




2 

 

 

Iv. Javakhishvili Tbilisi State Universty, A. Janelidze Institute of Geology 

 

 

Vladimir I. Gugushvili 

 

 

Pre-collision and Post-collision Geodynamic Evolution of the Tethys Ocean  

and its Relation with Regional Metamorphysm, Hudrothermal Activity and  

Metallogeny Along the Eurasian Continental Margin 

 

 

Dedicated to Academician George S. Dzotsenidze,  

the founder of paleovolcanology in Georgia. 

 

                                                                       Editors:   Richard F. Goldfarb, USGS  

                                                                         Robert Moritz, University of Geneva        

                                                                         Guram Zakariadze, Tbilisi State University 

                                                                                                                                                                                                        

                                                        Tbilisi, 2017                 

 



4 

 

 

 

 

 

 

 

                 Academician George Dzotsenidze  (1910-1976) 

Forty years have passed since the premature death of the academician George Dzotsenidze - the 

founder of the paleovolcanologic investigations in Georgia. The transition from the twentieth to 

twenty first century was marked by establishing of plate tectonics as a working theory among the 

Georgian geological community. The beginning of his geological career was related to the time 

when the theory of geosyncline development of the earth crust was widely applied in geological 

interpretations and the plate tectonic was not popular among the scientists of George 

Dzotsenidze generation. He was among the first researchers who realized the relevance of this 

theory and foresaw actively implementing perspectives of the theory in the future geological 

investigations. His last work, which he prepared for publication was based on the plate tectonic 

evidencing the innovation character of George Dzotsenidze personalyty. Earlier the mainstreams 

of his innovation research were focused on the establishing of relationships between volcanic 

and tectonic processes. He was determined to show the relation of alkali volcanism with the 

stable tectonic setting and relation of calc-alkaline volcanic activity with mobile geosynclines 

zones on example of Georgia. He defined the calc-alkaline, alkaline and subalkaline series for 

the Georgian region. It was essential for the future understanding of plate tectonic and volcanism 

interrelation and was established on the high scientific level by his pupil Manana Lordkipanidze 

on the example of the Caucasus and worldwide. 

The 70% of Georgian territory consists of volcanic rocks. Being the university student 20 years 

old George Dzotsenidze began studying of various age volcanic series of Georgia and later 

established the paleovolcanologic investigations in Georgia and dedicated to this issue all his 
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life. He founded the Paleovolcanological School in Georgia. The young scientists are continuing 

the investigation of volcanic and volcanogenic-sedimentary formations of Georgia. Under 

leadership of George Dzotsenidze the paleovolcanological research of his pupils achieved a great 

progress. 

George Dzotsenidze was the organizer of the science in the Georgia. He was a scientific 

secretary, a vice president of the Academy of Science, the Rector of the Tbilisi State University. 

At the same time he was continuing pedagogical activity and led the course of lithology in the 

state university. During many years he borrowed high position in the government of Georgia and 

was a chairman of presidium of the Supreme Council of GSSR. At the same time he was 

continuing geological investigations and published fundamental work on the volcanic-

sedimentary formations meritoriously continued and developed by his pupil Merab Beridze, and 

on the interrelation of volcanism and mineralization. This publication was awarded by highest 

state premium and he was elected as a member of Academy of Science of the Soviet Union. He 

was proceeding the guidance of postgraduates and young scientists. In the conditions of the 

authoritarian regime he managed to commit a lot of kind and fair affairs. For instance in the 

50ies of the last century the famous Georgian scientists – philosopher Shalva Nutsubidze, 

linguist Vikol Beridze and philologist Simon Kauhchishvili on the unfair and false accusation 

were exiled from university and their scientific degrees were annulled, George Dzotsenidze  used 

his high  state position for their rehabilitation , organized their restitution in the scientific degrees 

and university position. Afterwards they did lot of useful and significant affairs for Georgian 

state and community. 

The Georgian community fairly apprised deeds of George Dzotsenidze. His name was awarded 

to one street of Tbilisi, the capital of Georgia. He left for us a meritorious successor. His son 

Zurab Dzotsenidze - professor and doctor of chemistry in the hard period of the incipience of 

independent Georgia always supported Georgian state and community. 

Prof. V. Gugushvili. 

        Doctor of geological science. 
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and copper. We conclude that the sources of gold and lead are sialic crust. The post-collision 

settings are characterized by high grades of gold together with Sb, Mo, W and Hg. The post-

collision setting is characterized by a very thick orogenic sialic crust, so the source of gold and 

mentioned rare metals is the sialic crust. 

 

6. In pre-collision setting of geodynamic development and related metamorphism, magmatism, 

volcanism, post-volcanic alteration and mineralization alternate temporally. The alternation 

depends on steepening of the subducting slab and occurs in three directions: I-along the dip of 
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the subducting slab from South to North, II-laterally to deepening from East to West, and III-

temporally in ascending succession. 

●.In the subduction process the regional metamorphism preceeds production of andesitic melt 

and island arc calc-alkaline volcanic activity, coincides with regional zeolite propylitization and 

gold-copper–base metal mineralization. During steepening of the subducted slab and incursion of 

mantle diapir we have backarc/interarc rifting, tholeiitic–alkali basaltic and shoshonite-

trachyandesite volcanism, which coincides with regional high temperature epidote-zoisite 

propylitization and copper-zinc VMS mineralization. The more intense steepening and incursion 

of mantle diapir to shallower crustal levels characterized the ocean Abstract 

  The formation of earth crust in the Paleoproterozoic and Archean was related to the plume 

tectonic in the buoyant lithosphere. In Phanerozoic, after forming of hard (nonbuoyant) 

lithosphere, geodynamic development is controlled by modern platetetectonic. These two stages 

are distinguished by character of metamorphism, volcanism and metallogeny. We tried to show 

the Phanerozoic development of the earth crust and its relationship with metamorphism, 

volcanism and metallogeny, exemplified on the evolution of Tethys Ocean within the border of 

Eurasian continental margin. 

Subduction to collision evolution of the Tethys ocean is marked as distinct relation with the 

regional metamorphism, volcanism, hydrothermal alteration and metallogeny related to the 

western segment of the Eurasian active margin metallogenic belt. 

Regional metamorphism and formation of granite-metamorphic complexes are related to the 

first stage of subduction occurs before steepening of subducting slab. Further increasing of 

temperature and andesite melt fusion led to transition to island arc-calc-alkaline volcanism 

coincided with zeolite propylitization and gold-copper-base metal mineralization. The steepening 

of subducting slab (rollback, break off, detachment and delamination) and the invasion of the 

mantle diapir in the lithosphere induced interarc and backarc rifting, shoshonite-trachyandesite 

and tholeiite-alkaline-basalt volcanism with background chlorite-albite and epidote-zoisite 

propylitization and copper-zinc-pyrite mineralization. The further steepening of the subducting 

slab provoked intensive spreading and minor ocean setting with mantle type volcanic activity 

manifested in ophiolite series formation and ultrabasic dunite-peridotite magmatic activity with 
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related high temperature background epidote-actinolite propylitization, serpentinization and 

copper-pyrite mineralization. 

The steepening of subducting slab and related volcanism and metallogeny spatially and 

temporally occurred in three directions: along the slab dipping, laterally to dipping and in the 

ascending succession. This transformation is related to alternation of intensity of the slab 

steepening in various directions as spatially so temporally. 

The  type of mineralization depends on the scale of participation of sialic, basaltic crusts and 

mantle in ore formation. In the island arc setting in gold-copper-zinc-lead mineralization are 

involved sialic and basaltic crusts and mantle. The back-arc and inter-arc settings, where 

participation of sialic crust is not defined are characterized by copper-zinc mineralization. In the 

Minor Ocean setting where sialic and basalt crusts participation hasn’t been determined and 

volcanic activity is related to mantle only copper-pyrite mineralization occurs, without zinc, lead 

and gold. Therefore the source of gold and lead is the sialic crust, source of zinc is basaltic crust 

and source of copper is the mantle. 

The collision of Tethys Ocean provokes the Afro-Arabian continent convergence with the 

Eurasian active margin, which revealed in the orogenesis, fold-thrust tectonics and synorogenic 

granitoid magmatism and was followed by precollision development stage transition into the 

postcollision stage. The latter is marked by subduction waning, but of subducted slab continuing 

steepening (shearing) with injection of the mantle material and high temperature fluids activity. 

On the first stage of postcollision development the fluids are leaching gold and rare metals Sb, 

W, Mo and Hg from thick orogenous sialic crust. In postcollision setting the proper sulfide and 

low sulfidation gold-bearing mineralization occurs. The proper sulfide gold-base metal porphyry 

ores are characterized by high gold grades and low trend of base metals. The gold-bearing low 

sulfidation ores are presented by gold-antimonite, gold-sheelite and gold-wolframite quartz veins 

and stockworks. The proper sulfide porphyry and low sulfidation ores coincide with rare metals 

association (Sb, W, Mo and Hg). This association is the exploration criterion of gold 

mineralization. The association of mentioned rare metals occurs as in ore wall rocks, so generally 

in ore host rocks and is widespread in the postcollision setting. Accordingly it is generally may 

be regarded as a geochemical indicator of the postcollision setting. Whereas the postcollision 
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mineralization is overprinted on the precollision rocks and therefore this association is 

considered as a geochemical background of postcolision seting. 

   The next stage of postcollision activity is marked by the shoshonite and tholeiite-alkalibasalt 

volcanism and is related to invasion of mantle material in the magmatic chamber after the 

subducted slab shearing. The geochemical criteria of this stage volcanites are presented by 

shoshonite and tholeeite-alkalibasalts similarly to precollision volcanites, however rifting and 

any mineralization hasn’t been defined here.   

Therefore, the rearrangement of subduction process at precollision stage of development 

controlled of regional metamorphism, volcanism, hydrothermal alteration and metallogeny, from 

normal subduction to various  grade of steepening. Whereas at postcollision  stage subduction is 

accomplished, however shearing of subducted  slab is continuing  and controlled magmatism, 

volcanism, hydrothermal alteration and metallogeny.   

                                                 Introduction 

Phanerozoic geodynamic development of the Western Tethysides (Fig.1) was characterized by 

north-vergent subduction and steepening of the Tethys Ocean slab, as revealed in the character of 

regional metamorphism, volcanism, post-volcanic hydrothermal alteration, and metallogeny. The 

geodynamic evolution during the Phanerozoic occurred under conditions of a brittle lithosphere 

and was controlled by modern-day plate tectonics.  Precambrian geodynamics were related to 

plume tectonics with a buoyant lithosphere active during cratonization events that included the 

migration of gold, lead, and zinc from the upper mantle to the developing crust, whereas copper 

mainly remained in the upper mantle until later migration to the crust during Phanerozoic plate 

tectonics. Formation of the modern lithosphere, which consists of sialic and basaltic crust and 

rigid upper mantle, took place in the Phanerozoic.  

In the destructive subduction zones, ocean plates were subducted into the mantle and this was 

followed by melting to form andesitic magma, calc-alkaline volcanic activity and formation of 

the basalt-andesite-rhyolitic series magmas that incorporated continental (sialic) crust. It is 

noteworthy that melting to form andesite magma occured at temperatures of 1000
0
-1100

0
C. It 

was preceded by high temperature activity (550-750
0
C), with hot flows producing almandine-
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amphibolite and granulite metamorphism. During slab subduction, the temperature from 

metamorphism to melting of andesite gradually increased. 

Along the borders of ocean ridges, the spreading of new oceanic crust coincides with melting of 

ophiolites. It was preceded by high temperature almandine-amphibolite metamorphism in the 

third geophysical layer and later resulted in the basaltic volcanic activity and dunite-peridotite 

intrusive emplacement. 

Subduction below active margins is defined by steepening of the downgoing slab that provokes 

incursion of mantle diapirs and rifting. The mantle influence is manifested in the character of 

magmatism and metallogeny. During normal subduction, without steepening of the subducting 

slab and in island arc settings, calc-alkaline volcanism, low temperature propylitic alteration 

assemblages and gold-copper mineral occurrences are formed. The steepening of the subducting 

slab, by roll-back, break-off, detachment, and (or) delamination, provokes invasion of the mantle 

diapir and interarc and backarc rifting. The diapir invasion at various depths results in the 

different types of the magmatism and metallogenic signatures. The volcanic activity results in the 

formation  of the tholeiite-alkali olivine basalt and shoshonite-trachyandesite series rocks, as 

well as copper-zinc-pyrite mineralization, whereas subsequent post-volcanic alteration is defined 

by high-temperature epidote-dominant propylitic assemblages. 

In the settings where mantle diapir intensity is greatest and its emplacement depths are shallow, 

spreading becomes stronger and the backarc rifting is changed to a minor ocean setting with 

related ophiolitic volcanism and dunite-peridotite magmatic activity, high-temperature epidote- 

and  actinolite-rich propylitic alteration and serpentinization are common. The mineralization 

here is represented by stratiform copper-pyrite ores, without significant lead, zinc, and gold. The 

latter is measured only at trace levels. 

The described relationships are common for the pre-collision environments and gold-copper-

lead-zinc mineralization indicates various stages of island arc, backarc-interarc, and oceanic 

settings. In an island arc setting, sialic and basaltic crust, as well as the mantle, take part in the 

ore-forming process, which leads to gold-copper-lead-zinc mineralization. In a backarc-interarc 

setting, basaltic crust and upper mantle are involved with the ore-forming processes, with 

deposition of copper-zinc ores without gold and lead. The oceanic setting is mainly linked to the 
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mantle and is represented by copper-pyrite mineralization. Therefore, the source of gold is sialic 

crust, the source of zinc is basaltic crust, and source of copper is the mantle. 

Subduction is accompanied by by terrane collision and suturing, and the pre-collision stage is 

replaced by the post-collision stage of tectonic activity. The latter results in orogenesis, including 

formation of fold and thrust deformational structures and emplacement of granitoid intrusions. 

The post-collision metallogeny is linked to the steepening of the subducted slab at great depths 

under the orogen and upward migration of high-temperature mantle fluids. The mineralization is 

represented here by gold-copper-molybdenum porphyry and low sulfidation epithermal gold-

silver ores that may be accompanied by an association with Sb, W, Mo, and (or) Hg. The 

epithermal ores are characterized by high gold grades but with relatively low abundances of base 

metals. This metal association for the epithermal deposits is not known in the pre-collision 

mineral deposits. The only exception is molybdenum, which is present also in island arc ores; 

however, the most significant molybdenum deposits are related to post-collision settings. Gold-

bearing ores are associated with base metal-rich porphyry deposits, low sulfidation epithermal 

systems, and quartz-stibnite, quartz-scheelite and wolframite vein and stockwork systems. It is 

noteworthy, that porphyry and low sulfidation ore hostrocks are characterized by the widespread 

distribution of the above listed trace metals. This association of the trace metals is indicated by 

their high geochemical background in post-collision settings. 

The various stages of pre-collision events recorded in volcanic and intrusive rocks are 

characterized by different Sr and Pb isotope ratios and different trends in REE patterns. At the 

same time, post-collision settings show the juxtaposition of rocks from various settings on the 

pre-collision stage rocks. Therefore determination of geochemical indicators in fresh rocks of a 

post-collision setting is impossible. Thus the trace metals association (Sb, W, Mo, and Hg), 

uncommon for pre-collision stage and related to post-collision hydrothermal activity and 

represents geochemical indicator of the post-collision process, overlain on the pre-collision 

setting rocks and represents geochemical indicator of the post-collision activity. At the same 

time, it is a criterion for exploration for post-collision gold mineralization. The leaching of these 

trace metals from thick sialic crust of orogenic belts is caused by protracted high-temperature 

fluid flows under high pressure conditions and at great depth. 
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The subject of this investigation was the Eurasian active margin within the borders of Carpathian 

– Balkans, Turkey, Caucasus area, and Iran, which form the central part of the Eurasian 

metallogenic belt. The aim of the investigation was the detailed study of the Phanerozoic 

geodynamics and its link to magmatism, and post-magmatic hydrothermal alteration and 

metallogeny in the region. On the basis of the conducted research and analysis of existing 

material, we introduce our assumptions regarding the pre-, syn-, and post-collision development 

of the region.   We describe the relationship of such tectonic evolution with regional 

metamorphism, magmatism, volcanic activity and post-volcanic alteration and metallogeny 

during the pre-collision stage, as well as with hydrothermal processes and metallogeny in the 

post-collision setting. 

1. Relationship of subduction to regional metamorphism, volcanism, post-volcanic 

hydrothermal activity, and metallogeny. 

The Phanerozoic geodynamic controls on metamorphism, volcanism, post-volcanic hydrothermal 

activity, and metallogeny is discussed for the rergion of the Caucasus, Iran, Turkey, and 

Carpathian–Balkans. The review of existing data is summarized from recent publications by 

   (2014), Gugushvili (2015), Gugushvili et al. (2016), and Moritz et al. (2016). 

