dominant 

source of S in the gypsums, the contribution of O from seawater sulphate will be 

assessed. 

Equilibration of seawater S and O and seawater sulphate S and O is extremely 

slow, on the order of 103 years (Chiba and Sakai, 1985), in the (probably off axis and 

thus low temperature) environment of sulphide oxidation. This means that it is unlikely 

that sulphide S replaced seawater sulphate S in order to incorporate seawater sulphate 

oxygen into gypsum. Seawater O may undergo exchange with seawater sulphate O 

during BSR (Mangalo et al., 2007) which also preferentially reduces the lighter O 

isotope. 
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The gypsum from Troodos has δ18O which could have been heavily influenced 

by incorporation of 25 – 55 % atmospheric O. Alternatively the O could be sourced 

from O scavenged from seawater sulphate, although this would require the breaking of 

the sulphate molecule and recombination of sulphate O with pyrite S, which may be 

possible through a specific bacterially-mediated S phase, but this is unknown. Gypsum 

would not form as a primary mineral in the VMS environment, but would more likely 

replace primary anhydrite through hydration in a diagenetic process (Ohmoto, 1986). 

This means that gypsum that formed in the submarine environment would most likely 

have the same δ34S and δ18O compositions as anhydrite, which reflects that of 

seawater sulphate. Supergene gypsums from the region of the TAG mound (Glynn et 

al., 2006) have similar δ34S compositions to those from this study (light blue bars, 

Figure 7.13). Sulphates forming from the oxidation of pyrite in water saturated 

environments incorporate between 25 and 100% of molecular O2 dissolved in the 

water, which has δ18O = 23.5‰. 

Figure 7.13 shows fields for sulphate compositions incorporating: atmospheric 

O2 and meteoric water O in ratios between 88:12 and 25:75 (Red field); dissolved 

molecular O2 and seawater sulphate in ratios between 100:0 and 25:75 (Blue field); 

and dissolved molecular O2 and seawater O in ratios between 100:0 and 25:75 (Black 

field). The gypsums lie entirely outside the blue field, indicating that seawater sulphate 

O did not directly contribute to their formation, as previously suggested by low 

equilibrium rates and lack of incorporation of seawater sulphate S into the gypsum. 

However, this does not preclude the potential incorporation of seawater sulphate O 

into gypsum via intermediate stages (Taylor et al., 1984; Brunner et al., 2008). Most of 

the samples fit into the red field, representing oxidation in the meteoric environment. 

Gypsum δ18O values are too high to be sufficiently represented by significant 

incorporation of seawater O. 
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Figure 7.13 Sources and processes affecting fractionation of S and O isotopes during oxidation of pyrite 
and reduction of SO4 into gypsum. 

The data for sulphides (and gypsum from Glynn et al., 2006) is shown as a bar chart on the axis for 34S 

as no 18O isotope values can be obtained for sulphides. The 4.0‰ shift for sulphate produced by pyrite 
oxidation is shown from the modal pyrite composition. The total field for expected sulphate 
composition is based on the range in sulphide S composition and modelled ratios of 
atmospheric/meteoric O values. Error bars (shown for one sample) are smaller than the symbol used.  
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7.7 S isotope composition of secondary sulphides 
Covellite taken from Skouriotissa-Phoukasa (Chapter 3.3.8.1, Figure 7.8) 

generally shows 34S similar to pyrite from the same locality (Figure 7.12), with the 

exception of sample SK105-2 which shows a large negative value of -9.26‰ (average 

of two repeat analyses at -9.22‰ and -9.31‰). Samples SK105-2, SK107-2 (34S = 

+3.7‰) and SK107-B (34S = +5.3‰) were taken from a patch of covellite 

mineralisation (10 cm x 10 cm) at the ochre-pyrite contact, and SK110-2 (34S = +3.7‰) 

and SK110-B (34S = +4.7‰) from the lava-sulphide contact. Chalcopyrite from Troulli 

and Skouriotissa-Phoenix also shows similar values to pyrite from these areas. GC-CPY 

is chalcopyrite that was associated with a large mass of covellite taken from the main 

Phoukasa ore body, which showed extensive secondary enrichment (Constantinou and 

Govett, 1973). The large range in 34S could either be due to low temperature 

oxidation of igneous sulphides or could be bacterially-mediated. Bacteria have been 

shown to preferentially metabolise the lighter 32S isotope which would be reflected in 

the reduction of 32S sulphate and incorporation into secondary Cu minerals. This would 

generally produce reaction products with large negative values. That the majority of 

secondary sulphides do not show lighter isotope enrichment means that microbial 

activity may not have played a significant role, however it is more likely that the 

isotopic values represent the secondary sulphides sourcing their S from the primary 

sulphides, thus having a similar signature. 

 

 

Figure 7.14 Comparison of 
34

S for materials classed as ‘secondary sulphides’ in Chapter 4, by locality. 
This includes covellite associated with massive pyrite (blue) and chalcopyrite associated with extensive 
secondary mineralisation (yellow). GC-CPY is a chalcopyrite crystal picked from a groundmass of 
covellite from the main Phoukasa orebody, from the collection of George Constantinou. 
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7.7.1 Constraints from oxygen isotopes on the environment of formation of the 
Phoenix secondary ore body 

The oxygen isotope composition of gypsum should reflect that of the 

environment that it precipitated in, which would be either seawater (18O = 0.0 to 

+2.2‰) or meteoric water (18O = around -5‰), but may incorporate atmospheric 

oxygen (+23.6‰) or dissolved oxygen (also 23.6‰). Gypsum analysed from the 

Troodos has a higher 18O than either of these sources, however are similar to (but 

slightly lighter than) seawater sulphate at 18O = 9.1‰ (Kusakabe et al., 1990). From 

the O isotope values of the samples there has been some O input from hydrothermal 

waters which generally have 18O = 0.0‰ to 2.0‰ (Muelenbachs, 1986; Sheppard, 

1986; Kusakabe et al., 1990) or limited equilibration with meteoric water. Evidence for 

the formation environment for gypsums in the different deposits is as follows: 

The average Phoukasa (East) sulphate 18O is identical to seawater sulphate at 

+9.1‰ (see section 7.5.1), meaning that gypsum associated with the ochres probably 

also formed in seawater, and is unlikely to have undergone equilibrium with a 

meteoric water source. Material from the bottom of the Phoenix pit shows similar 

average 18O values of +7.6‰ (see section 7.5.1) which suggests contamination of the 

seawater sulphate signature by hydrothermal or meteoric waters, and that Phoenix 

gypsum probably formed in a terrestrial environment. Gypsum material from Sia 

shows consistently lower 18O with an average of +2.35‰. SIA20 (+1.7‰) was taken 

from the pit floor and SIA36 (+3.0‰) samples from inter-lava material from Rocky-

Road style alteration (Chapter 4) found in lavas at the Sia mine site. The sulphides at 

Sia are exposed to weathering and as a result, the gypsums at the pit floor have 

potentially been modified by meteoric water O. 

The formation environment for the Phoenix ore body is still uncertain, possibly 

representing the upper reaches of a supergene enrichment zone overlying a more 

sulphide dominated area, or lavas that have been altered and mineralised by the 

weathering of an overlying, uplifted section of the Phoukasa ore body (Adamides, 

2010b). 

7.8 Conclusions  
1) The similarity between the δ34S of sulphide material and the sheeted dyke 

complex suggests that the latter are the source of the S in the ore body, in addition to 

being the source of the metals (Richardson et al., 1987; Chapter 2). 
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2) While each deposit has a specific δ34Ssulphide signature, these often overlap. 

Comparison of δ34S shows that there is no clear distinction between δ34S of primary 

pyrite from Cu-rich or Cu-poor PMS ore bodies. With the westerly Lysos deposit having 

δ34S of 7.1 and the most easterly Sia having δ34S of 1.0, a general trend of decreasing 

δ34S values can be seen from west to east in Cyprus (Figure 7.9), which also matches 

the younging direction of the lavas, emplaced at a spreading axis to the west of 

Cyprus’s current location (Figure 2.6). Cyprus ore bodies are seen to become less 

enriched in the 34S isotope with age. 

3) Secondary sulphides from Phoukasa have δ34S compositions similar to the 

primary pyrite, suggesting the scavenging of S from primary pyrite by Cu-rich fluids to 

form secondary Cu minerals such as covellite. 

4) Gypsum shows a systematic, 2 to 4 ‰, enrichment in 34S isotope compared 

with sulphides from the same locality. This is consistent with literature values for 

sulphates produced by sulphide oxidation, and indicates that gypsum obtains its S from 

oxidising sulphides in the ore body. There is no variation in gypsum δ34S between Cu-

rich and Cu-poor PMS, instead gypsum δ34S composition is a factor of the primary 

sulphide composition. 

5) Gypsum samples from this study plot within the field for a combination of 

OH2O-Meteoric and Oatmospheric, but this field would overlap considerably with that of 

gypsum derived from a combination of seawater molecular OH2O-Seawater and Odissolved-

seawater. Sia gypsums incorporate a mixture of OH2O-Meteoric and Oatmospheric and hence 

formed in the terrestrial environment. Gypsum from Phoukasa and Phoenix overlap in 

δ18O, and lie within the overlapping zone between Ometeoric + Oatmospheric composition 

and OH2O-seawater + Odissolved-seawater composition. While uncertain, Phoukasa gypsum is 

probably a mixture of OH2O-seawater and Odissolved-seawater. 
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8 Synthesis 

8.1 Introduction and chapter aims 
This chapter serves to provide an overview of the thesis by summarising the 

results presented in previous chapters, and combining the outcomes of the various 

studies to better address the research themes outlined in Chapter 1. 