The study region is the well suited for determining Phanerozoic geodynamic evolution as it 

controls metamorphism, volcanism, post-volcanic processes, and metallogeny. Related to this 

issue, important studies include: Adamia et al., (1977, 2011, 2016);    ., (2015); 

, , (2005); Gamkrelidze et al., (2015); Jamali et al., (2010); 

Lordkipanidze et al., (1988); Zak riadze et al., (1983); Gugushvili et al., (2001, 2002, 2010); 

, (1980); Tvalchrelidze, (1984,1985); Tvalchrelidze, (1987); , (1965); 

  , (1977); von Quadt et al., (2005);Moritz et al., (2004, 2006, 2016);   

., (1993, 2000); , (1999);  , (1970);   ., (1975); 

OKay  and  Tüysüs, (1999); Okay,  (2000); Yigit, (2009); Kazmin  et al., (1986, 2000); Güner, 

(1989); Imamverdiev, (2001); Jankovich, (1977); , (1987); , (1992);  

Strashimirov et al., (2002); Sosson et al., (2010);    ., (1983). The data from these 

publications have been analyzed and used in the present work. 
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During subduction of the Tethys ocean slab, terranes were rifted from the Afro-Arabian passive 

margin and they migrated northward towards the European active margin.  During terrane 

subduction and accretion, a series of oceanic basins were closed. The convergence led to 

collision and amalgamation of the terranes and basins. Precollision events were terminated by 

suturing and closure of the ocean basins. Subduction prior to final accretion was associated with 

formation of island arc, interarc, backarc and oceanic basin settings. Suturing terminated the pre-

collision period and marked the onset of the post-collision events after docking of the Afro-

Arabian rocks with the Eurasian continent (Adamia et al., 2016). This latter stage resulted in 

orogenesis, formation of fold-and-thrust structures, magmatic activity, and the post-collision 

metallogeny.   

In the studied region, ages of sutures and any post-amalgamation reactivation vary from Late 

Cretaceous to late Eocene (fig.2).The Zagros-Bitlis suture divides the Taurid–Anatolides and 

Central Iranian terranes from the Arabian Platform. The Ankara-Ersinjan–Sevan suture (AES) 

divides the Pontides, Artvin-Bolnisi, and Lock-Garabakh zones from the Taurid–Anatolide 

terrane and Iranian Platform (fig.2). Offset of the AES suture in the Pontides is along the 

Intropontide suture (fig.3), which formed during accretion in late Eocene (Guner, 1980; Kazmin 

te al., 2000). 

The pre-collision setting and related metamorphism, volcanism, post-volcanic activity, and gold- 

and copper-rich  mineralization predate the suturing, whereas post-collision stage features 

formed after suturing. The ages of suturing are varied, but termination of the pre-collision stage 

and onset of post-collision corresponds with closure of the ocean basins. 

              

1.1 Relationship between subduction and regional metamorphism. 

Regional metamorphism related to the first stage of subduction predates the melting of andesite 

melt and calc-alkaline volcanic activity. It is expressed in high temperature amphibolite and 

granulite facies assemblages, which along with decreases in fluid temperature, exhibits 

retrograde greenschist, zeolite, and phyllite facies. The temperature of regional metamorphism is 

350-750
0
C. At 700-750

0
C, granite magma forms from melting of the lithosphere and accordingly 

granite-metamorphic complexes form. The subsequent temperature rise to 1000-1100
0
C leads to 
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the formation of andesitic melts and calc-alkaline volcanic activity in island arc settings. In the 

studied region, as well as other regions of the world. this is defined by co-existing metamorphic 

complexes and calc-alkaline volcanic series rocks. 

In the Caucasus, within the crystalline core of Great Caucasus range, the metamorphic complex 

is dated as Devonian–Early Carboniferrous. In the middle Carboniferrous, Dizi series andesite-

dacite-rhyolite volcanic rocks occur (   ., 1977), which are the product of andesitic 

magma derived from melting of the subducted slab. Another example is that of the 

Transcaucasion Intermontane Block, where rocks of the Paleozoic granite-metamorphic complex 

are intercalated with those from the late Paleozoic calc-alkaline island arc volcanic series (Lower 

Tuffites) (Skhirtladze 1965, Adamia et al., 2016). 

In the Adjara-Thrialeti fold zone, regional metamorphism predates calc-alkaline volcanic 

activity. This is supported by huge blocks of almandine-amphibolite metamorphic rocks 

emplaced upward into the tholeiites of the West Segment of the Adjara-Thrialeti zone 

(  &  , 1978). 

Numerous studies confirm that melting to form andesitic magma is preceded by regional 

metamorphism (e.g., , 1980). Such relationships are  well-known in the Lake region 

of Wales, where amphibolites dated of 475-420 Ma predate calc-alkaline volcanic activity (Read, 

1961). Another example is that of the Hertsinian Belt of West Europe (Moldanub structural 

zone), where 340-320 Ma migmatites are intercalated with Carboniferous mollasses comprising 

thick thachyandesite volcanic series units (C , 1967).  Saton (1967) also presents examples 

from Scotland, where Lower Devonian calc-alkaline volcanic series rocks overlie the 

amphibolite metamorphic facies units. Metamorphism here was related to Caledonian stage 

events at 420-400 Ma.  The above mentioned volcanic series rocks are intruded by 410-400 Ma 

granite stocks. In the western Pacific Ocean arc region, thick andesite volcanic series rocks are 

underlain by a belt of regional metamorphic rocks (Miashiro, 1961). 

The temperature of regional metamorphism is 350-750
0
C, whereas the temperature of melting to 

form andesitic magma is 1000-1100
0
C. Therefore, the regional metamorphism develops 

progressively and typically is terminated by generation of andesite magma. As post-magmatic 
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metasomatism coincides with and terminates magmatic activity, the regional   metamorphism of 

the mobile zones predates the andesite melting process.  

Many examples may be presented where regional metamorphism predates andesitic volcanic 

activity, however the metamorphism is not always terminated by slab melting and andesitic 

volcanism. Sometimes the temperature is not exceed the formation of amphibolite and almandine 

facies and, subsequently, with lowering of the fluid temperature, these assemblages retrograde  

into epidote-amphibolite, prehnite- pumpellyite, greenschist facies. 

Similarly, in the third geophysical layer of ocean ridges of constructive zones, high-temperature 

almandine-amphibolite metamorphic facies develop ( , 1980). The facies originated at 

a depth of 6 km, at 4000 bars pressure and at anomalous hydrothermal temperatures of at least 

550
0
C (   .,1973). The metamorphism predates basalt extrusion from mantle in the 

second geochemical layer, coinciding with epidote-zoisite propylitic alteration. Thus regional 

metamorphism of constructive zones in the third geophysical layer predates ophiolite extrusion 

in the second layer. Characters of regional metamorphism in the destructive and constructive 

zones are distinguished. In destructive zones it is presented by granulite-amphibolite facies in 

ascended section transferred to epidote-amphibolite, prenite-pumpeliite, greenschist and zeolite 

facies. In the oceanic setting of constructive zone was not determined low temperature 

metamorphites lower than amphibolite facies. It is depended on the stable high temperature heat 

flows, related to mantle diapir incursion on the high levels. The heat flow in backarc and oceanic 

setting vary in 2.5-8.30 u.h.f. (Miashiro, 1972), whereas in the destructive (island arc) settings, 

heat flows are only 0.7u.h.f. ( , 1978). It is noteworthy that regional metamorphism 

characterized by schistose and gneiss structures. Their recrystallization took place without 

leaving any signs of protolith composition. At the same time, they are not characterized by 

leaching of material and mineralization. 

1.2 The relationship of Phanerozoic geodynamics with volcanism and mineralization. 

The relationship of Phanerozoic geodynamic development with volcanic activity and 

metallogeny is reviewed in details in a monograph by Gugushvili (2015). The results are 

compared with data from various regions of the world. The possible sources for gold, copper, 

and other base metals in mineral deposits in various geodynamic settings were described. In the 
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Phanerozoic, the source of copper must be the upper mantle, source  of zinc is basaltic crust, 

whereas the source of gold, lead, and trace metals (Sb, W, Mo and Hg) is sialic crust 

(Gugushvili, 2015). 

The determination of sources of metals in mineral occurrences is important for comprehension of 

regional metallogeny. The key for understanding lies in a comparison of Archean-Proterozoic 

(Precambrian) and Phanerozoic geodynamic development and metallogeny. Ore formation in the 

Paleoproterozoic and Archean was controlled by the buoyant lithosphere and related to plume 

tectonics, and characterized by gold, lead, and zinc reconcentration from the mantle to the 

lithosphere and granitic cratons (Goldfarb et al.,2001). Thus gold and base metal mineralization 

on early Earth was related to formation of juvenile continental crust (Goldfarb et al., 2001, 

Groves et al, 2005).  

Phanerozoic geodynamics and metallogeny are clearly distinct from those of the Precambrian. 

Deposits are formed in the nonbuoyant lithosphere and controlled by recent plate-tectonic 

movements. In the Phanerozoic, the modern-day lithosphere was forming and it consists of sialic, 

basaltic crust and solid upper mantle. The migration of gold, lead, and zinc from the upper 

mantle to the lithosphere was terminated, but copper still remains enriched in the upper mantle.  

However, the copper is concentrated with gold, lead, zinc, and related trace metals during 

Phanerozoic pre-collision and post-collision mineralization processes. 

In the studied region, convergence between the Afro-Arabian and Eurasian continents was 

characterized by northward subduction of the Tethys ocean slab. The subduction event was 

marked by rifting of terranes from the passive margin of the Afro-Arabian continent and their 

north-vergent migration. The subduction was coeval with pre-collision terrane migration, which 

was terminated by collision and suturing of the terranes. The first stage of subduction occurred 

without steepening of the subducting slab and we refer to this as normal subduction. At the next 

stage, steepening of the slab subduction angle was caused by incursion of a mantle diapir and 

backarc to interarc rifting. After further steepening of the subduction angle, asthenospheric 

mantle invasion and backarc spreading led to development of relatively small ocean basins. An 

illustration of such a model is exemplified by the geodynamic development, magmatism, and 

metallogeny of the studied region. The northvergent subduction in the study region began in Late 

Proterozoic and was terminated by late Eocene collision and suturing. 
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The metallogeny linked to normal subduction and an island arc setting was best developed 

during Late Jurassic and Cretaceous volcanism in the studied region.  This included formation of 

the Jurassic Gedabeck, Alaverdi, Shamlug, Chovdar, and Gosha Au-Cu porphyry deposits and 

related epithermal deposits, as well as the Cretaceous calc-alkaline volcanic related Madneuli 

district orebodies and the Dagkesaman group of deposits.  The eastern Pontides are represented 

by gold-, copper-, and other base metal-bearing low sulfidation epithermal and Kuroko type 

deposits such as Madenkoy, Lahanos, Murgul, Cherapete, Guzelayla, and Derekoy (fig.6). 

Normal subduction controlled the gold-copper-base metal mineralization in the Balkans 

(Panaguirishte ore district) represented by deposits at Chelopech, Elatsite, and Elshitsa (Moritz et 

al.,2004; von Quadt et al.,2005), as well as the Serbian Timok district copper porphyry ores, low 

sulfidation  deposits at Bor and Maidanpek (Jancovich,1977; Moritz et al.,2004), and copper 

porphyry and epithermal deposits of the Romanian Carpathians (Popa I. and Popa S, 2005) 

(fig.4).  The magmatism, volcanic activity, related metallogeny, and comparative analysis of 

deposits associated with normal subduction was also examined by Gugushvili  (2015). 

In the Bolnisi and Panaguirishte ore districts, a Late Cretaceous incipient stage of backarc 

development (Moritz et al., 2004; von Quadt et al., 2005; Gugushvili, 2015), was related to 

steepening of the subducting slab, mantle diapirism, and rifting.  These events are represented by 

the geological development, magmatism, and metallogeny of the region.  In the Bolnisi ore 

district, Late Cretaceous orebodies (fig.5) include those at Madneuli and Bectaqari (Gugushvili, 

2015).The Madneuli cluster of deposits is related to normal subduction. The age of 

mineralization is 90-88 Ma. The mineral occurrences are mainly classified as porphyry and 

epithermal types. They include gold-, copper-, and base metal-bearing sulfides, as well as 

sulfide-poor gold-bearing quartz-chalcedony and quartz-barite lodes and stockworks. The 

mineralization is zoned from gold-copper -base metal ores at depth to shallower gold 

mineralization that lacks sulfides (Gugushvili et al., 2004; Gugushvili, 2015).  

The steady state subduction and island arc setting occurred in the Bolnisi ore district 

(Georgia) Fig.2. It is exemplified in Madneuli cluster. Here in the Turonian-Santonian rhyodacite 

volcanic series (Mashavera suite) occurs the most significant in the Bolnisi ore district Madneuli 

deposit with gold-copper-polymetallic and nonsulfide and low sulfidation gold-bearing 

mineralization. Here ore forming process of gold-copper-porphyry and epithermal nonsulfide 
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gold mineralization are synchronal and revealed in zonality. Lower porphyry zone upward 

transfers into epithermal nonsulfide gold mineralization in quartz -chalcedony and quartz-barite 

stokworks. Here also, occurs subordinate galena-barite-polymetallic Kuroko type mineralization 

[7,1,2]. 

Island arc setting and steady state subduction here confirmed by geochemical indicators: ratio 

of Sr and Pb isotopes (
87

Sr/
86

Sr=0.706-0.710) (
206

Pb/Pb
204

=18.6, 
208

Pb/Pb
204 

=38.7), calc-alkaline 

petrochemistry and Au, Pb, Zn, Cu mineralization. The idealized scheme of steady state 

subduction with coincide volcanism and mineralization is presented on fig. 2.1.  

The deposits and ore districts of the studied regions in west segment of Eurasian metallogenic 

belt are characterized by similar geochemical, volcanological, petrochemical and metallogenic 

indicators and they would be related to steady state subduction, island arc calc-alkaline 

volcanism and characterized by Au, Pb, Zn, Cu mineralization of porphyry, high and low 

sulfidation and Kuroko type mineralization. That’s are significant gold-copper-base metal 

porphyry and epithermal deposits Bor and Maidanpek of Timok ore district (Serbia), the 

porphyry, epithermal and Kuroko type deposits of Eastern Pontides Chaeli (Madenkoy), 

Lahanos, Ceratepe, deposits of Locky-Garabakh zone Shamlug, Alaverdy, Tekhut, Gedabek, 

Karadag and Chovdar etc.       

Later, in Campanian at the Bolnisi ore district, in the Beqtakari cluster the steady state 

subduction transferred in incipient stage of steepening of subducting slab, provoked rifting and 

incursion of mantle diapir at low levels occurs in subalkaline thrachyrhyodacite and trachybasalt-

alkali olivinebasalt volcanic activity in the Beqtakari cluster. The first stage hydrothermal 

alteration here occurs in K-feldspathization with nonsulfide gold mineralization, later substituted 

by gold-polymetallic mineralization and synore epidote-zoisite alteration. 

At the incipient stage in zone of volcanic activity and mineralization participates the sialic , 

basaltic crusts crusts and mantle. Here occurs gold-copper base metal mineralization, because 

sialic crust yet was not rifted out and participates in the zone of rifting. The idealized scheme of 

development of incipient stage of steepening is shown at Fig. 2.II.  

Similar consequences is described in Panaguirishte ore district (Bulgaria) related to steady 

state subduction and incipient stage of steepening, where the Chelopech high sulfidation gold-

bearing deposit as well as other deposits of this ore district consist high grade of gold [8,9]. The 

Chelopech deposit is richest by gold in Europe. 
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The further reinforcement steepening of subducting slab revealed in incursion of mantle diapir at 

higher level and strengthen the rifting with spreading out of sialic crust from zone of ore 

formation and volcanic activity (Fig.2.III). So, at this stage the sialic crust was not participates in 

ore forming. The ores here are represented by copper-zinc-pyrite mineralization without gold and 

lead. The distinct example of this setting is the region of Khudes group of deposit (Khudes, 

Urup, Daud) in the Forrange of the Caucasus. The mineralization is related to tholeiites of 

interarc rift and represented of VHMS copper-zinc-pyrite ores. The mineralization is not 

containing gold and lead, therefore sialic crust was not participates in mineralization process. 

The source of zinc here must be subducting slab and basaltic crust during rifting and source of 

copper was mantle diapir. 

The other example of intensive backarc rifting is the Jurassic marginal sea of Southern Slope 

of Great Caucasus. Here to tholeiite series (
87

Sr/
86

Sr=0.704) is related group of VMS type 

copper-zinc-pyrrhotite deposits (Filiz-Chai, Katsdag, Kizildere and Adange). 

The tholeiites are volcanological indicator, whereas Zn and Cu are metallogenic indicators of 

backarc setting. Noteworthy, that tholeiites are not known in the setting, where sialic crust 

participates in zone of volcanic activity (island arcs and incipient stage of backarc settings). 

The further reinforcement of spreading stipulate transforming backarc into minor ocean 

setting, where the mantle diapir is incursed at highest level there volcanic activity and 

mineralization are fed from mantle (Fig.2.IV). It is exemplified in the late Paleozoic-Early 

Jurassic Küre complex of Central Pontides, consists of ophiolite volcanics and dunite-peridotite 

intrusive bodies (Ustaömer, Robertson, 1993) and related Cyprus type copper-pyrite deposits 

Ashikoy and Bakibaba. The ores here lack of Au, Pb, and Zn. The Küre complex consists of 

tholeiite-olivine basalts are cut by stockworks of diabase veins. The intrusive bodies are dunite-

peridotite stocks, the petrological indicator of ocean setting. The syn-ore alteration is actinolite-

epidote-zoisite propylitization and serpentenization. The latter is the indicator of hydrothermal 

alteration of the ocean setting, whereas metallogenic - indicator is only Cu.     

 

The Madneuli occurrences are separated from those at Bectaqari by a fault. The age of 

mineralization in the Bectaqari cluster is 81-79 Ma. The mineralization here includes  gold, 

copper, and other base metal enrichments, as well as gold-rich quartz–K-feldspar metasomatites 

that lack sulfides. Sulfide and nonsulfide gold mineralization in contrast to Madneuli is not 
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characterized by zoning and gold-copper-polymetallic mineralization overprints the gold-bearing 

quartz–K-feldspar metasomatites. The sulfide-bearing ores formed coevally with high-

temperature epidote-zoisite propylitical alteration of wallrocks, whereas precursor K-

feldspathization indicates highly alkaline fluids. These features at Bectaqari were caused by 

asthenospheric input (mantle diapirism). The sulfide-rich mineralization is controlled by gabbro-

diabase stocks (Gugushvili, 2015). These stocks are the apophyses of volcanic chambers of 

erupted later alkaline olivine basalts of the Shorsholeti suite. The Campanian Shorsholeti suite is 

made up of alkaline and subalkaline olivine basalts and these rocks overlie the ore-bearing rocks 

of Gasandami suite. Thus Madneuli deposits are presumably related to normal subduction, 

whereas the Bectaqari cluster is linked to incipient backarc development (fig.5) that was induced 

by incipient steepening of the subducted slab and diapirism (Gugushvili,2015).  

The gold-copper-base metal ores in Madneuli district differ distinctly in gold grades from the 

ores of the Bectaqari cluster. In Madneuli, the average gold content in sulfide-rich ores is 0.8 

ppm, whereas in Bectaqari cluster it is about 5 ppm. Here, impact of mantle contributions and 

high temperature fluids on the late subduction and incipient backarc stages is stronger.  Gold was 

leached during the mineralization process from the sialic crust, whereas, in contrast, such a 

process was not as extensive during the normal subduction stage associated with lower 

temperature hydrothermal activity. 

In the Southern slope and the Fore Range of the Caucasus, an area of strong mantle diapirism 

and backarc and interarc rifting, tholeiite-alkali basalt volcanism and stratiform VMS copper-

zinc mineralization took place. In the Fore Range of the North Caucasus it includes Paleozoic 

interarc rift-related tholeiite volcanic rocks and the related stratiform copper-zinc Khudes 

deposits (Khudes, Urup, Daud).  Lower Jurassic backarc rifting in the Southern Slope of the 

Great Caucasus is reflected by tholeiitic volcanic units and the stratiform copper-zinc-pyrhotite 

Filiz-chai deposits. 

Intense spreading and mantle diapirism is reflected by the Küre complex of the central Pontides. 

Steepening of the subducted slab in this region in the late Paleozoic-Triassic under the Eurasian 

active margin provoked development of small backarc ocean basins (fig.6). 

The Küre complex consists of MORB-type ophiolites and dunite-peridotite intrusions (Ustaömer, 

Robertson 1993, 1997). Their oceanic nature is confirmed by geochemistry of immobile 
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elements and they lack economic Pb and Zn mineralization. The Cyprus-type copper-pyrite 

deposits at Ashikoy and Bakibaba have been investigated in detail. They comprise only traces of 

Zn and Pb. The complex contains serpentinized peridotite, cummulate gabbro, pillow lavas, and 

intercalated massive lava flows with lava breccias cut by diabase dikes. 

In the southeastern Turkey, ophiolites divide the Borderfield and Tauride terranes and contains 

the Madenkoy (Siirt) and Maden (Elazig) Cyprus-type VMS deposits .This belt comnprises the 

eastern flank of the Cyprus ophiolitic belt, and consists of pillow lavas, gabbro-dunite, 

pyroxenite, verlite, harzburgite, dunite, and diabase dikes (Engin, 1994).The mineralization is 

related to pillow lavas of the ophiolite complex cut by diabase dikes. Mineralization is mainly 

stratiform VMS type pyrite-chalcopyrite ores, without economic lead and zinc. 

It is noteworthy that these oceanic ores lack lead and zinc enrichments. It is recognized that the 

main source of copper in the Phanerozoic is the mantle. 

In the 1970s, Hutchinson (1970) indicated that ores formed in oceanic settings do not contain 

gold, lead and zinc. Only at the early stage of oceanic spreading, when relics of basaltic crust 

become involved in the ore-forming process, minor amount of zinc may be present (Hutchinson, 

1973).  

In backarc rifts and oceanic settings, gold is known only in trace amounts. This suggestion is also 

confirmed by data from Rona and Scott (1993). The authors investigated in detail ore-forming 

processes in the oceanic settings and completely ruled out participation of sialic crust.  

1.2.1 The temporal and spatial relationship of subduction with volcanism and 

mineralization. 

During subduction, slabs temporally and spatially tend to steepening and diapirism of various 

intensity caused alternation of island arc, interarc, backarc and minor ocean setting, reflect along 

and lateraly to dipping, as well as temporally in ascending succession. The shifting of  

geodynamic settings is distinctly seen in the Caucasus region (fig7 ).  

The first stage of subduction is displayed along the Southern Slope of the Caucasus in rocks of 

the Dizi series.  These include the Paleozoic calc-alkaline andesite–basalt-dacitic suite, which is 

related to normal subduction in an island arc setting (fig.7.I). In the north, on the Fore Range of 
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the Caucasus, steepening of the subducting slab resulted in spreading, rise of asthenopheric 

mantle, and formation of a Paleozoic interarc setting (fig.7.I). Tholeiitic volcanic activity here 

was associated witrh deposition of the Khudes Cu-Zn deposits (Khudes, Urup, Daud). The 

tholeiites according to iron fractionation data belong to abyssal type; however, their Ti content 

and K/Rb ratio are attributed to island arc tholeiites (Shavishvili, 1983). Such geochemical 

dualism is common for basalts in modern interarc rifts (New Georgia, Hebrides). The Khudes 

group deposits are characterized by copper-zinc-pyrite ores without lead. The source of zinc is 

the subducted slab and spreading basaltic crust, whereas the source of copper is the mantle. It is 

noteworthy, that sialic crust was not involved in the mineralization and this was the reason for 

the absence of lead in ores. The Paleozoic interarc rifting to the south was preceded by the 

northvergent normal subduction of the Paleotethys plate and suprasubduction island arc calc-

alkaline volcanism of the andesite-basalt-dacitic suite of the Dizi series on the Southern Slope of 

the Caucasus (Adamia et al., 2016). 

The Early Jurassic backarc of the Southern Slope of the Caucasus is represented by a marginal 

sea setting (Adamia et al., 2016) – (fig.7.II). The tholeiitic volcanic activity here is concurrent 

with turbidite sedimentation. The associated Filiz-chai deposits (Filiz-chai, Catsdag, Kizildere, 

Adange) are stratiform VMS type pyrite-chalcopyrite-sphalerite–pyrhotite ores. Tholeiites are 

characterized by a backarc geochemical signature including low total REE, normal chondrite 

trend for Nb, Zr, Hf, and Y, and high content of Ni and Ti, which are characteristic of island arc 

tholeiites (Lordkipanidze et al., 1979, 1988). The ores of these deposits comprise gold and lead. 

The bottom of the Early Jurassic marginal sea during spreading was partly imbricated by sialic 

crust. The tholeiitic extrusive events and turbidite sedimentation in the Early Jurassic occurred in 

an area of thin continental crust (Lomize and Panov, 2002) and this must have been the source of 

gold and lead during the mineralization process. The source of zinc was the subducting slab and 

blocks of basaltic crust during the spreading, whereas the source of copper must have been the 

mantle diapir controlled by the spreading. The formation of an Early Jurassic backarc and 

marginal sea predates Paleozoic–Triassic- Early Jurassic subduction and related calc-alkaline 

dacitic-rhyolitic volcanism that formed the Narula suite of rocks.  These rocks overlie the 

Paleozoic granite-metamorphic complex of the Dzirula salient in the Transcaucasus (Adamia et 

al., 2016).  
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In the Transcaucasus, calc-alkaline volcanic rocks of the Bajossian island arc alternate with the 

Late Jurassic backarc alkali olivine basalt and thachyandesite suite of rocks that are cut by 

monchikite and camptonite extrusions ( , 1948). In the Rioni River depression, 

drilling exposed the thick (>2200m) Kimeridge—Thitonian volcanic suite of tholeiites, highly 

titanous olivine basalts, and trachites ( , 1980). Lordkipanidze (1980) attributed 

these to interplate rifting, which we relate to asthenospheric upwelling. Southwards, in the 

Locki-Garabakh zone of the Lesser Caucasus, calc-alkaline volcanic rocks can be related to 

normal northvergent subduction with steepening of the slab shifting the magmatism into a 

backarc setting and to a tholeiite-basalt composition. 

In the Locki-Garabakh zone, significant gold-copper-base metal mineralization occurs in the 

Shamlug, Alaverdi, Tekhut, Gedabeck, Karadag, and Chovdar deposits. Deposit types include 

porphyry, epithermal, and VMS systems ( -    .,2015). To the north in the 

Transcaucasus, steepening of the subducted slab and rising asthenosphere is recognized by the 

Late Jurassic alkali-basalt backarc volcanism. This was preceded in the Locki-Garabakh zone by 

Late Jurassic calc-alkaline volcanic activity and mineralization (fig.7.III). 

A similar situation occurred in the Cretaceous (fig.7.IV) in the Transcaucasus, where the 

Turonian –Santonian Mtavari volcanic suite consists of picrite-basalts, alkali olivine basalts, 

trachyandesites, and trachites and these rocks are cut by ultra-alkaline phonolite extrusions 

( ,1948; , 1968). According to petrochemical and geochemical 

indicators, these rocks belong to a backarc volcanic series. To the south, in the Artvin-Bolnisi 

and Locki-Garabakh zones, a Late Cretaceous calc-alkaline volcanic series is controlled by 

normal subduction. Gold-copper porphyry and low- and high-sulfidation epithermal deposits in 

the Caucasus, eastern Pontides, Balkans, and Carpathians are related to the subduction. At the 

same time these deposits formed, in the Bolnisi district of the Lesser Caucasus and Panaguirishte 

(Bulgarian Srednegorie), the Campanian marked the beginning of the first stage of slab 

steepening, roll-back, and break-off, and incursion of rising asthenosphere as the setting changed 

from island arc to an  incipient backarc. It is recorded in the formation of the Shorsholeti suite 

and related metallogeny. The suite consists of high-magnesial alkali olivine basalts and 

trachyandesites with petrochemical and geochemical characteristics attributed to a backarc 

setting. To the north, in the Transcaucasus, the subducting slab was steepened, leading to greater 
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mantle influence and volcanic activity as revealed by picrite-basalts, alkali olivine basalts, and 

phonolites of the Mtavari suite (fig.7.IV). 

The steepening of the subducting slab and related asthenospheric upwelling continued into the 

Eocene.  This is clearly observed in the area of the Adjara-Thrialeti rift.  Eocene slab steepening 

and rifting was preceded in the southeastern Pontides and in the Artvine-Bolnisi zone by normal 

subduction and island arc calc-alkaline volcanic activity and gold-copper-base metal 

mineralization (Gugushvili et al., 2016). At the same time in the Adjara-Trialeti zone, from the 

west to the east, steepening of the slab and rising asthenosphere diminished with further 

transformation to a more typical subduction angle (fig.8). 

The Adjara-Thrialety zone belongs to the mobile system of the Eurasian active margin and 

records its pre-collision development. The zone extends to the west to the Black Sea with its 

small ocean basins. The onset of rifting in the Adjara-Thrialeti area is marked by Paleocene 

turbidites (flysch) that grade upward into an early Eocene shoshonite-trachyandesite volcanic 

series defined by the Peranga and Nagvarevi suites. The latter suite belongs to an incipient stage 

of interarc volcanic activity, related to the first stage of mantle diapirism. It is imbricated by a 

thick series of tholeiite-alkali basalts (Chidila suite), an indicator of interarc rifting related to 

intense mantle upwelling during spreading. From the end of middle Eocene to the late Eocene, 

revival of the shoshonite-trachyandesite volcanic activity took place and was followed by the 

deposition of the Adigeni and Upper Adigeni suites above the Chidila suite that indicated the 

waning of rifting. The Adjara-Thrialety is devided into three segments: western, central, and 

eastern ( , 1980). The described relationship occurs in the western segment. In 

the central segment (the Adjara-Imereti ridge and Akhltsikhe depression), the intensity of rifting 

was less and rocks of the shoshonitic trachyandesite-dellenite volcanic event are dominant. 

Olivine basaltic volcanic series rocks occur only in the lower part of the Likani suite. The 

thickness of the Eocene series here is reduced. It was 7 km thick in the western segment, it is 

decreased to 4 km here in the central part, and to the east, in the Trialeti ridge area, the average 

thickness is only 2.5-3 km where rifting was minor and there was more of an island arc setting. 

The geochemistry and petrochemical characteristics of volcanic units in the Adjara-Thrialety 

zone indicate there was a waning of rifting from the west to the east, with interarc transition into 

an island arc setting (M.Lordkipanidze et al., 1979; , 1980). Such a transition is 
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suggested to reflect a shallowing of the subducting slab angle from west to east and transition to 

an island arc setting with a normal subduction angle in the eastern segment. 

The lateral differences of the subducting slab angle in the Adjara-Thrialeti zone also are reflected 

in variations in hydrothermal alteration (fig.8). In the western segment, where slab subduction 

was most steep and middle Eocene mantle magmatism led to the tholeiite – alkali basalt volcanic 

activity, epidote-zoisite and actinolite propylitic alteration asseblages developed.  The 

temperature of the hydrothermal fluids, according to the epidote thermometer of Strenses 

methodics and homogenization and decripitation temperatures of fluid inclusions in quartz, was 

360-470
0
C (unpub. data, R. Akhvlediani). The high-temperature alteration was recognized in 

rocks of the Middle Eocene Chidila suite, as well as in areas underlain by rocks of the Peranga 

and Nagvarevi suites. The latter suites consist of units of the shoshonite-trachyandesite series. 

Coeval hydrothermal alteration of the Upper Eocene shoshonite-trachyandesite volcanic rocks of 

the Adigeni and Upper Adigeni suites, which are overlie with the Chidila suite rocks, includes 

lower temperature chlorite-albite and zeolite propylitic assemblages. The chlorite-albite 

alteration of the lower part of Adigeni/ suite upper transferred in zeolite propylitization. Thus, 

here from middle to late Eocene steepening of slab was relaxed with redusing of fluid 

temperature. Such a transition is reflected by the replacement of tholeiitic basaltic volcanism by 

the shoshonite-trachyandesite activity and by the chlorite-albite  and mainly zeolite alteration. 

The temperature of chlorite-albite alteration was 250-300
0
C and zeolite alteration took place at < 

250 
0
C, whereas the temperature of the epidote-zoisite event was 350-470

0
C. 

In the Adjara-Thrialety zone, the gradual waning of rifting took place laterally as well. In the 

western (Adjara-Guria region) and central (the Adjara-Imeretian ridge and Akhaltsikhe 

depression) sections rifting and mantle influence gradually slowed. In these areas, minor basaltic 

volcanism took place during middle Eocene and was characterized by epidote-zoisite propylitic 

alteration (fig.8). The magmatic activity evolved into extrusion of shoshonite-trachyandesite-

dellenite magmas with associated chlorite-albite and zeolite alteration. In the western segment, 

the thickness of the tholeiitic basalt is 5 km, whereas in the central segment it is diminished to 

several hundred meters and is overlain by 3 km of shoshonite-trahyandesite series rocks. The 

high temperature epidote-zoisite propylitic alteration assemblage occurs only in association with 

the basaltic Likani suite and formed concurrently with the chlorite-albite and zeolite phases that 
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are widespread in shoshonite-trachyandesite-dellenite series (fig.8). The chlorite-albite and 

zeolite alteration is characteristic of the period of  decreased rifting induced by mantle diapirism 

and lowering of temperature. In the eastern segment (fig.8), the shoshonite series rocks are 

replaced by andesite extruded during an interarc rifting transition into an island arc setting during 

normal subduction (Gugushvili, 2015; Gugushvili et al., 2016).  Initial rifting in Paleocene is 

represented by flysch-turbidite sedimentation, followed by Eocene volcanism in the island arc 

setting. Despite a volcanic series thickness >3 km, the propylitic assemblage here is low 

temperature zeolite type, which is characterized by zoning from an analcite-lomontite lower zone 

to a β-leongardite-clynoptilolite upper zone ( ,1980). The low temperature regime 

relates to termination of mantle magmatism and the great depth of volcanic chambers. 

Generation of calc-alkaline magma in the Kuril-Kamchatka island arc setting occurs at 100-230 

km depth ( , 1974). In comparison, the level of magma generation at mid-ocean ridges 

and the emplacement of mantle diapirs is no deeper than 15-20 km ( , 1974). In the 

western segment of the Adjara –Thrialety interarc area, a thermal gradient of 120
0
C/km is 

associated with rifting and high-temperature stream, which could be explaned by high level 

mantle upwelling. 

In the central and eastern segments of the Adjara-Thrialeti zone, where chlorite-albite and zeolite 

alteration facies are typically dominant, epidote-chlorite and zoisite are localized at the contacts 

between diorite intrusions and volcanic rocks or in skarns in the contact zones with limestones. 

These reflect local high temperature areas near intrusions ( , 1980).  

The rift in the western segment of the Adjara-Thrialeti zone continues to the Black Sea (fig.9) 

(Adamia et al., 2016).  The small ocean basin itself extends to the west in the Burgas syncline in 

Bulgaria, which is underlain by tholeiitic and alkali basalts. (Vasileff and Stanisheve-Vassileva, 

1981).The volcanic sequence is similar to that of the Adjara-Thrialetiyinterarc rift.  