8.2 Differences between gossans overlying Cu-rich and Cu-
poor PMS 

Apart from the obvious presence of secondary Cu minerals in very Cu-rich PMS 

systems, gossans overlying Cu-rich and Cu-poor PMS are mineralogically 

indistinguishable. A typical assemblage is hematite, goethite, quartz +/- jarosite group 

minerals for both Cu-rich and Cu-poor gossans. Cu sulphides will have been 

preferentially oxidised and leached before pyrite (Chapter 5) (Kwong et al., 2003) and 

the remaining primary pyrite will generally have been completely altered to hematite 

or goethite, resulting in a very uniform mineralogy.  

Textural evidence can be more informative. Box and ladderwork structures (see 

Chapter 2) tend to form after sulphides in the oxidation zones of VMS. These cellular 

textures are mineral-specific, forming after pyrite and chalcopyrite in the alteration 

zones of Cu-barren and Cu-rich PMS, respectively (Blain and Andrew, 1977; Taylor, 

2011). These structures are rare, however, and were only encountered once in Cyprus, 

at Kokkinopezoula.  

Geochemical data provides the best indicator of whether a gossan may overlie 

a Cu-rich PMS or not, however, this is not directly from their Cu contents. Cu values in 

gossans after Cu-rich PMS are generally similar to those after Cu-poor PMS (Figure 

8.1). Other chalcophile elements could provide a useful indicator as they are often 

associated with Cu in the PMS, but less mobile. These include As, Bi, Cd, Ga, Ge, Hg, In, 

Pb, Po, S, Sb, Se, Sn, Te, Tl and Zn. Pb concentrations in the Lysos gossan are 

consistently higher than those in Cu-barren gossans. Arsenic is a good indicator for 

sulphide mineralisation (Butt, 2008), however it is probably contained within pyrite 

and thus does not distinguish between Cu-rich and Cu-poor PMS gossans such as 

Kokkinopezoula and Lysos, respectively (Figure 8.2). Although uneconomic, Zn is 

variably enriched in Cu-rich PMS in Cyprus (Mathiati North, Bear, 1963) and does 

subsequently show an enrichment in gossans formed from Cu-rich PMS (Figure 8.1). Zn 
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concentrations in gossans may therefore provide a useful tool in assessing the Cu 

prospectivity of an underlying PMS. In this respect, Strongili Horseshoe, previously 

thought to be barren, may present a potential target for PMS exploration, its gossan 

containing Cu and Zn concentrations similar to those overlying Cu-rich PMS, and having 

As levels above the baseline SMAV value, similar to Lysos and Sia (Figure 8.2). 

 

 

Figure 8.1 Base metal content of gossans by locality. 
Red line = gossan overlying PMS mined for Cu (Lysos, Sia); Blue line = gossan overlying PMS not mined 
for Cu (Kokkinopezoula, Kokkinovounaros); Green line = gossan not associated with PMS (Strongili 
Horseshoe); Black line = background volcanics (SMAV). 

0.1

1

10

100

1000

10000

Mo Cu Pb Zn Ni As

0

1

10

100

1000

10000

Mo Cu Pb Zn Ni As

0.1

1

10

100

1000

10000

Mo Cu Pb Zn Ni As



248 

 

 

Figure 8.2 Ternary diagram for gossans by locality showing relationship between Cu, Zn and As. Gossans 
overlying both Cu-rich (LY) and Cu-poor (KP) PMS show relative enrichments in As. 
 
 

8.3 Evidence for a submarine alteration environment 
It has been demonstrated in Chapters 4 to 7 that it is possible, to an extent, to 

determine whether alteration occurred dominantly in a submarine rather than 

terrestrial environment, using field relations and geochemical and isotopic data. The 

likelihood of a least partial seafloor oxidation can be most readily demonstrated from 

field relations. As a general example, massive sulphides that are immediately overlain 

by slowly deposited pelagic marine limestones (as at Skouriotissa-Phoukasa) are likely 

to have been subject to extensive seafloor alteration (perhaps over a period of 5 m.y., 

Ravizza et al., 2001) compared with PMS which are almost immediately (in geological 

terms) covered, and potentially sealed in, by volcanics. The presence of ochres (as 

observed at Phoukasa is a further indication of either the seafloor oxidation of massive 

sulphides (Constantinou and Govett, 1973) or diffuse, low temperature venting prior to 

sedimentary cover (Robertson and Fleet, 1976), both of which require prolonged 

exposure of the sulphide mound to seawater. 

Mineralogical indicators of seafloor hydrothermal or supergene alteration are 

the presence of celadonite (Booij et al., 1995) and/or Sr-rich epidote (Mottl and 

Holland, 1978). These are most likely to occur in less altered lavas, adjacent to gossans, 
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rather than in the gossan themselves where low pH alteration would have led to their 

removal. Celadonites were observed in lavas surrounding Kambia pit, which was 

largely inaccessible for study. 

Geochemical indicators of a seafloor environment of gossan formation include 

a negative Ce anomaly. This is present in primary sulphides from the Troodos (Ce/Ce* 

= 0.16 to 0.49 at Phoukasa), formed from seawater-dominated hydrothermal systems, 

and ochres (Ce/Ce* = 0.2) and umbers (Ce/Ce* = 0.1). The negative anomaly is likely to 

be inherited by a gossan formed from that PMS. In the terrestrial weathering 

environment, acidic supergene fluids may potentially strip REE from a PMS or gossan 

(Leybourne et al., 2006), thereby flattening the REE profile and reducing the strength 

of the negative Ce anomaly. This would, however, result in lower ∑REE, which is not 

observed. ∑REE and Zr (shown to be relatively immobile during gossanisation, Chapter 

6) show an overall positive correlation on an X-Y plot (Figure 6.43), indicating relatively 

poor mobility of the REE. It is therefore likely that REE in the gossans were in a stable 

form during terrestrial weathering, and therefore their relative and total abundances 

reflect those of the protolith, with a possible overprint from seawater if oxidation 

occurred on the seafloor (as for Phoukasa).  

Sia has a Ce/Ce* ≈ 1, and also a higher Cu grade. If the Ce/Ce* value was due to 

leaching of other REE, Cu would also have been leached from the sulphide, which is 

not the case. Ce anomaly in sulphides (Figure 8.4) is associated with Cu grade of the 

sulphide ore (Figure 8.5): A more negative Ce anomaly is associated with a higher Cu 

content, suggesting prolonged interaction with seawater enhances Cu grade. Phoukasa 

has the highest Cu grade, and also the most negative Ce anomaly, indicative of 

submarine alteration. Lavas associated with the Phoukasa ore body (collected from 

various locations at the Skouriotissa site, Appendix B, Appendix C) also have a negative 

Ce anomaly (Figure 8.3), showing that the surrounding lavas were exposed to the same 

processes as the Phoukasa ore body.  
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Figure 8.3 Ce/Ce* plotted against ∑REE for lavas from all locations. 

 

 

Figure 8.4 Ce/Ce* plotted against ∑REE for sulphides from all locations. 

 

 

Figure 8.5 The relationship between Ce/Ce* and Cu grade for localities in this study.  
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Sr content is shown to be ineffective as an environmental indicator, there being 

very little difference in concentration between gossans from any of the deposits 

studied, or ochres which are known to be products of seafloor oxidation (Figure 6.42; 

Figure 6.41). This is thought likely to be due to variable Sr mobility during 

gossanisation. Sr is leached from lavas during submarine alteration, however is fixed 

back into lavas in the seafloor environment in the form of minerals such as epidote and 

gypsum/anhydrite. 

Oxidation of massive sulphides on the sea floor serves to leach and mobilise Cu 

leading to the possible formation of small, shallow zones of secondary Cu enrichment 

in the subsurface, a feature observed at TAG (Glynn et al., 2006) and at Phoukasa 

(Figure 3.34). The ochre at Phoukasa is shown to be associated with secondary Cu 

enrichment within the underlying massive sulphide lens (see Chapter 4), probably as 

the ochre represents the product of post mineralisation diffuse venting, rather than 

oxidised surface of the PMS (see Chapter 6; Robertson and Fleet, 1976). The extended 

period of seawater exposure of the PMS on the seafloor caused secondary Cu 

enrichment within a shallow and narrow zone below the surface of the ore body, due 

to the presence of a shallow (10’s cm; Glynn et al., 2006) redox boundary. It is thought 

likely that further oxidation of this shallow supergene enriched zone, together with the 

remainder of the Phoukasa PMS, provided the Cu necessary for the formation of the 

adjacent and structurally deeper SCUD at Phoenix, possibly as a result of more 

extensive and deeper, either seafloor and/or terrestrial weathering (See Chapter 2 and 

Adamides, 2010b). Thus, it may be that a seafloor alteration signature combined with 

visible supergene enrichment of any remaining primary ore may be an indicator for the 

presence of an SCUD below. 

8.4 Is the high Cu content of some Cypriot VMS due to 
primary or secondary processes?  

An objective of this project was to determine whether the Cu enrichment of 

specific Cu-rich Cypriot VMS was a primary feature of their formation, or whether it 

was due to subsequent supergene enrichment of the ore body. 