A similar situation occurs in Azerbaijan, where the middle–late Eocene Talysh backarc continues 

to the Caspean Sea (fig.9) ( , 1998). The Talysh backarc is controlled by Ankara-

Erzinjan –Sevan suture and its formation is related to Tethys ocean subduction and steepening of 

the subducting slab. It is bordered by Eocene Alborz-Azerbaijan trachyandesite rocks imbricated 

with Cretaceous calc-alkaline andesite-dacite volcanic rocks related to normal island arc 

subduction. In the Eocene, during initial slab subduction, steepening of the slab resulted in 
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shoshonitic series magmatism. Additional steepening and asthenospheric upwelling resulted in 

formation of the Talysh backarc (fig.9), where middle Eocene alkali olivine basalt-phonolite 

volcanic rocks,  similar those in the Adjara-Thrialeti area, were deposited.  These were overlain 

by late Eocene volcano-sedimentary rocks that are cut by peridotite, picrite, and gabbro-

peridotite stocks and dikes. The Talysh backarc extends eastwards into the Caspean Sea basin 

(Lordkipanidze et al., 1988).  

It is noteworthy that in the Adjara-Thrialeti during middle to late Eocene, mantle influence 

lessened and subsequently the late Eocene is marked by formation of shoshonite series rocks. In 

contrast, in Talysh increased mantle influence in late Eocene led to the formation of a small 

ocean basin with emplacement of alkali-ultramafic peridotite stocks.         

1.3 Pre-collision metallogeny 

The pre-collision metallogeny and volcanism is controlled by subduction and transformation of a 

subducting slab. The mineralization is related to the island arc, interarc, backarc, and minor 

ocean basin development in a pre-collision environment. The mineralization in these settings is 

controlled by the participation rate of sialic and basaltic crust, as well as mantle processes. 

In the East Paratethys, Phanerozoic volcanism and mineralization are controlled by north-vergent 

subduction of the Tethys ocean slab, which predates closure of the ocean basin and formation of 

the late Eocene Ismir-Ankara-Erzinjan-Sevan suture (IAES). 

The Creataceous and Eocene mineralization in East Pontides is represented by porphyry 

(Guzelaila, Derecoy, Gumushane, Balicoy), epithermal (Tack, Mastra, Koraki, Acbaba), and 

Kuroko VMS (Chaeli, Cheratepe, Lahanos, Copubas) type ores (fig.6) It is noteworthy that 

porphyry deposits in the East Pontides are gold-poor, whereas high sulfidation epithrmal and 

Kuroko VMS deposits are gold-bearing (Yigit, 2009). 

Calc-alkaline volcanism and mineralization in the Balkans are also related to north-vergent 

subduction of the Tethys ocean slab. Metallogeny is controlled by normal subduction and is 

mainly represented by gold-, copper-, and base metal-rich porphyry and epithermal deposits 

(fig.4). The most significant deposits in the Panagiurishte distrct include Chelopech, Elatsite, 

Elshitsa, and Vlaikov Vrukh.  Epigenetic high sulfidation epithermal mineralization in the 
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Chelopech deposit is the highest grade major gold deposit in Europe. Significant  gold, copper, 

and base metal deposits are also known in the Serbian Timok – Bor and Maidanpeck districts. In 

contrast to the Chelopech deposit, both the porphyry and epithermal ores of these districts are 

rich in gold. The Romanian Carpathians host the significant Bae-Mare and Almaz Stanidja 

porphyry deposits, as well as sulfide-poor epithermal gold mineralization related to quartz–

chalcedony and quartz-barite stockworks. The porphyry ores are gold poor and mainly comprise 

copper-base metal mineralization. 

The shift in geodynamic processes is revealed by metallogeny, volcanism, and post-volcanic 

hydrothermal alteration. The gold-copper-base metal mineralization is specifically associated 

with various stages of pre-collision tectonism. In the western segment of Adjara-Thrialety zone, 

gold-copper-base metal porphyry mineralization is related to late Eocene cessation of rifting and 

is controlled by syenite-diorite and syenite stocks that released fluids from deep chambers. 

Middle Eocene VMS type stratiform ores are not associated with tholeiitic and alkali basalt 

interarc volcanicsm. It is well known that interarc and backarc volcanic activity is characterized 

by copper-zinc mineralization, auch as in the Khudes and Filiz-chai rifts (Gugushvili, 2015). 

Tholeiite- and alkali-basalt and shoshonite-trahyandesite rocks of the Adjara-Thrialety zone 

contain anomalous concentrations of copper and zinc. They were concentrated in the magma but 

did not enter the fluid phase. A similar situation is described by Frolova and Burikova (1977) for 

basalts of the South Ural interarc rift that are enriched in copper and zinc, but where there is not 

known stratiform mineralization. The authors argue that the magma was enriched in the metals, 

but these did not pass into a magmatic hydrothermal fluid. 

A high content of copper, ten times greater than the Clarke value, characterizes the rocks of the 

Adjara–Thrialety shoshonite-trachyandesite series. The copper and base metal mineralization 

here is related to sericitization along the margins of syenite-diorite intrusions. The sericitized 

rocks are characterized by low copper concentrations (16-34 ppm) and high amounts of lead 

(97ppm); therefore, the source of copper must be fresh host rocks. During sericitization, the 

copper was leached from tholeiitic basalt and shoshonite-trachyandesitic to form porphyry and 

epithermal ores. The sericitized rocks are enriched in lead, whereas basalts and trachyandesites 

contain only 9.3-15 ppm lead. In the Adjara ore district, syenite and syenite-diorite stocks have 

wide sericitization haloes. The high copper in the volcanic rocks and leaching of the copper 



37 

 

during sericitization are undoubtedly essential for the formation of these gold-copper-base metal 

deposits. The significant role of sericitization in the mineralization process is supported by 

chlorite-carbonate precipitation in altered wallrocks of the ores. It could be related to the 

leaching of Ca, Fe, and Mg from the host rocks during sericitization in the exocontact zones of 

intrusive bodies ( , 1980). 

A completely different source is required to explain lead-zinc participation during the 

mineralization process. In volcanic and intrusive rocks, their concentrations approximate the 

Clarke value, whereas the sericitized rocks are notably enriched in lead and zinc. They contain 

eight to ten times more lead and two times more zinc than primary andesites and trachyandesites 

(   ., 1969). Our data confirm a juvenile fluid source for enrichments in lead and 

zinc ( , 1980). Thus, sericitization is part of the ore-forming process for copper, which 

is leached from host rocks, whereas lead and zinc are added by juvenile fluids. 

We suggest that the source of copper is the mantle, the source of zinc is the basaltic crust, and 

source of gold and lead is the sialic crust (Gugushvili et al., 2010; Gugushvili, 2015). The 

oceanic setting is favorable for Cyprus-type copper-pyrite mineralization, interarc and backarc 

settings for copper-zinc ores, and island arc environments for gold, lead, zinc, and copper 

mineralization. Therefore metallogeny may be distinctly related to geodynamic processes. The 

oceanic copper-pyrite deposits are represented by statiform mineralization and syn-ore high-

temperature epidote-zoisite and actinolite propylitic alteration. The mineralization associated 

with interarc and backarc rifts is related to tholeiitic-alkali basalt volcanic activity and is 

represented by copper-zinc ores within zones of high-temperature propylitic assemblages. The 

island arc setting controls gold-copper-base metal mineralization, calc-alkaline volcanic activity, 

and includes porphyry ores,  high and low sulfidation epithermal systems, and locally sulfide-

poor gold deposits related to quartz –chalcedony stockworks. In the island arc settings, Kuroko-

type VMS ores are characterized by high concentrations of lead and gold. Examples include the 

Eurasian active continental margin (Gugushvili et al., 2010; Gugushvili, 2015) and other regions 

of the world. 

In the Bolnisi ore district and in Panagiurishte (Bulgarian Srednegorie), areas characterized by 

the transition from island arc to incipient backarc setting, Late Cretaceous gold-copper-base 

metal mineralization is present (von Quadt et al., 2005; Gugushvili, 2002, 2015). Sialic and 
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basaltic crust are both involved in the mineralization process and the first stage of the mantle 

diapirism occuurs. Porphyry and high sulfidation epithermal mineralization in the Bolnisi ore 

district is associated with syn-ore high-temperature epidote-zoisite alteration and low sulfidation 

epithermal gold mineralization. The latter is controlled by quartz-K-feldspar metasomatism. 

High-temperature propylitic and potassic alteration processes are controlled by mantle 

upwelling, with a high-temperature fluid carrying gold under alkaline conditions. This 

interrelation is confirmed by fluid-rock geochemical modeling (Mernagh and Bierlein, 2008). 

The sulfide-poor gold mineralization related to alkali-carbonate fluid activity occurs at 220
0
C, 

with unmixing of CO2 and CH4 revealed in the K-feldspar and silica alteration. The high-

temperature gold mineralization was associated with sulfide complexing, low acidity, low 

fugacity of O2, and CO2 phase separation. Copper-base metal ores and epidote-zoisite alteration 

occurred at the 350-400
0
C.  In the Bectaqari occurrences in Bolnisi, the homogenization 

temperature of aquesous-carbonic fluid inclusions in the gold bearing quartz-K-feldspar 

metasomatites is 220-230
0
C ( ,2014), whereas the temperature of such inclusions in 

the gold-copper-base metal porphyry ores is 350-400
0
C ( , ,1959) and it 

thus is identical to the temperature of propylitic alteration. 

The first stage of hydrothermal activity and mineralization in the Bectaqari depositis was related 

to trachyrhyiolite volcanism and the gold-bearing K-feldspar alteration. The next stage is 

represented by gold-copper-base metal mineralization, controlled by gabbro-diabasic stocks, and 

includes an epidote-zoisite alteration assemblage that overprints gold-bearing quartz-K-feldspar 

metasomatites ( , 2014; Gugushvili, 2015). The gabbro-diabase stocks and veins are 

located in the apophises of volcanic chambers, which were the source of the Shorsholeti suite of 

alkali olivine basalt erupted during late Campanian backarc rifting (Gugushvili, 2015). 

The pre-collision magmatism and metallogeny of the studied region can be related to the north-

vergent normal subduction of the Tethys ocean slab in an island arc setting and prior to final 

suturing. Subsequently, as a result of slab steepening and mantle upwelling, the island arc setting 

trransformed into an incipient backarc. The increased upwelling and backarc to interarc rifting 

led to opening of a small ocean basin marked by ophiolite seqiuences and Cyprus-type copper 

mineralization, with traces of lead and zinc and minor gold.  
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Calc-alkaline andesitic volcanism, zeolite alteration, and gold-copper-base metal mineralization 

were associated with the normal subduction in the island arc setting. During changing slab 

subduction angle and waning rifting, mantle-related shoshonite-trahyandesite volcanic activity 

was associated with chlorite-albite and zeolite alteration and gold-copper-base metal 

metallogeny. During incipient rifting, gold was deposited in the quartz-K-feldspar metasomatites 

by migration of alkali-carbonic fluids. During the next period of more intense rifting, low alkali, 

high-temperature fluids in the Bolnisi ore district were responsible for gold-copper-base metal 

mineralization and syn-ore high-temperature epidote-zoisite alteration. The gold in the fluids was 

related to sulfide complexes. Initial steepening of the subducting slab resulted in mineralization 

that involved basaltic crust, mantle, and sialic crust. Further slab steepening, leading to break-off, 

detachment, and delamination, correlates with intense backarc and interarc rifting with tholeiitic-

alkali basalt volcanism and epidote-zoisite and actinolite propylitic assemblages. At this stage, 

sialic crust was not involved in the mineralization process and the ores lacked gold and lead. 

Further steepening of the slab and mantle upwelling to shallow levels caused intense spreading 

and the backarc setting was transformed into a local ocean basin. Neither basaltic nor sialic crust 

took part in the related mineralization and it was controlled solely ophiolitic magmatism and 

emplacement of ultramafic intrusions during rise of asthenosphere. The mineralization is Cyprus-

type comprising copper-pyrite ores without gold and lead. Zinc is present in trace amounts. The 

Küre complex of the Central Pontides hosts examples of such Cyprus-type copper-pyrite deposits 

at Ashikoy and Bakibaba (Ustaömer, Robertson 1993, 1997), as does southeastern Turkey where 

an ophiolite belt includes the Cyprus-type deposits at Madenkoy (Siirt) and Maden (Elazig) 

(Engin, 1994). 

In the west segment of the Adjara-Thrialety rift, the alkali-basalt volcanic series rocks lack 

stratiform VMS ores, which generally form in interarc and backarc rifts. The tholeiite –alkali 

basalt rocks here are enriched in copper relative to the Clarke value. The copper probably was 

not concentrated in hydrothermal fluid and remained in the magmas. Similar examples are 

described in basaltic series rocks of the South Ural interarc rift (   , 1977). 

However, in the Adjara district, significant copper-base metal porphyry mineralization is present. 

Here the syenite–diorite intrusive stocks cut tholeiitic alkali basalt and shoshonite-trachyandesite 

series rocks, and are characterized by immense halos of sericitization that are ten times poorer in 

copper than unaltered host rocks. The copper mineralization might be related to the sericitization. 
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However,  the sericitically altered rocks are significantly enriched in lead and zinc.The copper-

base metal mineralization is located in the halo of the sericitization. Probably during 

sericitization, copper was leached from the country rocks and the fluids causing the 

sericitiization were enriched in juvenile lead and zinc. Therefore, sericitization resulted in the 

copper-base metal mineralization in the Adjara ore district. 

●  ●   ● 

In the studied region, subduction, and related volcanism and metallogeny, changes temporally 

and spatially in three directions: up succession, from south to north following the dip of the 

subducted slab, and laterally from east to west. Vertical changes are related to fluctuations in 

slab subduction dynamics. In Bolnisi ore district, the vertical succession records a history of 

normal subduction that switches to incipient backarc formation with related volcanism and 

metallogeny. In the Adjara ore district, the  up-section sequence  indicates slab flattening and 

shows middle Eocene tholeiitic-alkali basalt series rocks replaced by a late Eocene shoshonite-

trachyandesite suite (fig.8). 

The south to north change in volcanism and metallogeny in the studied region is supported by the 

switch from a normal subduction island arc setting to a backarc /interarc rift setting. An example 

of such lateral change is the Adjara-Thrialeti interarc rift, which, to the west, merges with the 

small Black Sea oceanic basin and the Burgas rift zone in Bulgaria, whereas to the east it is 

connected to the East Black Sea oceanic basin. Another example is the Talysh backarc rift, 

which is connected to the small Caspean Sea oceanic basin.  In Talysh, the up succession change 

in middle to late Eocene associated with slab steepening included emplacement of ultramafic 

dunite-peridotite intrusions. In contrast, in the Adjara-Thrialeti are in late Eocene, flattening of 

slab subduction caused a change from middle Eocene tholeiite basalt series rocks to eruption of 

shoshonite-trachyandesite. 

The Adjara-Thrialety rift in the middle Eocene weakened from west to east and tholeiitic-alkali 

basalts were replaced by shoshonite-trachyandesites. The latter changes to the east into andesite 

series rocks of an island arc setting (fig.8).    

Thus, geodynamic development at pre-collision stage revealed in character of volcanic 

activity, hydrothermal alteration and metallogeny are controlled by alteration intensity of 
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steepening and level of mantle diapir invasion as along deepen of subducting slab, so laterally 

and temporary way up succession. 

 

2. Post- collision metallogeny, magmatism and hydrothermal alteration 

The convergence of Eurasian and Afro-Arabian continents resulted in the closure of the Tethys 

Ocean. Under the Afro-Arabian continent stress, the Eurasian margin developed a post-collision 

stage (Adamia et al., 2016). After the post-collision stage subduction ceased, but steepening of 

the subducted slab under the orogen resulted in intrusive activity and fold-thrust belts. 

The steepening of subducted slab under the thick orogenic crust resulted in incursion of 

astenospheric material and high temperature mantle fluids. The hot fluids stipulated gold and rare 

metals leaching from orogenic crust and post-collision metallogeny. 

 

The post-collision development and mineralization is related to fold-thrust zone and post-

orogenic intrusive activity. It is distinct from pre-collisional. The mineralization includes 

porphyry and epithermal gold-base metal ores, low-sulfidation gold-bearing quartz-antimony, 

scheelite, wolframite and mercury vein-stockwork mineralization. The porphyry and low-

sulfidation mineralization is associated with rare metals (Sb, W, Mo and Hg). In the studied 

region the post-collision setting and related metallogeny was investigated in magmatic belts of 

Ahar-Arasbaran, Alborz-Azerbaidjan and Megri-Ordubad, in the Central Iran block and in the 

Sanandaj-Sirjan zone (fig.10, 11), as well as in the Main Range of Caucasus and in its Southern 

slope (fig7,YI) so in the Lesser Caucasus  and in Menderes massive (Turkey)-(fig6). The post-

collision mineralization in Iran occurs in Cenozoic porphyry deposits of Ahar-Arasbaran  

metallogenic belt (fig.10,11) and is  represented by gold-copper-porphyry deposits of Sungun 

and Mazra, the epithermal deposit of Harvana group (Mivehrud, Anderian, Astarjan, Halfian 

etc), Muteh deposit of Sananjan–Sirjan zone, as well as by deposits of the East Iran magmatic 

belt-Zarsharan, Akdareh, Kom, Dashkesan etc (fig.10). 

All these deposits are presented by gold-bearing porphyry and lode type base metal 

mineralization and non-sulfide and low-sulfidation veins and stockworks. They all are related to 

Oligocene–Miocene dacite-granodiorite and granite intrusive stocks cross-cutting Paleozoic and 
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Mesozoic rocks. The stocks serve as pathways for deep-seated fluids, which moved along these 

stocks and systems of faults and shear zones in the rocks of various ages.  

The gold mineralization, as sulfide, so low and non-sulfide ores associates  with the above 

mentioned rare metals. 

At the Mivehrud deposit (Harvana group), the gold mineralization also includes a Sb, Mo and W 

association. Gold-bearing quartz-antimony veins and their host rocks are associated with Sb, Mo, 

Zn, Pb, Te and Se. The geochemical background of the Harvana group of deposits consists of 

Cu-200-253ppm, Au 88-121 ppm, Mo-3.0-5.7 ppm, W-6.3-7.1 ppm, Pb -120-517 ppm, Zn-121-

160ppm, and Sb-7-10ppm.  

In the Mivehrud deposit, gold-base metal ores contain Zn-Ag-Sb and Pb-Bi oxides and silver-

bearing quartz-antimony veins 

In the Alborz magmatic belt, Central Iran block and in Sanandaj-Sirjan zone gold-copper-

porphyry and gold-base metal lode and stockwork mineralization is controlled by Oligo-Miocene 

dacite, granodiorite-porphyry and granite intrusive stocks, which cut Paleozoic and Mesozoic 

complexes of rocks (Moritz et al., 2006; Report of Geological Survey of Iran, 2007). 

Gold-copper-base metal mineralization associated with Sb, Mo, Hg and W, is known in the East 

Iran magmatic belt and is presented by the Carlin type deposit Zarshuran, the Aldareh prospect, 

the Dashkesan and Binalud gold-bearing lead-zinc deposits, and the Hash-Zadehan base metal 

and gold-antimony ore field, where Paleogene turbidites are cut by Oligo-Miocene subvolcanic 

and hypabyssal granitoids, which control mercury and antimonite mineralization. Thus, related to 

Oligocene-Miocene magmatic province postcollision gold mineralization of Iran (fig.10) is 

characterized by the association of rare metals (Sb, W, Mo and Hg).  

The post-collision setting is continuing from Iran to the Lesser Caucasus, in the Meghri-Ordubad 

Cenozoic magmatic province, where Oligocene-Miocene stocks are related to significant gold–

molybdenum mineralization associated with Sb, W and Hg. Significant gold deposits at Zod and 

Merhadzor inclduing by gold-bearing quartz-antimonite mineralization with Sb and W 

(Melikian, 1997), and controlled by granodiorite-porphyry Cenozoic intrusive stocks, occur 

along the Sevan-Akera. 
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The rare metals (Sb, W, Mo and Hg) and gold post-collision mineralization occur in the fold-

thrust zone of the Caucasus (fig.7.VI). Epithermal lode mineralization is also related to the post-

collision stage. The most significant is the Zopkhito deposit, which is explored and studied in 

detail by Sh. Khaduri (reports of Geological Survey of Georgia 1980-1990 years). The 

mineralization consists of quartz-antimonite and gold-copper base metal porphyry ores. Ore wall 

rock alteration zone consists of silica, sericite and pyrite alteration in association with Sb. Ore-

bearing veins cross-cut Lower Jurassic schists. The gold content in the veins is 4.35ppm, and 

silver is 4.15 ppm. The gold reserves exceed 34t, reserves of Sb are 41223t, and silver are 39t. 

The formation of the Zopkhito deposit is related to Late Alpine activation (G.Tvalchrelidze, 

1984). Post-collision mineralization occurs in the fold-thrust belt of the Great Caucasus ridge and 

its Southern Slope. It is known as gold-bearing rare metals (Au, Sb, W, Mo and Hg) 

mineralization prospects - Avadhara, Akhey, Notsarula etc. The mineralization is controlled by 

Oligocene-Miocene dacite extrusions and granodiorite intrusive stocks. 

Another significant orogenic deposit with gold-arsenopyrite–antimonite mineralization is 

Lukhumi. It is controlled by shear and fault zones developed in Upper Liassic schist and 

limestone. The mineralization occurs as quartz-antimony, quartz-antimonite–realgar–orpiment 

and quartz-scheelite stockworks. The gold grade in veins is 5.10 ppm, As is 6.7 wt%, and Sb is 

7.37 ppm. The ore reserve is 483000t, including Au at14.40 t, Sb at 2580t, and As at1800t. 

In the Caucasus mountain range, the Ocrila–Achapara prospect is controlled by a regional fault 

(Okrostsvaridze, Bluashvili, 2008), where gold is associated with Sb and W. The gold 

mineralization occurs as quartz-scheelite, quartz-pyrite, quartz-base metal and gold-bearing 

quartz veins. Ore wall rocks are silicified, chloritized and sericitized. The gold grade in ores is 

with Sb and W. 

In the Caucasus numerous rare metal prospects are known. Among them are the Carobi 

molybdenum deposit (reserve of molybdenum are 50t), the prospect Notsara with scheelite 

mineralization – W-3.5%, Au-2.30ppm (50t W and 18882 kg Au). The mineralization is 

controlled by Cenozoic granitoid stocks. There are also mercury prospects –Akhey – Hg-0.34% 

(reserve 2546t), Avadhara Hg-0.29%(1353t),  and Akhahcha Hg-0.5% (2200t). Antimony is 

present in the mercury mineralization. Mineralization is located in the Lower Jurassic schist and 
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controlled by fault zones. The post-collision gold mineralization in association with Hg and Sb is 

known at the Menderes Paleozoic massive (West Anatolides), presented by Cungurlu , Emirli 

and Halicoy deposits (fig.6). They are controlled by Cenozoic fault and shear zones. The gold 

mineralization is associated with Sb, W and Hg (Yigit, 2009). Fault-controlled zone gold 

mineralization is also known in the Eastern Rhodopean Ada-Tepe deposit (Marchev et al., 2004). 

Thus, the post-collision mineralization in the studied region is everywhere controlled by fold-

thrust zones and orogenic diorite - porphyry and dacite stocks. It replaces the Phanerozoic host 

rocks of different ages (from Paleozoic to Cenozoic). The mineralization is represented by gold-

copper-porphyry and low-sulfidation vein-stockwork gold and rare metal (Sb, W, Mo and Hg) 

ores. The mentioned rare metals association which comprises as gold-copper porphyry base 

metal and low sulfidation ores, widespread in host rocks. 

 The beginning of the post-collision development coincided with collision and suturing of the 

oceanic realms separated by terranes. The ages of the sutures alternate from Late Cretaceous 

until Late Eocene-Oligocene. The suturing occurred during subduction of the Tethys Ocean. 

Though the real and complete post-collision setting is related to the closure of Tethys Ocean 

after the end of convergence and accretion of the Afro-Arabian continent to the Eurasian active 

margin. The compression stipulated the orogenesis, fold-thrust tectonics and granitoid intrusive 

activity, which controlled gold-copper-base metal, low-sulfidation and rare metal mineralization. 

The geochemical indicator of this stage of post-collision development is the association of rare 

metals (Sb, W, Mo and Hg) forming background of the mineralization and of its host rocks. The 

situation occurred in the studied regions of Iran, Caucasus and Turkey of the Central part of 

Eurasian margin. The age of syn-orogenic intrusions is Oligo-Miocene. They coincide with the 

association of rare metal indicators of the post-collisional setting. Therefore the termination of 

subduction, ocean closure, the related orogenesis and magmatic activity is dated as Oligocene-

Miocene. The next stage of the post-collision process was expressed by Pliocene-Quartenary 

volcanic activity. 

The relation of post-collision volcanism with geodynamic development is studied in detail by 

Dilek et al. (2010). Their study area encompasses Arabia, Iran, the Lesser Caucasus and East 

Turkey. They investigated post-collision calc-alkaline dacitic, shoshonite-trachyandesite and 

tholeiitic–alkalic basaltic volcanism and detected the spatial and temporal impact of the 
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astenosphere on the character of volcanism. The first stage of volcanic activity is Late Miocene–

Early Pliocene revealed in shoshonite – trachyandesite volcanism, later during the Pliocene-

Quaternary began tholeiitic–alkalic basaltic volcanic activity, characterized by an increasing 

growth of mantle influence manifested in the tholeiitic–alkalic basaltic volcanic activity. By 

petrochemical and geochemical criteria it is similar to pre-collision interarc-backarc volcanism; 

however it is not characterized by rifting and is characterized by fissure eruptions from deep-

seated chambers. Mineralization is not related to post-collision volcanic activity. 

In the studied region Oligocene-Miocene dacite-porphyry and grano-diorite porphyry 

magmatism and gold-copper-porphyry and low-sulfidation gold mineralization precede post-

collision volcanic activity. The mineralization is associated with widespread rare metals (Sb, W, 

Mo and Hg). At this stage of post-collision development, the association of rare metals is an 

indicator of the post-collsion setting. 

The similar situation is characteristic for post-collision setting regions worldwide. The gold and 

association of rare metals are detected in the Tethys-Eurasian metallogenic belt exemplified by 

the Muruntau group of deposits. In the Altaid orogen at the Late Paleozoic stage of its collision 

generation of giant gold deposits (Muruntau, Kumtor, Cholboy and etc.) is related to the final 

amalgamation and collage stage in the Tianshan Province (Yakubovich et al., 2002). The gold 

mineralization here is associated with Sb, Mo and W. 

In the Kumtor deposit we have a Au, W, Cu, Te, Ag, Pb, Sn and Sb association. 

In the Muruntau deposit:  Au, As, W, Bi, Te, and Cu. 

In the Cholboy deposit:  Au, Sb, Hg, Pb, Mo, W and Cu. 

In the Dauguztan and Amantaitan deposits: Au, Ag, As, Sb, Mo and Cu.  

The similar association of gold with rare metals occurs in the Tombstone gold belt of Yukon 

(Canada). Here the post-collision mineralization is related to Cretaceous and Jurassic orogenesis 

and is controlled by syn-orogenic intrusions (Mair et al., 2006). Post-collision development here 

was linked to Triassic - Cretaceous convergence between the North American and Faralon plates, 

which led to the collision of oceanic terranes with the continental margin. Here gold 
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mineralization goes with Te, Bi, As, W and Sb association and is related to quartz veins in 

association with W, Au, Ag, Pb, Zn, Sb (Mair et al., 2006). 

Similarly, in the Western Lachlan orogeny, Southern Australia, syn-collision orogenic gold 

mineralization is followed by the Bi, Te, As, W, Mo, Sn and Sb association. 

Consequently, the most significant gold deposits in association with Sb, W, Hg and Mo are 

related to post-collision orogenesis and magmatic activity. Among them are giant gold deposits: 

Muruntau (Au-175 Moz), Kumtor (Au-19 Moz), and Zarmitan (Au-11.2 Moz). 

It should be mentioned that Sb, W, Hg and Mo are associated with gold deposits related to post-

collision orogenic and intrusive activity and have not been defined in pre-collision backarc, 

interarc and oceanic settings aside from molybdenum which participates in island arc setting 

mineralization. The latter is not characterized by the tendency of Sb, W, and Hg participation. At the 

same time in the studied region such giant Mo-deposits as Kajaran is related to post-collision 

setting. 

Therefore, the post-collisional process in the studied region consists of two stages. The first – 

Oligocene-Miocene is related to post-collision tectonics and granitoid magmatic activity and is 

presented by gold-copper porphyry, base metal and epithermal low sulfidation gold 

mineralization in association with rare metals (Sb, W, Mo and Hg) and deposits of these rare 

metals in particular. The rare metals at the same time are geochemical indicators of postcollision 

setting. The postcollision process post-dates pre-collision rock complexes of various ages. The 

mentioned rare metals are not characteristic for pre-collision setting and present geochemical 

background of the post-collision process. The next stage of post-collision process is marked by 

the formation of post Miocene-Pliocene-Quaternary shoshonite-trachyandesite and tholeiitic-

alkali-basaltic volcanic rocks characterized by similar geochemical and petrochemical indicators 

to backarc-interarc pre-collision setting volcanic series. However, the post-collision situation is 

not characterized by rifting and mineralization. The volcanic activity is controlled by fissure 

eruptions from deep magma chambers. 

Thus, post-collision gold-copper-base metal metallogeny is characterized by the following 

criteria: 
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●The mineralization resulted in porphyry and epithermal vein-stockwork ores and never 

stratiform VMS mineralization. 

●The mineralization is controlled by fold-thrust zone in orogens and orogenic magmatic activity. 

●The post-collision mineralization is characterized by high gold grades associated with rare 

metals (Sb, W, Hg and Mo) as in porphyry and in low sulfidation and nonsulfide ores, so in the 

host rocks. The rare metals association is the the exploration criteria for gold mineralization. 

●Rare metals in post-collision setting are introduced in proper deposits of antimony, scheelite, 

wolframite and mercury. 

●Gold and rare metals genesis in post-collision setting is related to the steepening of the 

subducted slab on the depth and invasion granitoid magma and high temperature fluid flows into 

the lithosphere. The fluids leached gold and rare metals from thick orogenic sialic crust and 

formed porphyry and epithermal vein-stockwork mineralization. 

●The post-collision setting is characterized by a high geochemical background of rare metals 

(Sb, W, Hg and Mo). Accordingly the association of mentioned rare metals simultaneously is the 

indicator of post-collision setting. It is noteworthy, that in pre-collision setting these rare metals 

are not present. The only exception is molybdenum. 

 

Review and analyses of the obtained data 

Investigation of metamorphism, magmatism (volcanism), postvolcanic hydrothermal alteration 

and metallogeny in the studied region within the border of the Eurasian active margin revealed 

the following tendencies: 

The geodynamic development consists of pre-collision and post-collision stages. The pre-

collision stage, related to north-verging subduction of the Tethys Ocean during convergence of 

the Eurasian and Afro-Arabian continents, began in Late Proterozoic and was continuing until 

the Eocene, and ended with collision and closure of the Tethys Ocean. 

During subduction, detached terranes from the Afro-Arabian passive margin and their migration 

toward the Eurasian active margin. During convergence, as result of separating the terranes and 

ocean realms collision, the oceanic sutures were developed. After the ocean collision as a result 

of the high stress impact of Afro-Arabian continent on the Eurasian margin post-collision stage 

began. 
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The geological and geodynamic development is characterized by subduction, which in turns 

controlled metamorphism, volcanism, hydrothermal alteration and mineralization at the pre-

collision stage until closing of the ocean. At the post-collision stage, the subduction was finished, 

however steepening of the subducted slab was continuing at the depth under the orogeny, 

resulting in mantle diapir incursion and high temperature hot stream activity in postorogen fold-

thrust zones with related magmatic activity, hydrothermal alteration and mineralization. The 

process ended with shoshonite-trachyandesite and tholeiitic–alkali- basaltic volcanism. 

During pre-collision development, its first stage revealed in normal subduction, when the slab 

was deepening in the mantle without steepening and mantle diapir incursion. The Phanerozoic 

regional metamorphism was related to the incipient stage of subduction before the production of 

andesite melt from the subducting slab. Characterized by high temperature hot fluid stream, the 

regional metamorphism resulted in the formation of granulite and amphibolite high temperature 

facies. The latter upward transferred into epidote-amphibolite and greenschist facies. The 

temperature of regional metamorphism varied within 350-750
0
C at 4000 bar pressure conditions. 

At this temperature and high pressure, before production of andesite melt from the subducting 

slab and lithosphere, the granitic magma might be smelted and formed of the granite-

metamorphic complexes. Accordingly, the regional metamorphism preceded calc-akaline 

volcanism. This concistency is exemplified in the Caucasus where Hercynian metamorphism in 

the crystalline core of the Great Caucasus, which took place in the Devonian-Carboniferous. 

During the Middle Carboniferous, metamorphic rocks were overlain by andesite-dacite-rhyolite 

volcanic series. Another example is known from the Transcaucasus, where Late Paleozoic-

Triassic andesite-dacite calc-alkaline series overlay the Paleozoic granite metamorphic 

complexes of Loki and Dzirula salients. The similar succession of regional metamorphism and 

calc-alkaline volcanic activity in the Phanerozoic is also known in other regions of the world and 

confirms that regional metamorphism precedes the production of andesitic magma from the 

subducting slab ( , 1980). Such sequence is described in the Lake District (Wales), 

where amphibolite facies of the regional metamorphism of age 475-420 Ma, preceded Paleozoic 

calc-alkaline volcanic activity (Read, 1961). Thus, the Hercynian belt (340-320 Ma) of the 

Western Europe (Moldanub structure zone) is overlain by Carboniferous molasses, which 

consists of trachyandesite volcanic series ( , 1967), as well as in the Pacific Ocean, where 

thick andesite series are underlain by a regional metamorphic belt (Miashiro,1972). It is 
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noteworthy, that episodes of metamorphism are not, always terminated by andesite production 

and volcanic activity. Therefore the hot fluid stream action not always prevails during the stage 

of granulite and amphibolite facies, which transfers upwards into epidote-amphibolite, prehnite-

pumpellyite, greenschist and zeolite facies ( , 1980). The regional metamorphic rocks, 

in contrast to postvolcanic metasomatised rocks, are always characterized by gneiss and schist 

structures due to their formation at depth in high pressure conditions. At the same time regional 

metamorphism was not accompanied by mineralization, however within the metamorphic 

complexes, there are various types of mineralization and ore deposits, but they always are 

superimposed and related to later processes. During the ongoing subduction, the temperature of 

hot streams increased and began the production of andesite melt from the subducted slab with 

calc-alkaline volcanic activity and gold-copper-base metal mineralization. Steepening 

(deformation, break off, detachment and delamination) of the subducted slab and mantle diapir 

incursion conditioned the interarc or backarc rifting. At the incipient stage of transformation the 

shoshonite-trachyandesite volcanic activity occurs, after strengthening of diapir incursion and 

rifting began the tholeiitic-alkalic basaltic explosions with related high temperature epidote-

zoisite propylitization and copper-zinc mineralization. The subsequent strengthening of diapir 

incursion and spreading back-arc rift transformed into the minor ocean setting with ophiolite 

volcanism and ultramafic dunite-peridotite intrusion, epidote-zoisite and actinolite 

propylitization and serpentenization coincided with Cyprus type VMS copper-pyrite 

mineralization. The described sequence occured in the studied region, similar geodynamic 

settings developed in other regions of the world. 