Lithological relations, oxidation of the sulphide (Ravizza et al., 1998) and 

negative Ce anomalies indicate that the Phoukasa Cu-rich PMS underwent substantial 

enrichment in secondary Cu minerals on the seafloor. Sia was also mined for Cu, but 

has no seafloor enrichment signature (Figure 8.5) and no observed secondary Cu 
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minerals. This means that the Cu content of the Sia ore body was a primary feature 

and that it was altered in the terrestrial environment. ‘Cu-rich’ ore bodies may 

therefore be either primary or secondary in origin, however submarine modification 

has the potential to upgrade a Cu-poor or barren ore body to a Cu rich ore body. 

8.5 Formation of the Phoenix ore body 
The Phoenix ore body has long been thought to have formed as a result of the 

terrestrial alteration of, and migration of Cu from the Phoukasa PMS (Seward, 1999; 

Adamides, 2010a; 2010b), however while the Phoukasa is shown to have been subject 

to extensive exposure to seawater (Ravizza et al., 2001), it has not been geochemically 

or isotopically linked to the Phoenix. 

From studies of the mineralogy, geochemistry and isotopic character of several 

Cyprus VMS, the formation of the Phoenix SCUD is likely to have required 3 conditions 

(Figure 8.6): 1) The ‘pre-enrichment’ of Cu in the adjacent Phoukasa deposit, which is 

suggested to have been the source of the Cu in the Phoenix deposit (Adamides, 

2010b), evidenced by the Phoukasa massive sulphides containing abundant secondary 

Cu minerals (presented in Chapter 5); 2) Oxidation of the Phoukasa VMS following 

uplift into the terrestrial environment – evidenced by the historical record of a large 

gossan at the Phoukasa hill, since removed (Bear, 1963); 3) Focussing of Cu-bearing 

acid fluids from the oxidation of the Phoukasa VMS into a narrow, relatively reduced, 

zone, possibly the down-faulted portion of the Phoukasa PMS lens, to form the 

Phoenix SCUD (Figure 8.6). For stage 1, a shallow redox zone in the seafloor crust 

resulted in secondary Cu mineral formation focussed tens of centimetres below the 

surface (Glynn et al., 2006), although this may be controlled by faults which allow the 

percolation of oxidising seawater to greater depths and locally depress the redox 

boundary. 
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Figure 8.6 Genesis of the Phoenix orebody. 
1) The Phoukasa PMS (pha.) accumulates on the seafloor in a depression at the top of the UPL (Bear, 
1963). In the submarine environment, the eastern portion of the pha. lens is not entirely overlain by 
lavas, exposing it to oxidising seawater. The sulphide begins to oxidise and ochres slowly precipitate 
from diffuse venting, which is the beginning of the development of a seafloor gossan (orange), as in 
Herzig et al. (1991). Preferential oxidation of Cu sulphides mobilises Cu (and probably S) in solution. This 
solution migrates downwards and precipitates Cu secondary sulphides in relatively reduced (pyrite-
dominated) zones below. This results in covellite rims on pyrite (Chapter 5) located within a shallow Cu 
enrichment zone (blue rhomboids), this is observed at Skouriotissa (Chapter 4) and at TAG by Glynn et 
al. (2006). 2) The Phoukasa is bisected by the Skouriotissa normal fault (red line), downthrowing to the 
west (Bear, 1963, Adamides, 2010b) and allowing greater seawater infiltration of the Phoukasa VMS. 3) 
After prolonged exposure to seawater (Ravizza et al., 2001), the pha. deposit is overlain by umbers and 
shales of the Perapedhi Formation, and then by Koronia Formation limestone (Lst) as the ophiolite is 
obducted to shallower depths. During this time, oxidation and Cu mobilisation within the pha. deposit 
continues. 4) The ophiolite is obducted into the terrestrial environment. The production of greater 
permiability as a result of tectonic uplift, and rapidly falling water table, causes relatively oxidising 
conditions in the upper region of the pha. and therefore sulphide oxidation. Secondary Cu sulphides are 
again preferentially oxidised and leached from the pha. Cu-bearing acid fluids migrate down the 
Skouriotissa fault into the downthrown part of the pha. PMS lens, precipitating Cu oxides above, and Cu 
sulphides below the water table. The rapidly falling water table in Cyprus with continued uplift resulted 
in secondary Cu minerals forming at increasing depth to create a larger but relatively low grade deposit 
(i.e. at Phoenix), as opposed to a smaller, focussed deposit that would be found around a constant 
water table. East and west markers represent the current orientation of the Skouriotissa deposits and 
do not take into account palaeorotation of the Troodos (see Chapter 2).  

 

The zone of intensely altered lavas between the Phoukasa and Phoenix 

deposits (Seward, 1999) is coincident with the location of the Skouriotissa fault, which 

separates the Phoukasa and Phoenix ore bodies. This zone has the highest Cu grades in 

the Phoenix area (Adamides, 2010b) suggesting that it provided the pathway for 

downward migrating Cu-rich acidic fluids from the oxidising, eastern (main) portion of 

the Phoukasa lens (see Figure 8.6). Precipitation of secondary Cu minerals at depth, in 

the Phoenix deposit, is likely to have been controlled either by the presence of 

sulphides (i.e. in the downthrown portion of the Phoukasa PMS lens or disseminated 

sulphides within lavas) and/or by the depth of the water table. Cu oxides are likely to 

have been precipitated above the water table, and sulphides below (Chapter 2). As the 
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water table fell further, due to the continued uplift of Cyprus (Chapter 2), the 

supergene mineralisation zone grew downwards, as fluids could travel further, 

meaning supergene minerals can be seen at a range of depths (Alpers and Brimhall, 

1989). 

The conversion of magnetite to pyrite through sulphidation to explain the 

disseminated sulphides at Phoenix (Adamides N. pers. comm., 2011) would produce a 

large negative δ34S signature in the, now secondary, pyrite (Alt, 1995; Alt and Shanks, 

2011) which is simply not observed as Phoenix sulphides have δ34S = +5.50 to +6.10 ‰ 

(Figure 7.5). 

8.6 Stages of gossan formation and their characteristics 
The stages of gossan formation, and the processes leading to a Cu enriched 

PMS and the generation of an SCUD, have been discussed previously in Chapter 2. This 

section presents block models to illustrate the formation of a gossan in both the 

terrestrial (Sia) and submarine environment (Skouriotissa), and accompanies these 

with key geochemical and isotopic information. 
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Figure 8.7 Formation of gossan in a terrestrial environment. 
A: The sulphide lens forms on the sea floor. As spreading continues, the lens gradually moves further 
from the axis and begins to oxidise, ochre may or may not form, and umbers may or may not 
precipitate. The oxidation of sulphides results in Cu enrichment in a shallow redox zone within the 
mound. B: The PMS lens is rapidly covered by fresh volcanics on the seafloor restricting the amount of 
time available for seafloor oxidation and Cu mobilisation. C: Uplift and erosion sees the sulphide mound 
oxidised to a greater depth due to a lowering of the water table and percolation of meteoric water. A 
gossan is formed with a Ce/Ce* value close to 1, indicative of terrestrial as opposed to submarine 
alteration. Cu is stripped from the sulphides, and the deeper redox zone means that Cu becomes too 
widely dispersed to form an SCUD. This model applies to Sia, Kokkinopezoula, Mathiati North. 
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Figure 8.8 Formation of a gossan in a submarine environment. 
A: Initial sulphide lens formation (see Figure 8.7) B: If the orebody remains uncovered, the waning 
hydrothermal system (Chapter 2) allows infiltration of seawater into the sulphide mound, oxidising 
sulphides. Cu is taken into solution and repreciptates at the shallow redox boundary. C: Prolonged 
seawater exposure promotes increased Cu mobilisation and precipiation, creating a shallow secondary 
enrichment blanket. The mound will probably eventually be buried by pelagic sediment. The interaction 
of the sulphide with seawater sees it take on a more seawater like Ce/Ce* values. D: Uplift and erosion 
sees the sulphide mound oxidised to a greater depth due to a lowering water table and percolation of 
meteoric water. The secondary sulphides are more susceptible to leaching than primary sulphides and 
are readily remobilised by the large amounts of acid generated by the oxidation of pyrite. The pre-
concentration of Cu allows a larger secondary enrichment zone, or even an exotic secondary Cu orebody 
to develop as Cu-bearing supergene fluids descend and encounter a redox boundary. This model applies 
to Phoukasa and possibly Troulli, which has a large amount of secondary sulphides and whose pyrite 
possesses a negative Ce anomaly. The Phoenix deposit is an example of an exotic secondary Cu orebody 
formed by this process. 
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8.7 Gossans as an exploration tool  
There is a reason that gossans have been used as indicators of mineralisation 

for millennia. Their common presence as topographic highs and vivid colouration 

naturally draws attention to them in the field, and often secondary Cu minerals are 

easily visible. Further examination of a gossan shows that they can provide the 

explorationist with much more information about the nature of the massive sulphide 

deposit that may lie below. 

The observation of skeletal outlines and pseudomorphs after pyrite in hand 

specimen and polished mount provides a clear indication that a gossan was once either 

massive sulphide or material containing disseminated sulphides. A lack of these 

features in highly acid leached lithologies is evidence that they may represent retali: 

unmineralised lavas altered by downward or laterally migrating acid fluids. Textural 

differences between leached gossan (above or adjacent to a sulphide lens) and retail 

(distal or below a sulphide lens) may be used as a vector towards PMS mineralisation. 

If retali is exposed at surface, then the associated massive sulphide was likely overlying 

this location and has since been eroded off, or the remnants (stockwork, etc.) may be 

adjacent to the observer’s current position. Surface exposures of leached gossan may 

suggest that there is remnant PMS directly below. 

Gossans have a hand specimen scale mineralogical and geochemical 

heterogeneity (Chapter 5) imparted by initial zone refinement of the primary ore body 

(see section 2.1.2), accompanied by variable leaching, compounded by mass wastage 

and slumping of gossans as they erode, increasing permeability. This means that two 

hand samples of material taken from adjacent locations in an outcrop may have wildly 

different Cu contents, evidenced by the wide variation in Cu minerals in resin mounts 

made from samples such as SK105 (I – V), presented in Chapter 5. Resultantly, when 

exploring for base metal sulphides, gossans must be extensively sampled to examine 

for traces of a sulphide protolith such as box and ladderworks and skeletal outlines of 

pyrite grains. In addition, when examining cellular structures, particular attention must 

be paid to quartz vein material which may have entrained sulphide particles which are 

‘armoured’ and become resistant to oxidation and leaching. The mineralogy of an 

armoured inclusion may indicate protolith mineralogy. 

Gossans can be differentiated from propylitised lavas and massive sulphides by 

determining total Zr+TiO2 contents (Chapter 6). While Zr:TiO2 ratios remain similar 
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between gossans and altered lavas, ochre forms a separate trend plotting at higher 

Zr:Ti ratio. Gossans form a continuum of similar Zr:TiO2 ratio with lava but have a lower 

total Zr+TiO2 indicating that they were formed as a result of oxidation of sulphides 

which generally have very now Zr+TiO2. 

For material that lies on the altered lava Zr:TiO2 trend, lavas showing Zr+TiO2 > 

UPL have been leached, and may be retali and hence unmineralised. Material with 

Zr+TiO2 < UPL has probably undergone mass gain, with addition of Fe and/or SiO2 to 

form ironstones or silicified lavas.  

The Cu content of umbers, which can lie adjacent to mineralisation, is shown to 

reflect that of a nearby PMS. Umbers associated with the Phoukasa PMS (Cu-rich) 

show significant enrichment in Cu (up to 35,400 ppm Cu) while those associated with 

the Cu-poor Mathiati PMS showed much lower Cu values (up to 819 ppm Cu). The 

presence of umbers is an indicator that there was a waning hydrothermal regime in 

the area, and that the lava surface contained sufficient depressions (such as half 

grabens) to accumulate a chemical sediment (Not sure this is relevant!), and is 

therefore ripe for VMS formation. A significantly high Cu content in umber would be 

indicative of Cu-rich hydrothermal venting in the area.  

In short, the identification and characterisation of gossanites should be an 

important component of any exploration campaign. They may provide vectors towards 

mineralisation and information on the style and likely Cu endowment of underlying 

PMS. 
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9 Conclusions 

9.1 Introduction and chapter aims 
This chapter serves to provide an overview of the thesis by summarising the 

results from previous chapters and highlighting the advances made in understanding 

the genesis of gossans and related mineralisation. From this, recommendations are 

made for future research. 

9.2 Summary of results 
PMS subject to prolonged submarine alteration and oxidation are likely to show 

relatively high degrees of secondary Cu enrichment compared with those buried by 

volcanics soon after deposition. These more Cu-rich ore bodies have the potential to 

generate secondary exotic Cu deposits, which should be factored into an exploration 

programme. The Phoenix ore body is such an exotic secondary Cu deposit, having 

formed due to migration of Cu-rich fluids from the secondary enriched Phoukasa 

deposit down the Skouriotissa fault, where Cu was precipitated into the reducing 

environment of disseminated (and possibly remaining downthrown Phoukasa) 

sulphides, probably below the water table. A negative Ce anomaly in a lithology is an 

indicator of this submarine alteration, which makes rocks with this characteristic an 

exploration target. A negative Eu anomaly in PMS or a gossan can be indicative of 

modification in the submarine environment, while a flat REE profile indicates loss of all 

REE equally. Umbers have Cu contents that may provide an additional indicator of 

nearby mineralisation. 

Sulphides, gossans and lavas plot on the same trend of constant Zr:TiO2. 

Sulphide mass wastage and oxidation produces gossans and the mass wasting of lavas 

produces altered lavas, both with higher total Zr+TiO2, with the same Zr+TiO2 ratio  

(Figure 6.31). Altered lavas with lower Zr+TiO2 than average UPL have probably 

undergone addition of material, mainly silica and/or iron, possibly representing the 

onset of gossanisation where the lava becomes silicified or ferruginised. Some gossan 

signatures may be comprised of lava that has been mineralised with sulphide (driving 

the composition to lower total Zr+TiO2). Gossans with relatively low Zr+TiO2 are much 

more likely to be true gossans formed as a result of leaching of massive sulphides 

which have very low Zr+TiO2. 
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While a gossan formed from a Cu-rich PMS may show little enrichment in a 

single base metal, it potentially may have slightly elevated levels of multiple base 

metals (Cu, Zn, Pb). Anomalous enrichment of a gossan in multiple base metal 

elements increases the likelihood that a target PMS will be base metal mineralised. 

Gypsum associated with PMS are shown to have S sourced from the oxidation 

of sulphides, as opposed to seawater sulphate. Gypsum δ18O for Sia correlates with the 

expected values for incorporation of a mixture of atmospheric O2 and O from 

Mediterranean meteoric water, and was therefore likely to have been formed in a 

terrestrial environment. Oxygen isotope compositions of gypsums from Phoukasa and 

Phoenix overlap with the fields for both atmospheric O2 and dissolved O2 in seawater, 

and have a more uncertain origin. 

9.3 New knowledge gained from this research 

9.3.1 Refined models for VMS gossan architecture 

As discussed in Chapter 2, previous models for gossan architecture were largely 

based on porphyry-type deposits, showing a vertical, roughly cylindrical body. This is 

not accurate for the anatomy of VMS deposits, and probably is not appropriate for the 

majority of supergene zones overlying porphyry deposits where Cu can be transported 

several km from the primary deposit through permeable gravels, for example at La 

Escondida (Alpers and Brimhall, 1989; Mote et al., 2001a; Mote et al., 2001b). 

The primary issue with applying a single model for gossans to both VMS and 

porphyry deposits is the different morphologies of each deposit style. Porphyry 

deposits commonly have a roughly cylindrical ore shell (Sillitoe, 2010), meaning 

oxidation and supergene enrichment of the ore will be the standard model. The 

fractured porphyry stockwork is often more permeable than the host rocks, and acts as 

a conduit for descending supergene fluids meaning they will move downwards under 

gravity. Unless the ore body is tilted, ore will overlie other ore, juxtaposed against 

altered volcanics. A complete Cyprus-type VMS system, however, will often have a 

mushroom-like architecture (Chapter 2) created by the flat PMS mound and underlying 

carrot-shaped stockwork. As the sulphide mound is emplaced atop seafloor volcanics 

supergene fluids descending directly under gravity will encounter propylitised lavas, 

causing further alteration. As these fluids descend, they become neutralised by these 

lavas which can result in secondary ore deposition. These unmineralised lavas that 
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have been modified by a supergene fluid are here called ‘retali’. These should not be 

confused with gossan which is oxidised PMS. Retali is more distal and more likely to 

underlie an ore body, whilst gossan will be more proximal to, adjacent or potentially 

above, the PMS. 

9.3.2 Determination of environments of VMS oxidation and gossanisation from 
combined isotopic and geochemical study 

From the geochemical data presented in this study, sulphides from Phoukasa, 

Phoenix, and Troulli and probably underwent at least some degree of reworking in the 

submarine environment due to their field relations (being directly overlain by 

sediments) and geochemistry (negative Ce anomalies in Skouriotissa lavas). 

Kokkinopezoula and Sia have weak or no indicators for seafloor alteration and were 

probably altered entirely in the terrestrial environment. Submarine-modified massive 

sulphides such as at Phoukasa probably also underwent subsequent reworking on land. 

The isotope study strongly suggests that gypsums from Sia were formed in the 

terrestrial environment, whilst gypsum from Phoukasa and Phoenix is probably 

submarine. This is, however, inconclusive due to overlap between the δ18O signature 

of potential sources of O in both the submarine and terrestrial environments. 

9.3.3 First systematic isotopic study of Cyprus massive sulphides and related 
lithologies 

Alt (1994) published a S isotope study of samples through a section of Cypriot 

oceanic crust, however this did not include data for VMS deposits. The study herein is 

therefore the first detailed study of the S isotope characteristics of Cypriot VMS and 

related lithologies such as gossanites. This project has shown that δ34S varies slightly 

between deposits, and that gypsum signatures are associated with sulphide 

weathering, in accordance with Glynn et al. (2006). This variability is interpreted as 

being due to post mineralisation modification of the ore body including oxidation and 

supergene alteration. 

This project represents the first attempt to use the δ18O of gypsums to 

isotopically define the alteration environment of various Cypriot massive sulphides. It 

has compared isotope data from gypsums collected from mines of interest and 

determined the genetic origin of their isotopic characteristics through comparison with 

the character of local meteoric waters, Mediterranean seawater and atmospheric and 

dissolved O2 (Chapter 7). This has been successful in showing that gypsums from Sia 
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are isotopically lighter than Mediterranean seawater (δ18O = +2.2‰), which would be 

the dominant source of O in submarine alteration. Instead, their compositions fit 

within the fields for Cypriot meteoric water (δ18O ≈-5‰) and atmospheric oxygen 

(δ18O = +23.6‰). 