The gold-copper-base metal mineralization in an island arc setting is controlled by participation 

of sialic, basaltic crust and mantle as a result of subducted slab deepening in the mantle. The 

sialic crust does not participate in mineralization of backarc setting and ore forming here is 

controlled by basaltic crust and mantle. The oceanic setting development is characterized by 

mantle melt activity without participation of basaltic and sialic crust and characterized by 

copper-pyrite mineralization. Therefore, we suppose, that the source of gold and lead is the sialic 

crust, source of zinc is basaltic crust, whereas source of copper would be the mantle. 
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In the Caucasus, there is a distinct spatial and temporal alternation of normal subduction and 

transformation of subducting slab with related volcanic activity and mineralization. The 

alternation occurred as along deepening of the subducted slab from the South to the North, so 

laterally to deepening from the West to the East. Here is fixed the following subsequence: 

 

In the Southern Slope of Great Caucasus in the Paleozoic Dizi series occurs calc-alkaline, 

andesite-dacite-rhyolite volcanic suite controlled by normal subduction. Northward in the 

Forerange of the Caucasus, the subducted slab steepening with mantle diapir incursion is 

characterized by formation of Paleozoic—Triassic interarc rift with tholeiitic volcanic activity 

and copper-zinc mineralization (Khudes group of deposits). 

The north-verging transformation of the subducted slab is fixed also in Lower Jurassic in the 

Southern Slope. Here mantle diapir incursion revealed by backarc rifting and marginal sea with 

tholeiitic volcanism and pyrite-chalcopyrite-sphalerite – pyrhotite mineralization (Filiz-chai 

group of deposits). In the Transcaucasus (Georgian Block) it was preceded by Late Paleozoic-

Lower Jurassic calc-akaline volcanic activity, also in the Locki-Garabakh zone (Lesser 

Caucasus) by Lower Jurassic calc-alkaline basalt-andesite-dacite volcanism of island arc setting. 

In the Locki-Garabakh zone, normal subduction and calc-alkaline volcanism occurred also in the 

Upper Jurassic, characterized by andesite-dacite rhyolite volcanic series with gold-copper-base 

metal mineralization (deposits: Shamlug, Alaverdi, Gedabeck etc). To the North, in the Georgian 

Block (Transcaucasus) the steepening of the subducted slab caused backarc rifting and resulted 

in Upper Jurassic , thick tholeiitic-alkalic basaltic-trachytic volcanic series. The similar 

development occurred in the Upper Cretaceous. In Artvin-Bolnisi zone (Lesser Caucasus)-to 

normal subduction in island arc setting is related calc-alkaline-andesite-dacite – rhyolite volcanic 

activity and gold-copper-base metal mineralization (Madneuli and Dagkesaman  deposits). 

Further to the North, in the Georgian Block (Transcaucasus), the subducting slab steepening 

revealed in picritic basaltic, alkaline-olivine basalt, trachyandesite and trachyte volcanic activity, 

with phonolite extrusions, characteristic for backarc setting. 

Transformation of normal subduction occurred in the Eocene as well. The interarc development 

of the Adjara –Trialeti with tholeiitic-alkalic basaltic activity to the South in the Turkish  
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Pontides and Artvin-Bolnisi  zone, preceded normal subduction with calc-alkaline volcanism and 

gold-copper-base metal mineralization. 

In the Caucasus and in the Bulgarian Srednegorie zone there is a distinct temporal transformation 

of the subducted slab in way-up succession and its relation to intensity of diapir incursion. It is 

exemplified in the Adjara –Trialeti and in the Bolnisi ore district. 

Thus, in the Western segment of the Adjara –Trialeti zone at the incipient stage of rifting in 

Lower Eocene shoshonite –trachyandesite volcanic activity occurred. Later in the Middle Eocene 

rifting strengthening revealed in the tholeiitic-alkalic basaltic explosions, whereas in the Upper 

Eocene slackening and waning of rifting is evidenced by shoshonite-trachyandesite volcanic 

activity. The tholeiitic-alkalic basaltic volcanism coincided with epidote-zoisite background 

propylitization, whereas in the Upper Eocene shoshonite-trachyandesite series the chlorite-albite 

and zeolite propylitization occurred. The background hydrothermal alteration zonality here may 

be explained by lowering of fluids temperatures and deeper level of diapir incursion.  

The different development occurred in the Bolnisi ore district where in the Madneuli and 

Bectaqari clusters temporally in the way-up section the incursion of diapir was strengthening and 

its level of invasion was decreasing. The genesis of the Santonian Madneuli deposit is related to 

normal subduction and island arc setting, but the adjacent Bectaqari deposit is localized in the 

Campanian trachyandesite suite, which is imbricated by Upper Campanian  Shorsholeti suite 

presented by alkaline basalts and trachy-andesites. According to petrochemical and geochemical 

criteria it is related to backarc setting. So, here temporal steepening of subducting slab was 

strengthened. The similar development occurs in the Balkans (Bulgarian Srednegorie), where 

temporally upwards in the cross section normal subduction according to strengthen steepening of 

the slab transferred into the incipient stage of backarc. 

In the Caucasus, in the Adjara-Trialety and Talysh rifts is distinctly seen the lateral 

tansformation of subducted slab and alternation of related volcanism, background hydrothermal 

alteration and mineralization. 

The Adjara-Thrialeti lateraly to the west is continuing into the Black Sea minor ocean consisting 

of ophiolites. The transformation of interarc rift in the minor ocean setting is related to 

intensification of mantle diapir incursion. At the same time the Black Sea minor ocean to the 
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west is continuing in the Burgas backarc rift in Bulgaria and consists of tholeiitic-basaltic 

volcanic series, related to slackening of diapir incursion. 

The similar sequence occurred in Talysh region (Azerbaijan). Here the backarc presented by 

tholeiitic-subalkaline basalts laterally to the East is continuing to the Caspian Sea minor ocean 

ophiolites. Here we have a similar sequence, as in the Adjara-Trialeti and Black Sea minor 

ocean. However, there are some distinctions, as well. In the Adjara-Trialeti Middle Eocene 

tholeiitic-basaltic series in the Upper Eocene transferred in the shoshonite-trachyandesite suite, 

according to temporal slackening of rifting, whereas in Talysh the Middle Eocene tholeiite-

basaltic series are overlain by Upper Eocene sandstones cut by dunite-peridotite stocks 

characteristic to oceanic setting. So , in contrast to the Adjara-Trialeti, there was a temporal 

increasing incursion of the mantle diapir. 

In the studied region, post-collision setting began after the collision and closure of Tethys Ocean, 

characterized by the stress of Afro-Arabian continent on the Eurasian margin. Post collision 

metallogeny is controlled by fold-thrust zones and syn-orogenic Oligo-Miocene grandiorite 

intrusive stocks. 

The post-collision process in the studied region is revealed by two stages. The first Oligo-

Miocene occurs in forming of fold-thrust structures and syn-orogenic magmatic activity. The 

second, post-Miocene stage is revealed by shoshonite-trachyandesite and tholeeite-alkalibasalt 

volcanism without any mineralization. To the first stage of the post-collision process is related 

the significant mineralization controlled by fold-thrust structures and intrusion activity. It is 

introduced by gold-copper-base metal and low sulfidation and non-sulfide gold mineralization. 

The ores, with  the low grade of base metal are characterized by high grade of gold associated 

with rare metals (Sb, W, Mo and Hg). The gold-bearing, scheelite, wolframite and mercury 

deposits are widespread. The rare metals of this association are not known in pre-collision 

setting, only molybdenum among them participates in the mineralization of island arc setting; 

however the most significant molybdenum deposits (Karjaran) are controlled by post-collisional 

development. The source of gold and rare metals is the sialic crust of orogens. Their leaching 

from thick orogenic crust is produced by high temperature fluid streams under high-pressure 

conditions. The streams are coming from deep chambers. They are related to post-collision 
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steepening of subducted slab. In the post-collision setting occurs high geochemical background 

of mentioned rare metals in the host rocks as well. 

The post-collision granitoid, granodiorite porphyry and dacite porphyry magmatic activity 

widespread in the studied regions of Iran, Caucasus and Turkey with related gold-copper-base 

metal and low sulfidation gold mineralization coincides with the association of rare metals (Sb, 

W, Mo and Hg) - geochemical indicator of post-collision setting. All these intrusive bodies are 

dated as Oligocene-Miocene. It enables us to presume, that post-collision development, 

stipulated by stressing of the Afro-Arabian continent on the active margin of Eurasian began in 

the Oligo-Miocene. It is confirmed by the age of termination of of AES and Intrapontide  sutures  

formation is the Late Eocene  (Okay and Tuysus,1999). The stress coincides with orogenesis and 

brittle tectonics revealed in the fold-thrust structure and mineralization. The post-collision 

development is continuing in the Pliocene–Quartenary volcanic activity. 

The association of these rare metals is related to the most significant postcollision deposits, as in 

Eurasian gold-copper-base metal belt (Muruntau group of deposits in the Tianshan province), so 

in the Tombstone gold field (Canada) and in Lachlan orogenic gold deposits (Australia) etc. 

Thus, according to the above mentioned data we conclude that rare metals association (Sb, W, 

Mo and Hg) is the distinct indicator of the post-collision setting. It is noteworthy, that 

geochemical indicators of this stage of post-collisional development are not known, whereas the 

pre-collision indicators of island arc, backarc, interarc and oceanic settings are characterized by 

distinct geochemical criteria (Sr
87

/ Sr
86

,  Pb
206

/ Pb
204

, chondrite and REE contents etc.). At the 

same time the geochemical criteria for distinction of pre-collision  and post-collision settings is 

unknown, because of postcollision processes juxtaposed on the rocks of pre-collision settings.  

Rare metal association (Sb, W, Mo and Hg) defines the geochemical background of the post-

collision setting and it is not common for pre-collision. It presents the distinct geochemical 

indicator of the first stage of the post-collision development. It is confirmed by data from other 

regions with post-collision settings worldwide 

 

 

Conclusions 
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1. The geodynamic development of the studied region at the pre-collision stage and its relation 

with regional metamorphism, magmatism, volcanic activity, hydrothermal alteration and 

metallogeny is characterized by north-verging subduction and steepening of the subducting slab, 

but at the post-collision stage it is related to orogenesis, fold-thrust tectonics, syn-orogenic 

magmatism and post-subduction steepening of the subducted slab under the orogen. 

2. At the first stage, before melting of the subducting slab and production of the andesitic melt, 

during dipping of subducting slab in the mantle, the ascension of hot fluid streams in the 

lithosphere resulted in regional metamorphism. At this stage, high temperature almandine-

amphibolite facies was developed. The temperature of regional metamorphism varies within the 

limits of 350-750
0
C. At this temperature the genesis of granite magma and granite-metamorphic 

complex formation would have been possible. After production of the andesite melt at the 

temperature 1000-1100
0
C began the calc-alkaline volcanism in an island arc setting. It was 

characterized by normal subduction. 

The calc-alkaline volcanic series are imbricated on granite-metamorphic complexes. The 

regional metamorphism preceeded calc-alkaline volcanic activity and both of them were 

controlled by the stage of normal subduction. 

3. During subduction, subducted slab was steepening (deformation, break off, detachment and 

delamination). The steepening characterized by the incursion of a mantle diapir caused rifting 

and formation of a backarc-interarc setting with shoshonite–trachyandesite volcanism at the 

incipient stage. The strengthening of the diapir incursion is revealed by tholeiitic-alkalic-basaltic 

volcanic activity, copper-zinc  mineralization and regional epidote-zoisite propylitization. 

4. The subsequent slab steepening and diapir incursion resulted in spreading and transformation 

of the backarc in a minor ocean setting with ophiolite, volcanism and ultramafic  dunite-

peridotite magmatic activity. They coincided with regional high temperature epidote-zoisite-

actinolite propylitization, serpentization and  copper-pyrite Cyprus-type mineralization.  

5. Thus, to the various geodynamic settings are related different types of mineralization. At the 

same time in mineralization of the various settings are involved different proportions of sialic, 

basaltic crust and mantle components. Therefore we conclude that the sources of gold, lead, zinc 

and copper are in the Phanerozoic crust and mantle. In the oceanic setting the mineralization is 
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controlled only by mantle and is introduced by the copper-pyrite ore. Therefore the source of 

copper is the mantle. In the interarc-backarc settings of the ore forming process participates 

mantle and basaltic crust. In this case we have copper-zinc mineralization, therefore the source of 

zinc is basaltic crust. In the island arc setting in the mineralization process participates sialic, 

basaltic crusts and mantle and in this case the ores comprise gold, lead, zinc setting, with 

ophiolite volcanism and dunite-peridotite intrusive activity on the regional epidote-zoisite-

actinolite propylitization, serpentinization and copper-pyrite Cyprus type mineralization. 

●. The spatial latitudinal transformation of subducting slab with various intensity of incursion of 

mantle diapir characterized lateral conversion of oceanic, backarc/interarc and island arc settings, 

revealed in appropriate volcanism, hydrothermal alteration and metallogeny similar to the 

described alternation related to subduction along the dip of the subducting slab. In the studied 

regions the interarc of Adjara-Trialety to the West is continuing in the Black Sea minor ocean. 

The latter to the west transferred in the Burgas backarc rift (Bulgaria). In the Adjara-Trialeti, the 

Middle Eocene interarc rift was introduced by tholeiitic-basaltic volcanic activity. Eastwards, 

with slackening rifting it transferred in shoshonite-trachyandesite volcanism. The latter to the 

East transferred in andesitic volcanic activity expressed by wanning of rifting and island arc 

setting. In Azerbaijan the Talysh rift laterally passes in the minor ocean of Caspian Sea. 

● The transformation of subduction and related processes, also temporally alternate in ascending 

succession. In the Western segment of the Adjara-Trialety, the incipient stage of interarc rifting 

revealed in the Lower Eocene shoshonite–trachyandesite series. Temporally upward it is overlain 

by Middle Eocene tholeiitic-alkalic basaltic series coincided with high temperature epidote-

zoisite propylitization. In the Upper Eocene it is again transferred in shoshonite-trachyandesite 

series indicating upward slackening of rifting. In the Talysh rift Middle Eocene tholeiitic series 

upward in the Upper Eocene alternate with ultramafic dunite-peridotite magmatic activity, 

characteristic for oceanic setting and marking more intense mantle diapir incursion.  In the 

Bolnisi ore district (Lesser Caucasus) in the way-up section and temporally the island arc 

transferred in backarc setting. The same situation is defined in the Bulgarian Srednegorie belt. 

7. At the post-collision stage, after closure of the Tethys ocean, the subduction process  is 

terminated, but under orogeny the steepening of the subducted slab was continuing. During the 

Oligocene - Miocene it stimulates the streaming of fluids and production of granite magma from 
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sialic crust, activity of granodiorite–dacite intrusions and fold-thrust structure formation. We 

conclude that as a result of pressure of passive margin of the Afro-Arabian on the active margin 

of the Eurasian continent, we had the real and full post-collision setting in the Oligocene-

Miocene, which is continuing during the Pliocene-Quartenary volcanic activity. These intrusions 

and fold-thrust structures controlled post-collision mineralization consisting of porphyry gold-

base metal mineralization and low-sulfidation gold-bearing quartz-antimonite, quartz-scheelite, 

wolframite and quartz-mercury veins and stockworks.    

The porphyry and epithermal low-sulfidation mineralization and its host rocks are characterized 

by rare metal association- Sb, W, Mo, Hg, which are widespread in the hostrocks, control the 

mineralization and are exploration indicators of the gold. The mentioned association of rare 

metals is not known in pre-collision setting. This association is widespread in the post-collision 

setting and presents the geochemical background for the setting.  The rocks of the pre-collision 

setting are characterized by distinct geochemical criteria  (Sr
87

/ Sr
86

,  Pb
206

/ Pb
204

, the REE and 

chondrite elements etc.). The post-collision setting is overlain on the pre-collision rocks, so the 

mentioned association of rare metals is the distinct geochemical indicator of post-collision 

setting and it might be used to confirm the post-collision activity in the region. The mentioned 

rare metals are characteristic for post-collision mineralization in the various regions of the world. 

In the Caucasus and Turkey (East Anatolia) at the post-collision stage we have Pleistocene-

Quartenary andesite, shoshonite and tholeiitic–basalt volcanic activity. It is according to 

geochemical and petrochemical criteria similar to volcanic rocks of the pre-collision settings, 

therefore it is confirmed, that at post-collision development in the various sites occured intense 

steepening of the subducted slab and incursion of mantle material revealed by the tholeiitic-

basaltic volcanic activity. In conclusion, during the first stage we have granodiorite magmatism 

and later  after more intense  subducted slab steepening we have incursion of mantle material and 

shoshonite and tholeiitic – basaltic volcanic activity. However in contrast to the pre-collision 

setting, rifting and related mineralization is not known here. 