9.3.4 The first geochemical study of gossans in Cyprus 

Gossans in Cyprus are poorly understood, being seen primarily as overburden 

by mine planners. The value of a detailed study of a gossan to predict the nature of 

underlying mineralisation has been realised more recently (Butt, 2008). The project 

herein is the first to discuss major, trace and REE data for gossans and VMS and to 

characterise the REE patterns of Cypriot gossans and related lithologies. This is 

important because it shows that materials often seen as waste, such as ochre and 

umbers often contain significant concentrations of metals such as Cu and Zn, which 

may be extractable.  

9.3.5 Refined nomenclature and lithological descriptions for gossanites  

The variable nomenclature applied to gossanites has seen several similar 

lithologies misidentified in the past, e.g. Bear (1963) contains anecdotal evidence for 

workers mistaking umber for ochre and vice versa, while Popelka-Filkoff et al. (2007) 

states that “...the definition of ochre is vague...”. 

This work has provided a clearer definition of gossans, ochres, umbers, and 

leached lava, alongside images of these lithologies as they appear in the field. This will 

enable workers to better identify these lithologies, and combined with geochemical 

and isotopic tools, aid in the exploration for VMS deposits. Retali (unmineralised, acid-

leached lavas) have been identified as a lithology associated with VMS, and are 

generally adjacent to, and below a massive sulphide lens. 

9.3.6 Development of the model for the generation of the Phoenix ore body 

This project has shown that the Phoukasa and Phoenix ore bodies have 

associated negative Ce anomalies that provide the link to submarine alteration. The 

nature of the pervasive disseminated sulphide mineralisation in pillow lavas at Phoenix 

has also been clarified: Phoenix sulphides are isotopically similar to primary pyrite and 

are Cu-poor, meaning that the Cu in the Phoenix deposit is exotic and has most likely 

migrated from the Phoukasa ore body. Secondary pyrite formed through sulphidation 

of magnetite would have a large negative δ34S signature which is not observed.  
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9.4 Future research directions 

9.4.1 Testing of models in VMS-related deposits elsewhere 

Due to the extensive and varied mining history of Cyprus (See Chapter 2), 

gossans that directly overlie a PMS will have been excavated as waste, or processed for 

precious metals, leaving only gossan remnants at the pit margins (as evidenced by all 

localities presented in Chapter 3). The peripheral gossan that remains is probably a 

mixture of gossan with sulphide protolith, mineralised lava protolith or may 

alternatively be ferruginised material. Differentiating between these lithologies was 

discussed in Chapter 2 and the material used in this study was all true gossan. 

This project has shown that Cyprus-type VMS overlain by sediments as opposed 

to lavas have greater potential to undergo secondary enrichment on the seafloor in 

preparation for the formation of a separate secondary Cu deposit in the terrestrial 

environment. This work has studied Cyprus-type VMS deposits (of a ridge jumping, 

actively volcanic, supra-subduction zone environment), however the timing of burial 

and obduction may be different to other VMS provinces. The secondary enrichment of 

and gossan overlying VMS in other terranes could be studied to determine the extent 

of submarine alteration and its impact on ore grade, and to determine whether a 

gossan with a VMS protolith bears the negative Ce anomalies observed in this work. 

The model should ideally be tested in a less-developed environment with newly 

discovered VMS which may have intact gossans.  

9.4.2 Determination of S isotope characteristics of progressively supergene Cu 
enriched massive sulphides 

On a m to mm scale, secondary Cu enrichment zones in sulphides are often 

concentric, showing a chalcopyrite core rimmed by secondary sulphides of increasing 

Cu:S ratio. The specific S isotope ratio of these secondary sulphides may change, 

through either depletion of the source of S, fluid mixing or preferential fractionation of 

S isotopes into specific Cu sulphides. Factors affecting this fractionation include the 

thermochemical environment, or variable bacterial reduction of sulphate to Cu 

sulphide which may occur preferentially in certain mineral phases. 

A laser-ablation (LA) ICP-MS traverse across samples from Skouriotissa (e.g. 

SK105; Figure 5.19) could determine the 34S of this concentric enrichment in situ, 

along with potential variation in 34S during supergene enrichment. LA-ICP-MS can also 

be used for chalcopyrite coated pyrite grains to determine whether the secondary 
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chalcopyrite is scavenging S from the primary pyrite in a reducing environment (below 

the water table), or the degree of bacterial S fractionation. 

9.4.3 REE adsorption in gossans and related lithologies 

Goethite and limonite are the dominant minerals in gossans, ochre and umber, all of 

which are loosely classed as ‘overburden’ during mine development. They can, 

however, adsorb REE and other metals and may be enriched in REE relative to 

chondrite (Figure 6.28), variably concentrated compared to upper crust (Figure 9.1), 

however lower in REE than mean volcanics SMAV (Figure 6.28).  

Little literature exists for the potential production of REE from Fe 

oxyhydroxides and there is the potential for leached caps of sulphide deposits to 

produce REE as a by-product to the main base metal production. While REE contents of 

umbers may be lower than the surrounding lavas, the Fe/Mn oxyhydroxides may be 

easier to produce REE from then basaltic pillow lavas.  

Determining what minerals are REE-bearing in gossans, ochres and umbers, and 

the viability of leaching REE from that lithology would be required to assess the 

economic value of REE recovery from leached caps. This would require XRD study to 

determine mineralogy, combined with SEM and microprobe techniques to determine 

the distribution of REE in a mineral. Once the distribution of REE has been determined, 

leaching experiments can be set up using conventional fluids such as H2O, and H2SO4 to 

determine the leaching potential of REE under various conditions. 

 

 
Figure 9.1 REE content of umbers normalised to upper crust (Rudnick and Gao, 2003) 
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Figure 9.2 REE content of umbers normalised to mean volcanics (SMAV) 
 

9.4.4 Determination of alteration environment from goethite O isotopes 

Further information about the environment of alteration can be obtained from 

goethite. Hren et al. (2006) showed that goethite takes on the O isotope 

characteristics of the fluids in which it forms, which can be used to distinguish between 

a hydrothermal and meteoric water origin. In Cyprus, the goethite will have either the 

δ18O characteristics of meteoric or ocean waters, much in the same manner as 

gypsum, as discussed in Chapter 7. This may present a more reliable method than the 

use of gypsums determining the 18O of the supergene fluid involved in gossan 

formation as: 1) goethite is a dominant mineral in the gossan; 2) gypsum may have 

been dissolved and re-precipitated during the lifespan of the mine or since uplift. 

Goethite formed in the marine environment would be expected to be similar to 

seawater (18O = 0.0‰) while goethite formed in the terrestrial environment would 

have meteoric water characteristics (18O = -5‰). 

9.4.5 Cu and Au in umbers as potential by-products from VMS mining 

Umbers from this study have Cu contents similar to those of sulphides, ranging 

from 100 to over 1000 ppm Cu (Chapter 6). Silicified umbers are also known to have 

elevated levels of (invisible) Au (Prichard and Maliotis, 1998) caused by off-axis 

hydrothermal circulation, which may also have been responsible for creating negative 

Eu anomalies in VMS and the redistribution of Cu. The high Cu values in some umbers, 

as well as Au in others may present an opportunity to add value to a mining operation 
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by utilising a lithology commonly discarded as overburden. Further investigation into 

correlating the Cu and Au contents of umbers with alteration history would elucidate 

the prospectivity of umbers, and allow the preparation of field guidance notes for 

exploring for these Cu and Au enriched umbers. 

9.4.6 Determination of alteration environment using Sr isotopes 

The submarine enrichment of Cu has been shown to be a key contributor to the 

generation of an economic Cu ore body, and increases the SCUD forming potential of 

an ore body. Thus, determining the degree of seafloor alteration a PMS may have 

undergone may aid in the exploration for Cu ore bodies, and act as a further 

exploration indicator towards Cu-rich PMS. 

Gypsum is abundant in Cypriot VMS ore bodies, is variably associated with 

gossans, and is probably formed due to the oxidation of massive sulphide (Chapter 7), 

making it contemporaneous with supergene alteration, however, O isotope studies 

(Chapter 7) have not convincingly identified the nature of the supergene fluid that 

formed the gypsum, and by analogue, the Phoenix secondary Cu ore body.  

Sr substitutes into the gypsum crystal lattice, therefore the environment of 

gypsum formation may be reflected in the gypsum 87Sr/86Sr. Cretaceous seawater has 

87Sr/86Sr of 0.7073 (Howarth and McArthur, 1997) which is imparted on minerals formed 

in seawater, or rocks that have undergone submarine alteration (Booij et al., 1995). 