                                                       ●                ● 

                                                                 ● 
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 The investigation of Phanerozoic geodynamic, volcanic activity and metallogeny in the Eurasian 

active margin, revealed that at the pre-collision stage geodynamic development started with 

regional metamorphism, island arc, backarc-interarc and minor ocean settings, controlled by the 

character of volcanism (magmatism), background hydrothermal activity and metallogeny. Thus, 

the island arc setting is characterized by calc-alkaline volcanic activity, coinciding with zeolite 

propylitization and gold-copper-base metal mineralization. Backarc-interarc settings, revealed in 

tholeiitic-alkalic basaltic and shoshonite-trachyandesite volcanism and regional epidote-zoisite 

and chlorite-albite propylitization, coincided with copper-zinc-pyrite VMS mineralizatiom. The 

minor ocean setting is associated with ophiolite volcanism and ultramafic dunite-peridotite 

magmatism, epidote-zoisite-actinolite propylitization and serpentinization and Cyprus type 

copper-pyrite metallogeny. In addition, there is a transitional stage from island arc to an incipient 

backarc stage of geodynamic development, with characteristic volcanic activity and metallogeny. 

At the post-collision stage subduction stopped, but steepening of subducted slab was continuing 

according to the tectonic setting of the continents controlled of fluid stream, post-collision 

magmatism and metallogeny at the first stage coincides with rare metal  (Sb, W, Mo, Hg) 

association. The latter is the geochemical indicators of the first stage. The second stage of post-

collision development is revealed by shoshonite and tholeiitic-basaltic volcanic activity, 

characterized by the incursion of mantle material by analogous geochemical criteria, as of pre-

collsion setting. But they are not coincided by rifting and mineralization.                      

                                                      

Summary 

During evolution of Tethys ocean the relation of Phanerozoic geodynamics with volcanism, 

hydrothermal process and metallogeny within the limits of Eurasian  active margin temporally 

and spatially revealed in the following succession of occurrences: at the precollision 

(synsubduction) stage evolution of Tethys ocean, on the incipient stge of subduction, before 

smelting of calc-alkaline andesite , the regional metamorphism  and smelting of granitoid magma 

occurred with formation of granite-metamorphic complexes , at the temperature 350-750
0
C.  At 

the temperature 1000-1100
0
C after smelting from subducted slab and lithosphere of andesite 

melt, the calc-alkaline volcanic activity was beginning occurred at island  arc setting, coincided 

with background of zeolite propilitization and gold-copper-base metal metallogeny, presented by 
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porphyry and Kuroko type mineralization. The regional metamorphism and island arc calc-

alkaline volcanic activity coincided with hydrothermal alteration and metallogeny was stipulated 

by normal subduction, without steepening  of subducted slab and mantle material incursion. 

The next stage of subduction  revealed in the beginning of steepening of subducting slab (roll 

back and break off) and incursion of astenosphere occured in volcanism of transition type from 

calc-alkaline to shoshonite-trachyandesite, at the first stage and in tholeeite-alkalibasalt at the 

second, coincide with rifting. The first stage significant by gold-copper-base metal 

mineralization and quartz-K-feldspath alteration transferred at the second stage in the high 

temperature epidote-zoisite background propylitization and the stratimorph VMS copper-zinc-

pyrite mineralization without participation of gold and lead, or with their minimal content, 

related to relies of sialic crust in the rifting. 

The strengthening steepen of subducting slab (break off, detachment and delamination) and 

intensification incursion of mantle diapir and intensive spreading, with ophiolite  mantle type  

volcanism and ultramafic dunite-peridotite invasions, coincided high temperature epidote-

actinolite propylitization, serpentinization and mantle related copper-pyrite metallogeny, 

occurred without participation during ore formation sialic crust source of lead and gold and 

basaltic crust source of zinc. 

The analyse of metallogeny with relation of subduction and volcanic activity show, that source 

of lead and gold is the sialic crust, source of zinc is the basaltic crust, whereas source of copper 

is the mantle. 

At the precollision stage the subduction are stipulated by various steepening of subducting slab 

temporally and spacially in the three directitions: along its dipping from North to South, laterally 

to dipping  along the strike from East to West and vertically-temporally in ascending succession. 

It is revealed in alternation of geodynamic settings in the three mentioned direction. The lateral 

alternation of the settings was described also in the East Pontides (Delibash et. al.,2016).   

Thus, pre-collision and post-collision development are controlled by following, hydrothermal 

activity and metallogenic indicators:  
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1) The steady state subduction of island arc setting is revealed in regional metamorphism, 

calc-alkaline volcanism, zeolite and chlorite – albite background propylitization and Au, Pb, Zn, 

Cu mineralization;  

2) The incipient stage of rifting alkali and subalkali trachyrhyodacite and trachybasalt 

volcanic activity, with background K-feldspathization with related low sulfidation gold 

mineralization, (at first stage) and Au-Pb-Zn-Cu mineralization epidote-zoisite synore 

propylitization at the second; 

3) The backarc-interarc rifting is coincided with tholeiite volcanic activity background 

epidote-zoisite alteration and Zn-Cu mineralization; 

4) The ocean setting is indicated by ophiolite volcanism, dunite-peridotite magmatism 

serpentinization and Cu-Pyrite mineralization. 

5) The indicators of post-collision stage are Sb-W-Mo-Hg geochemical signature and high 

grade of gold at low grade of base metals in the proper sulfide mineralization. 

 

The closing of Tethys ocean and transmissing of precollision development in the postcollision 

was stipulated by convergation Gondvana and Eurasian continents. At postcollision stage process 

of subduction is terminated, however the steepening of the subducted slab was continuing. It was 

stipulated by ascending stream of fluids  and mantle material incursion in the thick orogenous 

lithosphere. With postcollision stage is related orogenesis, fold-thrust  structures and synorogenic 

granitoid magmatism. At the first stage the fluid stream ascending in the thick orogenous 

lithosphere , leaching the gold and rare metals (Sb, W, Mo,Hg) and formation of porphyry and 

low sulfidation  quartz-antimonate, quartz- sheelite and quartz-wolframite goldbearing veins and 

stockworks. The high grade of gold in porphyry mineralization are fixed on the background of 

low trend of base metals. The rare metals association (Sb, W, Mo,Hg) widespread as in ore wall 

altered rocks, so is widely in the orebearing  rocks. It represents geochemical indicator of 

postcollision process, as well as exploration criterion of gold mineralization. In the studied  

region the first stage of postcollision process dated of OIigocene-Miocene are substituted the 

rocks of precollision setting ; they represent high geochemical background of mentioned rare 

metals, which are geochemical criteria of the postcollision  activity. The second stage is 

presented by shoshonite-tholeeite –alkalibasalt volcanic activity of Pliocene–Quatenary age and 

are characterized by geochemical indicators (ratio of the Sr and Pb isotopes, contents of REE  
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and chondrite elements) as of the same rocks of precollision setting characterized by VMS 

mineralization. However here rifting was not occurred and the postcollsion series are not  consist 

of mineralization. Postcollision volcanic aqctivity here related with fault explosions from deep 

volcanic chambers. The thick lithosphere of orogens would be prevent of the rifting process 
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( .10,11).         

        

  .    -   

-      ,  

       .   

     (pathways). 

          

          .  

        

  . 

  (  )   Sb, Mo  W 

.   -     

   Sb, Mo, Zn, Pb, Te  Se- .   

      Cu 200-253 ppm, Au 88-

121ppb, Mo-3.0-5.7 ppm, W-6.3-7.1 ppm, Pb-120-517ppm; Zn-121-160 ppm, Sb 7-10ppm . 

    -   

    Zn-Ag-Sb-   Pb-Bi-    

 -  .  
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  ,     -

     -     

   -  , 

-      ,  

 -       (  

  , 2007; Moritz et al., 2006). 

-  ,  Sb, Mo,Hg   W- ,  

        

   ,  , 

 ,   -  , 

 -   -   ,  

   -    

 ,      

 .     

   -     

      Sb, Mo, Hg     W ( .10).  

       -

   ,  -   

  -     , 

   Sb,W   Hg. -  -  

 -         

  .     Sb W,   

  -    (Melikian, 1977). 

  ( Sb, Mo, Hg   W)     

  -    ( .7,VI).   

     .  
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    .   

    .  .    

      

 (1980-1990).    -  

  -  .  

   ,    . 

   Sb-  .       

.    4.35 /  , -4.15 / . 

     34  ,  Sb -41223 ., -39 . 

      

(G.Tvalchrelidze, 1984),     

     -   . 

          ( Au, Sb, Mo, Hg  

 W) , ,    .  

 -     

  . 

        

.   -  - .  

          

.   -   - -

-    - -   

-  .    5.10 / -  , 

As- 6.7%,,   Sb-7.37 %,.   483000 ,  Au-14.04 ., Sb-2580 , 

As 1800  .  

,    -   

( , , 2008).   Sb  W-  ,  
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 - , - , -   

   ,   , 

  .    3-4 /  

.   - - ,   

    Sb  W-  . 

 -      

 .     ,  

9.8%   (    50  ) ,  

   - W-3.5 %, Au 2.30 /  (50  W  18882  

Au).         .  

, ,      - Hg-0.34% 

(2546  ),  Hg-0.29% (1353 ),  Hg-0.5% 2200 ). 

  .    

     .   

 Hg  Sb-      

  (  ).    ,  

   ( .6).      

  .     Sb, W  Hg 

(Yigit, 2009).        

   -   (Marchev et al.,2004). 

      -  

   -   

 .     ( -

)   .   

-    -   

    (Sb, Mo, Hg   W) .    
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   -    

,    ,      

 . 

        

-      , 

        . 

  (  ), -    

 ,  -   

   ,   

-         

.       

    (Sb, W, Mo, Hg) .   

   ,    . 

 ,      -

       , 

   . ,  ,  

        

       -

 .   ,    

  IAES      - -

 .     

-   . 

    , 

   . , .   .  

 (Dilek et al.,2010).      , 

,     .    
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  , -   -

         

  . ,     

  -    -  

 . , - ,  -  

  ,     

    -   

   .    

   -   

 ,          

    . ,  

          

       

. 

        

-    -  

,  -      

 ,     

(Sb, W, Mo, Hg) .  ,  ,    

 . 

       

 ,      

 -      

 .   ,   

  .     

  ( , ,   )   
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      (Yakubchuk et al., 2002). 

   Sb, Mo,  W. 

   : Au, W, Cu, Te, Ag, Pb, Sn, Sb-  . 

 :  Au, As, W, Bi, Te, Cu. 

  : Au, Sb, Hg, Pb  Zn. 

   : Au, Ag, As, Sb, Mo, W  Cu. 

        

 ( )   .   

  -    

  .    

    -   

 ,       

 .    Te, ,Bi, As, W  Sb-  

.      W Au, Ag, Pb, Zn, Sb - 

  (Mair et al., 2006). 

     -  

,    ,    

   Bi, Te, As, W, Mo, Sn  Sb- . 

,      

     

,    Sb, W, Hg  Mo.     

 -  (Au – 175   ),  ( 

19   Au)    (11.2 .  Au). ,   Sb, W, Hg 

Mo       
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  .     

 ,     .   

 Mo     ,  

   Sb, W, Hg  .   

   Mo   

 .      . 

,     ,   

.  - - ,   

    .   

- ,     

  ,    (Sb, W, Mo, 

Hg)     .   ,  , 

    .   

       

    .  

        

     . 

     -

-  -   -

 .     

       

   . ,    

,         

 . 

,  - -   

   :  
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      -

 .       

VMS-  . 

     -  

     . 

       

     (Sb, W, Hg  Mo), 

   ,      

   .      

  . 

       

 . , , ,   

  .         

        

     

     

  .     

        

 -   .  

        (Sb, 

W, Hg  Mo)    .     

,      

. ,   ,  

   ,    

. 
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 ,      

,  ( ),   

  -     

  : 

       

  .     

      -

   ,   

         

.    -    

       . 

       

      .   

  -         

     . 

       

 .      

, ,     

  ,    

  ,       

   ,   

      -   

 .     -  

  ,    
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    -   -

  . 

       

.       

        .  

    .  

     

 .   ,    

   ,  ,   

        

      

   -   

,      -

     .  

  350-750
0
 C   4000   

.         

   ,   

,   ,   

-   . ,  

   -    .  

   .   

      -

 ,     - -  

 .     , 

 -  -    -   

  (  )     
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- -  .   

 -       

  ,   ,    

,  ,    

 ( , 1980).     

 .     , 

  475-420         

    (Read, 1961).    

    (   ), 

 ,   340-320  ,   

 ,      ( , 

1967). ,   ,      

   (Miashiro, 1972). ,  

  ,    

      . 

      ,  

     ,  

   - , -

,      ( , 1980). 

 ,   , 

     ,    

  ,   .  ,  

        

,       

  ,      

      . 
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   ,     

     , -

   - - -  .   

   ( , , , 

  ).     

   ,      

 ,    -  

 .      

 ,  -    , 

   -   

 -   .    

       

   ,  -

 ,  -  -  

,      -

 .   ,  

 ,       

 . 

     ,  

    . - - -  

       ,  

 ,     ,  

.         

        

.    ,    

      -

  .     
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      .  , 

,        ,  

-  ,      . 

        

       -

     , 

     ,  

,     .  

  :   ,   

,   - -    

, ,    ,   

      

-   ,   

  -   (   ). 

     , 

      ,  

    .    

  -    - - -

 . ,   ,   

       -  

  - -    -  

      -   

(  )  - -  .  

-         

  .   - -  

,  -    (  



118 

 

, ,   ).  ,   

 (  ) ,    

       -

-    . 

    . -   , 

        

- -     -  

 (    ). , 

      

        

- ,     -  

   .  

     . -

   -  , 

 -    -   , 

    -    - -

 . 

       

       

     .   

 -      . 

, -   ,   

    - ,   

  ,  -   

,          

 ,   -   
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.  -       - 

   ,   

-   -    

 .     

 ,         

  . 

      ,    

  ,     

      .   

        

 ,       

  ,     

       

 ,      

  ,   ,    

    .    

 (  ),     

,       

 . 

 , -      

 ,  ,   

     , 

    . 

-        

  ,     

      ,  
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     .  ,   

      -

      ,   

       

.      ( )  

-      

,        

 -    .   

 . -    -  

,  ,   -   

,     ,    

 -        

,  -   ,   

     , -  , 

      . 

        

  , -      

  .    -  

   -   

 . 

      . 

  -    -  

      

,      -  

 -        

 ,      
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 .   - -   

     .  , 

   ,  , 

     -  Sb, W, Mo  Hg .  

   , ,   

   . ,    

       

.       

   ,   

   (   )    

.         

.          

   ,   .  

        

    . 

        

       . 

 -  , -

  -       

    .  ,   

 .   -    

      (Sb, W, Mo  Hg) 

,      

.      -  

,    ,  -  
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-     -   

 ,     , 

 -    . 

          

,   -   

(     ),     

 ( )       ( )  . 

     ,   

  (Sb, W, Mo  Hg), ,   

  .   

,        

    ,   

,    ,       

    ( Sr
87

/ Sr
86

 , Pb
206

 / Pb
204

, 

       ).  ,  

        

  ,    

   . ,    

 (Sb, W, Mo  Hg),     

       , 

       

,       

 . 
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1.       

     , , 

,     

       

.      

, -  ,    

     . 

2.    ,    

 ,     , 

 -    , 

  .    , 

-    . 

   350-750
0
 C  ,  

       -

  .    

,   1000-1100
0 

C- ,  -   

    .    

 . -    -

  .   , 

  -        

 . 

3.       

( , ,   ),   

     -  , 

-     ,   
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  -  , -  

  -    . 

4.        

 ,       

,       

  -  .   -

  - -    

.   ,   -

  . 

5. ,       

.  ,   ,    

    .     

  , ,     

   .  ,  , 

     -  

 .  ,    . 

   ,  ,   

    , -   

,   ,      

.   ,   

          

, ,    .  ,    

   .     Sb, Mo, W  Hg 

      

,       
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,   ,       

 . 

6.  ,     

 , , ,   

     .   

        

: 

I -      

; II -     -

  III -    . 

      

 ,      

 -  .   ,   

    -

 .   

       -

 , -   -

-   . -

     

-    -  VMS  

 .    

        

  ,  -

  ,  - -

     

   . 
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,      

 ,   , -

     ,  

 , ,  

  ,    

     

.   -   

      ,  

    .  -

      -

  .   

    -

  ,   , 

    ,  

       

 .    , 

        

. 

       

 ,   . -

    ( -  ) 

      -

  ,  ,   

 -   ,  

 -   , 

  ,   -   
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,    .   

        

   -  

 ,      

 .  ,   , 

       

  .    

 . 

7.   ,   ,  

 ,       

,     ,  

   , -  

  -    -  

 ,    ,  

       

   -    

-   .    -

    ,  

  -    

   - , - , 

        

 . ,  ,  -

,  ,     

,  Sb, Mo, W  Hg,    

,       

.        

.   Mo ,   
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  .     

        

   . ,    

       

 (Sr
87

/Sr
86

, Pb
206

/Pb
204

      

   ).    

  ,       

        

       

 .      

     . 

   (  )  , 

-  ,   -  

  ,    

 ,   ,    

    ,   

 .   ,   

  ,  ,    

,  -    .  

 ,     

      -

  -   , , 

 ,      

. 

* * * 
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  ,     

    ,   

       

,    , -

    .    

( ),      

. ,    -  , 

    -  

 . - - -   

-      -

  -   .  