Sr isotope data may therefore provide supporting evidence for seawater 

weathering, however it cannot be used to determine an additional terrestrial 

weathering signature as the relative contribution of Sr from meteoric waters (and 

weathered volcanics) will be low. 
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Institutions 
CSM – The Camborne School of Mines 
NHM – The Natural History Museum 
BGS – The British Geological Survey 
SUERC – Scottish Universities Environmental Research Centre 
 
Lithologies 
STTFZ – South Troodos Transform Fault Zone 
UPL – Upper pillow lavas 
LPL – Lower pillow lavas 
VMS – Volcanogenic Massive Sulphide 
SCUD – Secondary Cu Deposit 
SMAV – Sia-Mathiati Average Volcanics (see 6.3.1) 

 
Minerals 
alu = alunite 
bn = bornite 
cc = chalcocite  
clc = clinochlore 
coq = coquimbite 
cov = covellite 
cp = chalcopyrite 
cup = cuprite 
goe = goethite 
gyp = gypsum 
hem = hematite 
hjr= hydronium jarosite 
njr = natrojarosite 
py = pyrite 
pvn = poitevinite 
qtz = quartz 
sph = sphalerite 
szm = szomolnokite 
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Red altered 
gossan 
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[leached] 
silicified basalt, 
W of fault 
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KP13              3511 1.3   1.1 1 
mineralised blue 
lavas from GR 

KP14 
             27 2.9       

gyp. w/ sulphide 
intergrown w/ py 
in scree  

                            

KV1                         
bornite from top 
of spoil tip 

KV2              7         
white material 
from centre fault 

KV3                           

KV4                           

KV5              146     0.8 1 
less altered 
pillow lava 

KV6              279     0.9 1.1 
lighter green 
altered pillow 

KV7                         
darker inter-

pillow material 

KV8                         
light interpillow 
material 

KV9 
                        

Cu 
mineralisation, 

vein material 

KV10              402 9.2       
gypsum from 
contact 

KV11                         
red material to E 
of fault 

KV12 
                        

white to W of 

fault, heavily 
jointed, gyp. Infill 

KV13                         
white material 
30cm from fault. 
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Description 

KV14 
                        

patch of 
unaltered 

pillow 

KV15 

                        

black 
interpillow - 

admix. Of 
gyp+MnO2 

KV16                         yellow material 

KV17            16         
white, heavily 
leached lavas 

KV18 

                        

from cave 

behind section, 
white-yellow 
surface 

material - 
gypsum 

KV19 
                        

peacock ore 

from top of KV 
-spoil tip. 

KV20 
                        

green, crumbly 

- nontronite 
from XRD 

KV21 

                        

sphalerite like 
material from 
top of spoil 

heap. 

KV22              730     0.9 0.6 
gossan with py 
voids 

KV23 
             843     1 bd 

goethite 
pseudomorphs 
of py. 

                            

Ly1 
         757         

Gossanous 
material (iron 

cap) relict 
sulphides 

Ly2a 

          201     0.7 0.6 

Diabase host 

w/vein of 
gossanous 
material 

Ly2b                        

Ly3a 

         >10000         

Brown/tan 

rock, oxidised 
zone, rotten 
py, modern 

weathering 
deposit? 

Ly3b                    Malachite 

Ly4 
         432     0.6 0.8 

Fericrete 
mineralisation - 

pillows 

Ly5 
         192     bd bd 

15m from ly4, 
less altered 

pillows 

Ly6          45     1 1.1 39m from Ly5 

Ly7 

                        

clay from 
between 
pillows, Ly6,7 - 

fresher 
material 

 

  



290 

Sample 
IC

P
-M

S
/A

E
S

 

X
R

D
 

R
e
s
in

 m
o

u
n

te
d

 

T
h

in
 S

e
c
ti

o
n

e
d

 

S
E

M
-E

D
S

 

T
ra

n
s
m

it
te

d
 L

ig
h

t 

R
e
fl

e
c
te

d
 L

ig
h

t 

C
u

 (
p

p
m

) 


3

4
S 

(‰
)


1

8
O

 (
‰

)

C
e
/C

e
* 

E
u

/E
u

* 

Description 

Ly8 

                        

Gossan face 
profile, white -

>orange 
(OCHRE?) 

Ly8a            311     0.6 0.9 yellow 

Ly8b            178     0.4 bd red 

Ly8c            479     0.6 bd tan/brown 

Ly8d            42     0.7 bd white 

Ly8e             268     0.5 0.6 
curium: yellow-> 
red sample 

Ly9         630 7.1   0.6 1 
Primary massive 

sulphide 

                            

MA1                         umber 

MA2                         pillows 

MA3 
                        

chips of umber 
from unsilicified 
sample 

MA4 
                        

silicified umber 
present in a 
single zone 

MA5                         
clays in lava - 
palygorskite? 

MA6                         
lava altered to 
clay 

MA7                         duplicate of MA6 

                            

MM01                         
Pillow Lava - 
Altered? 

MM02              1303 3.1   0.6 0.00 
pyritised/silicified 
sample 

MM03a                         Ochre? 

MM03b              28 3.4       gypsum 

MM03c              377 4.3   0.6 0.00 pyrite/marcasite 

MM04                         
Chloritised pillow 
lava 

MM05a                         
Brittle, grey, clay 

like 

MM05b                         stained pyrite 

MM06 
                        

ochre/gossan, 

40m above last 
gossan 
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Description 

MM07                         columnar basalt 

MM08                         silicified breccia 

MM09a                         
Red block, 

siliceous 

MM09b                         red rubble 

MM010 
                        

picrite, sample 

from outcrop, 
augitic/olivine 

MM011                         Umber 

MM012                         
Qtz min. pillow - 
stockwork 

                            

MN1                           

MN2                           

MN3 
                       

Ochre unit - 
upfaulted, next 

to pillow breccia 

MN4                         
Basalt, from red 
veined area 

MN5                        
Chloritised 
pillows 

MN6 
                        

yellow interstitial 

clays - between 
pillows 

MN7                         
red/purple 
pillows 

MN8                         
Strange piece, 

alteration front? 

MN9             822     0.1 0.7 Umber 

MN10                         
Mildly silicified 
umber 

MN11                         
Black, Silicified 

umber 

MN12 
             669     0.1 0.7 

Umber by fault 
scarp -

unsilicified 

MN13                         
More mildly 

silicified umber 

MN14                         
brown interpillow 
material 

MN15 
                        

goethite from 
south wall of 
mine 

MN16                         
gossan' likely 
jasperoidal 
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Description 

MN17 

                        

cauliflower like 
mineral grown in 

stockwork 
sulphides in pit 
Al/Fe silicates 

MN18 
             6 7.3       

gypsums from 
within stockwork 
zone 

MN22              328 4.0   0.8 0.5 
Stockwork 
sulphide 

MN31           793 3.8   bd bd 
sulphide 

stockwork 

MN32              515 3.4   bd bd 
sulphide 

stockwork 

                            

MS1 

                       

Silicified 
Nodules within 

pillow breccia - 
heavily oxidised 
to red ochre 

colour. 

MS2                           

MS3 

                        

Silicified wall 

rock, pyrite 
pseudomorphs - 
replaced with 

clays. 

MS4                           

MS5 
                       

White, leached 

zone, pillows 
heavily altered. 

MS6 
                       

brown, altered 

gossanous 
material 

MS7 

                       

Blacker 
gossanous 
material 

overlying white 
leached zone 

MS8 
                        

Yellow ochre 

overlying to the 
N 

MS9                         
white kaolinised 

in yellow. 

MS10                         Very Red ochre 

MS11 
                        

Black, red-yellow 

outcrop - 
ochreous 

                            

SH1                         Leached Basalt 

SH2a                         
Red altered 
gossan 
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Description 

SH2b                         
as above, higher 
up 

SH2c 
                        

Py, 
pseudomorphed 
to goethite 

SH2d                         goethite 

SH2e                         Crystalline thing 

SH3a                         
altered volcanics 
in gossan 

SH4a              112     1 1 
as above, less 
altered lava 

Sh5a 
             39     0.7 0.9 

less altered 
ferruginised 
basalt 

SH6a                         Black sphalerite 

SH6b                         py, sph 

SH7 

             1363     0.9 2.1 

lava, green-grey 
groundmass, 

calcite 
amygdales, 
brown lustrous 

mineral on 
surface 

SH8 
             450     1.1 0.6 

less altered lava, 
contains cct 
amygdales 

SH9 
             40     0.9 bd 

increasingly 
altered lava, 
?goethite 

SH10 
             517     bd bd 

ferricrete from 
highly weathered 
gossanous area 

on path 

SH11              994     0.9 0.5 gossanised lava 

SH12 
             288     1.4 0.8 

altered, 
ungossanised 
lava adjacent to 

gossanised lava 

SH13 
                        interpillow dark 

euhedral mineral  

SH14              502     1.3 1 
lava - host to 
SH13 

SH15 

                        

white leached 
material with 
black interjoint 

mineralisation 

  

                        

contact between 
brown gossan 

and blue-grey 
altered material 

SH16              76     0.8 1 
lava - blue 

material  

SH17              23     1 0.9 
lava unaltered 

from roadside 
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Description 

SH18 
             1006     1.1 bd 

gossanised 

material 10m 
from road 

SH19 

             42     1 0.9 

ungossanised 
lava in SH 
embayment. 

Altered margins, 
miner 
jasperisation, 

some 
silicification. 

SH20 
             124     0.9 0.9 

unaltered lava, 

no jasper or 
alteration 

SH21 

             96     1.2 0.9 

Increasingly 

altered lava 
forming a 
topographic 

high. Some 
vesicles. 

SH22 

             660     1.2 bd 

silicified gossan, 

jasper+black 
material infill 
joints, lava 

weathered from 
centre to form 
honeycomb 

texture. 

SH23 

             1362     0.8 bd 

gossanised lava, 
increasing 

MnO2, 
increasing 
jointing, leached 

lava fragments 
within joints. 

SH24 

                        

sample of less 
altered material 
on contact with 

gossanised. 

SH25 

             3     1 0.5 

unaltered lava, 
further from 

gossanised. 
Sulphide min. 
within qtz and 

amygdales 
tarnished - cpy.? 

SH26 

             190     0.9 1.1 

slightly altered 

lava, some 
veining of 
silicified 

palygorskite 

SH27              189     0.8 0.8 
green lava near 
valley top 

SH28 

                        

heavily 
gossanised 
lavas, dark 

manganitic 
material in joints 

SH29 

                        

sample of joint 
infill material 
from small patch 

of relatively 
pristine lava, 
highly fractured 

SH30                         
goethite 
mineralisation 
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Description 

SH31 
             1284     0.9 bd 

more altered 
lavas with goe 

coating 

SH32              256     1 0.6 
lavas decreasing 
alteration 

SH33 
             127     bd bd 

leached 
gossanised 

material. 

SH34 
             570     1 0.9 

leached 
gossanised 

material. 

SH35              14         
core of unaltered 
pillow lava 

SH36              300     1 1 generic lava 

SH37              27     0.9 1 
lavas at base of 

SH 

SH39                         

                            

                            

SIA 1 
         3573 1.9   0.8 1.2 

Massive 
sulphide from 

Sia pit 

SIA 2 
             1633 2.4   1 1.2 

Massive 
sulphide from 

Sia pit 

SIA 3                      
From red part of 

Sia gossan 

SIA 4 
          753     0.7 0.9 

FROM GREEN 
AREA OF Sia 

gossan 

SIA 5 
                       

upper zone of 
red in Sia 

gossan 

SIA 6 
                        

Top part of 
yellow zone of 

Sia gossan 

SIA 7a 

                        

White/pink 

surface, 
yellow/chalky 
below surface, 
baked white 

crust, contains 
blocks of Sia7b 

SIA 7b                        
Blocks within 
SIA7a 

SIA 8              136     1 1 
sample of 

unaltered lavas 

SIA 9a 

                        

chips of 
brecciated 

material (fault 
breccia?) 

SIA 9b 
                        

chips of contact 

between green 
and brown lavas 

SIA 10 
             419     0.9 0.8 

block of lava 
with round qtz 
blebs - silicified? 
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Description 

SIA 11 

                        

blades of 
gypsum from 

within gaps in 
gossanised 
material 

SIA 12              8 5.9       
gypsum 
overlying VMS 

SIA 13 
                        

grey material 

from gyp./VMS 
contact 

SIA 14 
                        

leached less 

altered lava 
(NBp85) 

SIA 15 
             99 7.0       

Darker gypsum 
closely related 
to VMS 

SIA 16 
                        

black material 
rimming basalt 
(see NB p85) 

SIA 17 

                        

less altered 
material next to 
grey band (see 

NB p85) 

SIA 18a 
           298     1 0.8 

white leached 
material #1 

from GR 

SIA 18b 

           385     1 1.2 

white leached 
material #2 

10m on 
184deg. from 
GR 

SIA 18c 

             79     1 1.5 

white leached 
material #3 

35m on 
184deg. from 
GR 

SIA 19 

                        

leached lava 
on floor, 
goethite 

coating 
fractures 

SIA 20 

               4.6 1.7     

gypsum, from 

floor 
intergrown with 
lava 

SIA 21                           

SIA 22 
(SIASUL) 

             219 1.2   0.9 0.8 sulphide 
material 

SIA23A                 1.8       
Embayment - 
Sulphide  

SIA23B 

                        

Embayment - 
white alteration 
at contact 

between lava 
and sulphide  

SIA23C 

                        

Embayment - 

brown 
brecciated 
layer Blades of 

gyp 

SIA 24 

                        

Embayment - 
highly fractured 

pillow lava 
overlying 
contact 
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Description 

SIA 25 

                        

Embayment - 
heavily leached 

material within 
sulphide 

SIA 26 

                        

Embayment - 

odd material 
from contact 
between SIA 22 

and SIA 23 

SIA 27 

                        

Embayment - 
Silca+pyrite 

blebs plus host 
material 

SIA 28 

                        

Embayment - 

silica blebs in 
really white 
sludge 

SIA 29 

                        

Embayment - 
sample of water 

from overhang - 
not retained 

SIA 30 

                        

Embayment - 

sample of water 
from overhang - 
not retained 

SIA 31 
                        

white alteration 
material, former 
sulphide 

SIA 32 

                2.0       

less altered 
former sulphide, 
from below white 

unit. 

SIA 33                 
-

1.1 
      

sulphide from 
waste pile 

SIA 34                 
-

0.6 
      

sulphide from 
waste pile 

SIA35 

                        

Heavily leached 
?lava from spoil 
tip, white chalky 

FORMERLY SIA 
19 NB3 

SIA36 

             50 8.0 3.0 1.2 bd 

vein material 

from honeycomb 
alteration, 
gyp+goe 

admixture 
FORMERLY 
SIA20 NB3 

SIA120                 5.9         

                            

SK1 
            130     0.8 0.8 

heavily altered 

banding of 
umbers and lava 

SK2                         
gypsum from top 

of Phx 

SK3                         
malachite, 
bleached zone 
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Description 

SK4                         
yellow material 
to right of face 

SK5                         altered umber 

SK6                         
pink material 
below umber 

SK7                         good umber 

SK8                         below umber 

SK9                         black umber 

SK10                         leached zone 

SK11                         
green bands in 

umber 

SK12                         
black umber 

and gypsum 

SK13                         
non bleached 
gypsum 

SK14 
                        

brown, banded, 
laminations, soft 
sed 

SK15                         fissile brown 

SK16                         white material 

SK17                         
white blocky 
material 

SK18                         yellow material 

SK19                        
relict sulphide in 
ochre unit 

SK20                        host ochre 

SK21                         
prop. Pillow 

lavas 

SK22                         
white leached 

zone in pillows 

SK23 
                        

grey material - 
intermediate 

leach stage? 

SK24 

               2.6       

massive 
sulphide likely 

from made 
ground 

SK25 

               2.6       

modern 

weathered 
sulphide likely 
from made 

ground 

SK26                         
ochre likely from 
made ground 

SK27 
                        

silicified umber 
from top of 

outcrop 

SK28              35492     0.2 0.7 
large blocky 
umber 
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Description 

SK29              >10000     0.1 0.6 
brecciated fissile 
umber 

SK30                         pillow material 

SK31              31     0.9 1 lower lavas 

SK32 
                5.5 1.4     

black crystalline 

layer overlying 
massive sulphide 

SK33 

                        

turquoise layer 
with white, acicular 
crystals, potentially 

melanterite 

SK34                           

SK35 

             48     0.4 1 

lava, sample from 
ground of fallen 

block of material 
overlying ore. 

SK36 

                       

along strike 
sample of lava 
material overlying 

ore from north pit 
wall (gyp) 

SK37                           

SK38                           

SK39                           

SK40 

                2.3       

white coat. on min. 
pillows - dissolves 

in rain, Cu staining 
- Cu transport 
phase/melanterite? 

SK41                         jasper 

SK42              1282     0.8 0.9 
lava - weakly 
mineralised 

SK43                         pure white powder 

SK44                           

SK45 

             >10000 5.6   0.4 0.00 

Phoukasa sample 
of Phoukasa 

massive sulphide, 
light blue = 
chalcanthite, 

chalcocite 

SK46 
             127         

Phoukasa ochre 
from top of 

Phoukasa (taken 
from rubble) 

SK47              100 6.9 5.4     Phoukasa gypsum 
present in ochre 
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Description 

SK48 
         >10000 4.4   0.7 bd 

Phoukasa 
secondary 

Phoukasa ores 

SK49 
             131 8.2 7.2     

Phoenix 
gypsum from 

mineralised 
lavas 

SK50               86 9.3 7.8 1 1 Phoenix Lavas 

SK51 
             140 6.1   0.4 0.8 

Phoenix 
mineralised 
lavas, more py 

in jasper. 

SK52a 

             281     0.5 0.6 

Phx broken up 
chunks of 

2ndary ore, 
cpy, 
chalcanthite, 

delafossite,  

SK52b              195 5.9   0.8 0.5   

SK53                         
massive 
sulphide 

SK54                         
leached 

material in fault 

SK55 
                        

green minerals 
forming on 

pyrite] 

SK56 

             4 6.8 10.7     

gypsum 6m 

south of 
Skouriotissa 
fault. 

SK57                         
Pha - 
carbonate 

SK58                         Pha bentonite 

SK59                         
phx - goethite, 
pit bottom 

SK60 
                        

phx - gypsum 

pit bottom in 
rubble. 

SK61              24 5.5   0.6 0.00 Phx sulphides 

SK100              4192     0.1 0.7 ochre 

SK101 
         907 2.9   bd bd 

sulphide 
beneath ochre 
contact 

SK102 

                        

sliver of 
sulphide within 
ochre, 2cm 

from contact 

SK103 

                        

material on 
ochre-sulphide 

contact - 
precise 
location 

SK104 

                6.1 8.2     

gypsum 
veining within 
ochre, 

interesting 
alteration 
texture 

beneath 

SK105 

              4.1       

sulphide 
sample, large 

covellite 
mineralisation 
cov.-Py. 

contact 
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Description 

SK106                         
Py.-ochre 
contact 

SK107 

               4.2       

secondary Cu 
(covellite) 
forming near 

sulphide-ochre 
contact 

SK108 
                        

weird 

secondary 
agglomerate 

SK109 

             6327     0.2 0.8 

white altered 

material 
forming within 
sulphide 

SK110 
              3.5   0.3 0.7 

sulphide from 
near lava-

sulphide 
contact 

SK111 

                   0.00 0.8 

white material 

from lava 
sulphide 
contact 

SK112 

                        

yellow material 
from lava 
sulphide 

contact 

SK113 

             3.5       

secondary Cu 
(covellite) from 

near lava-
sulphide 
contact 

SK114 
                        

lava to west of 
sulphide on 
contact 

SK115a 

                        

sulphide being 
converted to 

yellow, yellow 
fingering into 
py 

SK115b 

                3.5       

sulphide being 
converted to 
yellow, yellow 

fingering into 
py. Some cov. 