 -    .  

      , 

   - -  

  ,    

 .  ,    

     ,   

,      . 

    ,   

   ,  

 -   ,  

    .  

      (Sb, W, Mo, Hg) 

,      ,  

   -   -  ,  

       

   . 
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, ,    
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   :   

( )    , -   

 ,    

   ,   

  -    350
0
-750

0
 C 

 .     

 1000
0
-1100

0
 C-       

  ,   -   

   ,   , 

- - -       

 .      -  

,       

 ,      

  . 

       

( , )   ,   

   -  -  

   -  .   

 -  ,  -

 ,  ,  

 ,     
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-      

    ,    ,  

      . 

     ( , 

, )      

       

   -  , 

  -  , 

   -  .  

      ,    

    ,    .  

       

 ,       ,   

 ,    . 

       

    ,  

  :     

 ,    ( ) 

 ,   , ,     

     

 .      

     

  (Delibas, et al., 2016). 

       , 

     .  
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   ,    

 ,       

    .   

 ,      

  .   

       , 

      (Sb, W, Mo  Hg)  

       . 

   -   , 

       

 .     -  

 -       . 

    (Sb, W, Mo  Hg) ,  

,    .  ,  

 ,       

  .  ,    

 .  ,   

   - .   

        

  ,      

  .    -

   - -  

       

(     ,    

    ),   

    - -

  ,  VMS  -  
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,    ,   
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    ,    .  

 ,         

 ,   ,  - - -  
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.     ,     

 ,  -  .     

     ,   ,  

 ,      , 

      ,   .  

 ,        , 

  –  ,    – .  

     -    

  ,    ,  -  

    .     

     .   

  ,    ( )  

          

  . 

          

    (Sb, W, Mo, Hg).   

         

.         

- , -   -   . 

 ,       

  (Sb, W, Mo, Hg),     .  

     ,       

      . , 

       

.  ,       

 ,      

   .  

       -

  .     

        . 
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  ,    ,  .   

 

 

    ( . 1)    

  .   , 

,     .  

           

   ,      

        .  

          

.     ,     

   ,  ,  ,         

     .  , 

  ,    ( )     

             

. 

          

      -   

,   - -  

        .  

     1000-1100 .    

    (    350-750 )  

     ,   

  .      -   

      . ,  

 ,    ,   ,  

 -     
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     c  -  

 . 

       

       c .  

      .   , 

    ,   

, -  ,   

  -  ,  

        .  

   ( , ,   ) 

          

 .         

  .      

- -   -  .  

,  ,  -  ,   

  −  -  

.       

         

       

 - -    

,     ,   

 ,   ,       . 

      .   

     − , ,  

 .   ,     

     ,    ,  

- - -  .     

,  ,         

    ,     .     
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         , 

  –  ,   – . 

     .    

 ,    ,  -

     .  

     

    ,    

   -    

      (Sb, 

W, Mo, Hg) .       

   .     

     .   

,     ,    

    . 

        

 ,       -

, -      .  

,   ,       (Sb, 

W, Mo, Hg),     ,   

 .   ,   , 

     . ,  

        

   ,    

    ,   ,  

  .         

  , ,    

     (  ),   

       ,   

     ,  
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 ,    .  

      . 

          

        

  . 

          

, ,   -  ,     

   .     

 , ,      

     . 

          ,   

  ,      

        , 

,  ,    

. 

 

1.    , ,  
   . 

       ,   

       

,      , ,   

-  .      

          

(   . 2014; Gugushvili, 2015; Gugushvili et al., 2016, Moritz et al; 2016).  

        

, , ,    . 

        ( . Adamia et al., 1977; 
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2011; 2016;   ., 2015; ,  2005; Gamkrelidze et al., 2015; 

Jamali et al., 2010; Lordkipanidze et al.,1988; Zak riadze et al., 1983; Gugushvili et al., 2001; 

2002; 2010;  1980; G.Tvalchrelidze, 1984; 1985; A.Tvalchrelidze, 1987; 

, 1965;   , 1977; von Quadt et al., 2005; R.Moritz et al., 2004; 2006; 

2016;   .,1993; 2000; , 1999; , 1970; .   

., 1975; Okay and Tüysüs, 1999; Okay, 2000; Yigit, 2009; Kazmin et al., 1986; 2000; Güner, 

1989; Imamverdiev, 2001; Jankovich, 1977; , 1987; , 1992; Strashimirov et 

al., 2002; Sosson et al., 2010;   ., 1983).     

     .  

           -

         .  

        .  

        .   

  .      

    , ,   

 .       

   ,   -

    (Adamia et al., 2016),    , 

  -  ,    

   . 

        ( . 2)     

  . -     

  -   -  ,   

 (  )     -  

. - -    , -  

 -    -      ( . 2). 

   - -   ( . 3)   

,       (Güner, 1980, Kazmin et al., 

2000). 
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      , , 

   -   

  ,      

     (Gugushvili, 2015). 

 

1.1       

      (      

-  ),    , 

  -    

       . 

  -       

    .     

 350-750 .   700-750C    

  .    –  ,  

     1000-1100   

       

.    ,         

   -   .  

        

 –  ,    

 -  - -   

 .       

 ,   -    

    -   

,     (Adamia et al., 2016). 

        ,  , 

        

         

( , 1980).      (  ),  
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  ,  ,  475-420 

. ,  -  -   

 (Re d, 1961).       ((  

 ),    340-320 .    

 ,      ( , 

1967). .  (1967)      ,   

-       , 

    ,   

420-400 . .  -       

  410-400 . .        

        

  (Miashiro, 1970). 

 ,       

 350-750 ,       1000-1100 . 

 ,         

   ,     

 .       

 ,      

. 

         

   ,   ,   

           

 .       

      ,   

         -

, - ,     

( , 1980). 

,     ,    

,   6 ,        

 -      
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4000     550  (   ., 1973).   

       ,  

 - -  ,    

    ,   

,    .    

    .      

-  ,      

  - , - ,  

  .   ,     

      .      

  ,    . 

             

2.5  8.30 . . .(Miashiro, 1972).        

 0.7 . . . ( , 1978).    ,   , 

  ,     ,    ,  

           ,  

  .       

          

. 

 

1.2.  , ,    
 

  ,      

     .  (Gugushvili, 2015).  

       .    

        

. ,        , 

  –  ,  ,     ( Sb, 

W, Mo, Hg) –   (Gugushvili, 2010; 2015). 
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 .       

    -  ( )  

    . 

           

  .    ,   

          (Goldfarb et al., 

2001, Groves et al., 2005). 

        .  

       .  

      ,   

        .     

  ,        ,  

     .    , ,    

       

. 

    -     

    .    

        .   

   ,      

      .     

   ,      

 .       

.   ,     , 

         

.         

      . 

         

   -  . 
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   ,       

     ,    

 .  

          

 .     ,    

   ,     

    . ,   

 , , , ,     -

   .  -  

        

      ,   

-      

(Gugushvili, 2015).       

-     - , , 

, ,   . (Okay and Tüysüs, 1999; Yigit, 2009)  

-  .   

  -   -  , 

  , ,   . (   

; Moritz et al., 2004; von Quadt et al., 2005),   

     –    

(Jankovich, 1997; Moritz et al., 2004),     

     -  ( . 4) (I.Popa and S.Popa, 

2005).      ,   

       V.Gugushvili 

(2015).         

     ,      

     ,   

 ,   .      

      –    ( . 5) 

(Gugushvili, 2015).        

.    88-90  .   



148 

 

         

    -   -

   .   .   

    -  , 

 –    (   ., 2014; 

Gugushvili, 2015).  

      ( . 5).   

  79-81 . .       

: 1)   -   2)  

  -  .       

     -   

   .    

   -   (350-

400 ),     ,    

     .    

         − 

.      -

  (Gugushvili, 2015).      

,        

  ,    

 .        

   -   . 

  ,        

 ,        

  ,        
     (Gugushvili, 2015).  

-         

   .        

0.8 / ,      5 / .      

       ,  
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       ,   

   .  

         

          

-     -  VMS 

. 

         

   ,    -  

       

( , , ).         

          

    -   ( -

  ). 

      ( , 

)   ,    

       . 

         ( . 6).  

   -      

    ,    

      .    

 ,   ( R ),   (IAT)  -

   (Ustaomer, Robertson, 1997).   

    ,   -

      .   

     -    , 

 Zn  Pb     .  

,  -  ,  -     

 ,        

( )   ( ; . 6).       
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     - , - , , 

,         (Engin, 1991). 

   -      

-       .  

,           

,   ,      

    . 

  70-     .  (Hatchinson, 1973) ,   

       ,  .   

  ,         

,      . 

         

,      .    

  .   .  (Rona, Scott,,1993),    

   .     

,       . 

 

1.2.1          
. 

        ,   

  ,     ,   

    –      

,   .    

    .     

        (  )      

 . 

            

  .     -  - -
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     ( . 6. I)  ,    

 ,       

   ,       . 

       -  

 (    – ,  , ).  

      ,   

    /Rb      

(Shavishvili,1983).       

  (  , ),       

   , i       

(Shavishvili, 1983).      -  

    .       

     ,    –  .  

       (  ),  

     .      

    , -  

    ( . 7. I). 

          

 (Adamia et al., 2016).     

,         -

- -   (  -   - 

- , , ,   .)    

   –   REE,   

 Ni, Zr, Hf ,  Y ,   Ni  Ti   , 

   (Lordkipanidze et al., 1988, Lordkipanidze et al., 

1979).  -      

  .      ,    

 .         

      (   ,2002). 

 , ,         

   .       
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 ,    −  ,  . 

    – -

       -  -

 . –        

,     ,    

   (Adamia et. al., 2016). 

        

     . 7. II. 

    ,    , 

 –  - - -   

  ( . 7. III).    –     

  -     

 ,      ( , , , 

, ,   .;   ., 2015).    , 

  -        

-     ,  

     ( , 1948).    

    ,    . 

         (  2200 ) 

  ,   ,  

   ,   .  (1980) 

   .     

   ,      

,        

,   ,  -  .  

       

       ( . 7, IV).    

   -  ,     

.    - ,   , 

  .      ( , 
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1948, , 1968)         

  . ,  -   -    

 -    . 

     .    

-     -   

   ,     ,   . 

  (   )    (  –  

)          

( , ),       

     .   

       .  

 ,       , 

     .  ,  

  ,       

       .  

      ,  

- ,   ,   . 

         

   ,     -  .  

  ,  ,   –   

   –       

-       -

  (Gugushvilli et al., 2016).   -  

           

        ( . 8). 

-        

    .      

   ,     

 .    .   
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    ( ),     

   -   (   

 ) –      

,          

.     − -    

−    ,    

  .         

    -  , 

        ,  

  .   .  (1980) -

     : ,    

( . 8).      .    ,  

  ( -     ) 

     - -  

 . -      

      ,   .   

     .    

   7 ,     4 .     

,    ,      3 .  

  -   ,   

       .  

    -      

       

.  (1980),        

             

   -   . 

  ,       

   -          

       . 
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        ( . 8).   

,       , 

-    -   

 ,    (   360-

470 )           

 -     (  . ).  

       

       ,   -

   (    ), 

   ,      

   -      

   -  . ,  

-         

, ,          

     ,    

    .      

  -     - ,  

     .    

    -   -   

         

       

 ,        , ,  

     .      

  (350-470 ) -  (250-300
0 )  
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FIG. 1. MAP OF THE WESTERN TETHYS AND GENERALIZED SCHEME OF METALLOGENY, 

AFTER STAMPFLI, 2001. 

ʘ MINOR OCEAN, BACKARC/INTERARC, MARGINAL SEA VMS MINERALIZATION. 

 , -     VMS . 

VMS ,       

. 

□ ISLAND ARC PORPHYRY, EPITHERMAL AND KUROKO TYPE MINERALIZATION. 

   ,     . 

        

 . 

∆ POSTCOLLISION OROGENIC AND INTRUSIVE RELATED PORPHYRY AND LODE AND 

STOCKWORK MINERALIZATION. 

      

   -  . 
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Fig. 2. Schematic map of the main tectonic units of the Caucasus and adjacent areas. After 

Sh.Adamia et al., 2016. 

       

 . 

        

. 
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Fig. 3. Tectonic map of north-eastern Mediterranean region showing the major sutures and 

continental blocks. After Okay&Tüysüs, 1999.  

 -      

   . 

       -  

. 
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Fig. 4. Schematic geological map of the Srednegorie, Timok , Banat and Apuseni region with 

porphyry and epithermal mineralization, after von Quadt et al.,2006.  

, ,       

       .  
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     .  

 

Fig. 5. Schematic map of the Bolnisi ore district (according Vashakidze, Gudushauri, 2006; 

Popkhadze et al.,2013).I. Madneuli ore cluster, II Bectaqari ore cluster. 

    . I.   ,II. 

  . 

    . I.    , II. 

  . 
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Fig. 6. Geotectonic scheme of Turkey with metallogeny of sulfide deposits after Engin 

(Engin,1994) 

Deposits: 1- Murgul, 2 - Madenkoy, 3 - Lahanos, 4 - Guzelayla, 5 - Derekoy (Kircaleli), 6 - 

Cutlalar, 7 - Akdagmeni, 8 –Bakibaba (Küre),9 - Ashikoy (Küre), 10 - Arapchan, 11 - Balya, 12 

– Demirbocu, 13 - Altinoluk, 14 – Kulakchitligi, 15 - Bozkur, 16 - Aladag, 17 - Hyuilu, 18 - 

Derekoy (Kaizery), 19 - Keban (Elazig), 20 - Maden (Elazig), 21 – Madenkoy (Siirt).  

 

     . 

     . 
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Fig. 7. Precollision and postcollision development and metallogeny exemplified on the Caucasus 

region. 

1.subducted slab, 2.basaltic crust, 3-sialic crust, 4-calc-alkaline volcanic series, 5-shoshonite 

series, 6-tholeiite and alkali olivine basalt series, 7.VMS mineralization, 8-granodiorite 

porphyry, 9-fold-trust zone, 10-faults. BS-Black Sea, CS-Caspean Sea, GC-Great Caucasus, 

SSC-Southern Slope of Caucasus, TC-Transcaucasus, AT-Achara-TRialety, LS-Lesser 

Caucasus, EP-East Pontides, BSMO-Black Sea Minor Ocean, T-Talysh 

Precollision mineralization: ◊ -Au, Pb, Cu, Zn; ○-Pb,Zn ; □ -Zn,Cu; -Zn,Cu,Pb; 

Postcollision mineralization: ☆ - Au,Cu,Zn,Pb associated Sb,W,Mo,Hg; Mo,Cu,Au.  
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   ,    

      

. 

   ,     

      . 

 

Fig. 8. Schematic map and cross section of the Eocene volcanic series of Adjara-Thrialety zone. 

1. Ophiolites, 2. Tholeeite and alkali basalts, 3.Shoshonite-trachyandesite series, 4.Andesite 

series. 5. Epidote-zoisite propylitization, 6.Chlorite-albite propylitization, 7. Zeolite 

propylitization, 8.Gold-copper-base metal mineralization. I - West segment, II - Central segment, 

III - East segment. 

-         

. 

      -  . 
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Fig. 9 Schematic map reflects the E-W lateral geodynamic transformation of subducted slab 

above IAES suture , shown the character of the Eocene volcanic series in the East Pontides and 

Lesser Cauacasus 

1 - Ophyolites, 2 - Alkaline olivine basalts and tholeiites of bakarc settings. 3 - Eocene 

calcalkaline volcanic series of island arc, 4 - Shoshonite series, 5 - Cretaceous calc-alkaline 

series of island arc. BS - Black Sea, CS - Caspean Sea, GC - Great Caucasus, SSC - Southern 

Slope of Caucasus, TC - Transcaucasus, AT - Achara-Thrialety, LS - Lesser Caucasus, EP - East 

Pontides, BSMO - Black Sea Minor Ocean, T - Talysh. 

E-W      IAES 

 . 

 ,  E-W    IAES . 
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Fig. 10. 

Main tectonic elements and Mesozoic-Cenozoic magmatic belts of Iran (after Stöcklin, 1968, and 
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Alavi et al., 1997) and location of gold occurrences, prospects, and mines in Iran: 1 - Kharvana, 

2 - Mianeh, 3 - Zarshuran-Agh Darreh, 4 - Kervian, 5 - Dashkasan-Baharlu, 6 - Ahangaran, 7 - 

Astaneh, 8 - Zartorosht, 9 - Gandy-Abolhassani, 10 - Kuh-e Zar, 11 - Chelpow, 12 - Qal’eh Zari, 

13 - Shalir (locations are from Lescuyer et al., 2003, except  location 4 from Heidari et al., 2006, 

location 6-8 from www.gsi.ir, and location 9 from Shamanian et al., 2004). Ang-Miocene 

Angouran Zn-Pb-Ag deposit linked to metamorphic core complex exhumationin the Sanandaj-

Sirjan zone (Gilg et al., 2006). B. Simplified tectonic map of southwestern Iran, showing the 

subdivision of the Sanandaj-Sirjan tectonic zone. There is still a matter of debate about the 

attribution of the Ophiolite, Bisotun, and Radiolarite subzones; Mohajjel et al., (2003) include 

them in the Sanandaj-Sirjan tectonic zone, whereas Agard et al., (2005) group them in a separate 

zone of Arabian affinity termed the Grush zone. After R. Moritz et al., (2006).  
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Fig.11.Geological scheme of mineralization in Ahar-Arasbaran metallogenic belt, after Jamali et 

al.,2010. 
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