SK116 

                        

soapy material 

replacing inter-
pillow material 
- nontronite? 

SK117A              1057     0.2 0.9 
ochre-sulphide 
contact 

SK117AB              969     0.2 0.9   

SK117B              1322     0.2 1 
ochre-sulphide 
contact 

SK117C              1216     0.2 0.9   

SK117CD              1164     0.2 0.9   

SK117D              1305     0.2 0.9   

SK118 
             1027         

blue material in 
heavily altered 
lavas (SK119) 
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Description 

SK119 
             1397         

Heavily altered 
lava hosting 

blue azurite 
(SK118) 

SK120 

             1291         

Gypsum with 

sulphide 
incorporated? 
AWESOME, 

PHOTO 

SK121 
             1247         

ochre sample 
DELAFOSSITE 

PRESENT, 
PHOTO. 

SK122 
         1307     bd bd 

sulphide with 

secondary Cu 
mineralisation. 

SK123              2840         ochre 

SK124                    bd bd sulphide 

SK125              1313 5.9 ###     ochre 

SK126            >10000     bd bd sulphide 

13P6B            9808 2.3         

016P6A            2840           

014P4            4573 5.3         

12H1            1313           

P7B            872 3.4         

04-P1                         

                            

SM1                           

SM2a                         
unaltered 
pillow 

SM2b 

                        

sample 

displaying 
small, 
translucent 

brown crystals 
on interpillow 
surfaces. 

SM3                         
inter-unaltered-
pillow material 

SM4                         
whole altered 
red pillow 

SM5 
                        

altered inter 

pillow (SM4) 
material 

SM6 

             29     0.7 1 

unaltered lavas 

from roadside. 
Minor 
celadonite 

mineralisation 
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Description 

SM7 
                        

sample of quartz 
from jointed 

lavas at GR 

SM8              69     0.7 1 
Sample of lavas 
from GR 

SM9 

                        

sugary friable 
jasperoidal 
material infilling 

1set of fractures 
in lava 

SM10 

             114     0.7 0.9 

sample of lava. 

Highly fractured, 
joints infilled with 
qtz+cct. 

SM11 
             88     0.9 0.9 

celadonised lava 
vesicular, no 

obvious pillow 
shapes. 

SM12 

           144     1 1 

highly fractured 

lava veining in 
fractures, black 
resinous material 

present 

SM13 
           32     1 1 

lava. Outcrop 
has heavily 

fractured 
surface. 

SM14                         goethite  

SM15 
                        

Small bleb of 
secondary Cu 
mineralisation 

SM16 
                        

Cu coated 
material, 
nontronitic? 

SM17                         
very red gossan, 
ochre?  

SM18 
                        

Yellow 
gossan/ochreous 
material 

SM19 

             131         

heavily altered 
and leached 
lavas, relict 

vesicles with 
silica amygdales,  

SM20                         
gypsum rom 

gossan 

SM21                         goethite  

SM22 
                        

highly leached 

bleached white 
material 

SM23                         
Mathiati 

Carbonate 

                            

TJ1                         gossan 

TJ2                         gypsum 
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Description 

TJ3a 

                6.0       

silicified 
gossan, silica 

matrix 
containing 
sulphides - for 

S isotope study 

TJ3b 

                        

Similar 
siliceous 

material with 
large clasts of 
country rock. 

TJ4 
                        

altered 
material, 
gossanous. 

TJ5                         
heavily altered 
white unit. 

TJ6 

                        

white layer 
draped over 
gossanised 

lava, right level 
for carbonate. 
Pure calcite 

TJ7 
                        

goethite from 
same altered 
material as TJ3 

TJ8                           

                            

TR1                         
loose block of 
gossan 

TR2 
             >10000     0.6 0.7 

secondary Cu 
mineralisation, 
chalcocite? 

TR3 
             50         

goethite, 
crystalline, 

loose block, 
replacing py. 

TR4 

                        

sample of 

umber, 
interclast, 
bulldozed 

TR5 
             289     0.8 0.8 

mineralised 
lava, sulphide 
picked and 

analysed 

TR6 

                        

lava with red-
brown coating, 

cpy+py in 
bands in 
altered rim 

TR7 
             107         

gypsum from 
mineralised 

lava 

TR8                         
altered lava 
(footwall) 

TR9 

                        

umber 
between 
altered and 

unaltered lava 

TR10 
                        

upper 
unaltered lava 

(hanging wall) 

Total 134 27 44 16 32 3 10 
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Appendix C: Analytical detection limits 
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Analyte LDL Unit Analyte LDL Unit 

Ba 1 ppm Cr 1 PPM 

Be 1 ppm Sc 0.1 PPM 

Co 0.2 ppm In 0.01 PPM 

Cs 0.1 ppm Re 0.002 PPM 

Ga 0.5 ppm Te 0.05 PPM 

Hf 0.1 ppm    

Nb 0.1 ppm La 0.1 PPM 

Rb 0.1 ppm Ce 0.1 PPM 

Sn 1 ppm Pr 0.02 PPM 

Sr 0.5 ppm Nd 0.3 PPM 

Ta 0.1 ppm Sm 0.05 PPM 

Th 0.2 ppm Eu 0.02 PPM 

U 0.1 ppm Gd 0.05 PPM 

V 8 ppm Tb 0.01 PPM 

W 0.5 ppm Dy 0.05 PPM 

Zr 0.1 ppm Ho 0.02 PPM 

Y 0.1 ppm Er 0.03 PPM 

Mo 0.1 ppm Tm 0.01 PPM 

Cu 0.1 ppm Yb 0.05 PPM 

Pb 0.1 ppm Lu 0.01 PPM 

Zn 1 ppm    

Ni 0.1 ppm Si 0.01 % 

As 0.5 ppm Al 0.01 % 

Cd 0.1 ppm Fe 0.04 % 

Sb 0.1 ppm Mg 0.01 % 

Bi 0.1 ppm Ca 0.01 % 

Ag 0.1 ppm Na 0.01 % 

Au 0.5 ppb K 0.01 % 

Hg 0.01 ppm Ti 0.01 % 

Tl 0.1 ppm P 0.01 % 

Se 0.5 ppm Mn 0.01 % 

Mn 2 ppm    
Table 11.1 Analytical detection limits for major, trace and rare earth elements 
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Figure 11.1 Thompson-Howarth plot for precision of duplicate analyses. 
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Appendix D: Geochemical Diagrams 
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11.1.1 Lavas 

 

Figure 11.2 Harker variation diagrams for major elements plotted against wt. % SiO2 for lavas adjacent to 
mineralised areas. Red icons indicate a Cu-rich locality, while blue icons indicate a Cu-poor locality. 
Error bars at 5% are shown for MgO vs SiO2, and are generally smaller than the symbol used to plot the 
data point. 
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Figure 11.3 Variation diagrams for major elements plotted versus MgO for lavas. 
Values for N-MORB (Hofmann, 1988), UPL and LPL (Cameron, 1985) shown for comparison. Error bars 
are plotted at 5% for SiO2 versus MgO, and are generally smaller than the symbols used to plot points 
(see Chapter 3 for precision and accuracy information). 
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Figure 11.4 Major elements plotted versus TiO2 for lava samples. 
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Figure 11.5 Selected trace elements versus SiO2 in lavas. 
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Figure 11.6 Variation diagrams for chalcophile and other trace elements versus TiO2 for lavas, compared 
to N-MORB (after Hoffmann, 1988).  
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Figure 11.7 Harker variation diagrams for sulphide-bearing samples. 
Detection limits (in wt. %) for Cr2O3 is 0.002, Fe2O3 is 0.004 and all other elements is 0.01. Detection 
limits for Cr2O3 are 0.0002 wt. % all other phases are 0.005 wt. %. 
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Figure 11.8 Variation diagrams for major elements versus TiO2 for sulphides from different lcoalities.  
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Figure 11.9 Trace elements of interest plotted against SiO2 for sulphide samples. 
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Figure 11.10 Chalcophiles versus TiO2 in sulphide samples.  
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11.1.3 Gossan Geochemistry 
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Figure 11.11 Variation diagrams for major elements in gossans plotted against TiO2 wt. % for all 
localities.  
 
 

 

Figure 11.12 Chalcophile elements plotted against Pb concentration. 
 
 
 

 
Figure 11.13 Trace element data for gossan material plotted versus Zr. 
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Figure 11.14 Chalcophile elements in gossans plotted against TiO2 for all localities. 
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11.1.4 Ochre Geochemistry 

 

 
Figure 11.15 Harker variation diagrams for major elements in ochres. 
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Figure 11.16 Variation diagrams versus TiO2 for major element concentrations in ochres. 
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Figure 11.17 Variation diagrams for selected trace elements plotted against TiO2.  
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11.1.5 Umber Geochemistry 

 

 

 

 

 
Figure 11.18 Harker variation diagrams for umber from Mathiati North and Skouriotissa. 
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Figure 11.19 Harker variation diagram for trace elemnts vs TiO2 in umber 
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Figure 11.20 Ce/Ce* plotted against selected chalcophile elements for all locations and lithologies in this 
study. 
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