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 Magnetite is a common mineral in paragenesis in many mineral deposits, and it is 
recognized that it covers the conditions of the environment in which it is formed due to 
its physico-chemical properties. For this reason, chemical compositions of magnetites 
are used in researches on the origin and formation of ore deposits. Gökçedoğan Cu-Zn 
massive sulfide deposit (VMS) in the Central Pontides is a syngenetic stratiform deposit 
observed in metamorphic rocks. The ore paragenesis contains pyrite, chalcopyrite, 
sphalerite, magnetite, hematite, covellite, malachite, and goethite respectively. Because 
of its physicochemical properties, in-situ laser-ablation inductively coupled plasma 
mass-spectrometry (LA-ICP-MS) analysis of magnetite in the ore zone was performed 
and a new perspective was promoted to the deposit. From analysis Fe is between 72.06-
73.39% and O is between 20.78-21.15% respectively. V content is approximately higher 
than the other trace elements. Analyzes were checked out in both Cu/(Si+Ca)-Al(Zn+Ca) 
and Cu/Ca-Al(Si+Zn+Ca) diagrams and it was decided that they exhibit similar 
distributions to VMS deposits in the world. In the spider diagram drew up, it has been 
showed that Gökçedoğan VMS deposit is close to Besshi Type Windy Craggy deposit with 
its high Si values. 

 
 
 
 
 

1. Introduction  
 

Magnetite is one of the most common oxide minerals observed in igneous, sedimentary and metamorphic 
rocks, and it is a mineral that can consist of important signatures in many ore deposits [1-2]. Due to its 
crystallographic structure, magnetite has an inverted spinel structure where a number of trace elements can 
replace Fe2+ or Fe3+ [3]. Because of its crystallographic structure, magnetite gives important physico-chemical 
traces of different geological environments [4-7]. It also hides important clues as it preserves the magnetite 
composition, which has a stable structure due to its physicochemical properties [8]. This mineral is found in 
paragenesis in many mineral deposits [7, 9]. The physico-chemical conditions in the formation of these mineral 
deposits still control the composition of the iron oxide minerals. For this reason, magnetites have important data 
about the formation of the mineral deposit in its paragenesis [10-13]. The geochemical content of magnetite [14], 
which is generally observed in VMS-type deposits, is used both in the classification and exploration of mineral 
deposits by in-situ laser-ablation inductively coupled plasma mass-spectrometry (LA-ICP-MS) method [15].  

Volcanogenic massive sulfide (VMS) deposits are significant origins for Cu, Zn and Pb, which are formed in 
many tectonic environments [16]. Volcanogenic massive sulfide (VMS) deposits are separated into 3 major types 
as Kuroko, Besshi and Cyprus Type [17]. Fox [18] described that pelitic mafic lithologies are relevant for Besshi 
Type deposits. It is recognized that there are areas similar to the Besshi type deposit, the typical example of which 
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is in Japan, in various districts around the world. The world’s largest Besshi type deposit is the Windy Craggy in 
northwestern of British Columbia [19]. Magnetite is one of the common minerals in the paragenesis of VMS 
deposits [20-23] and gets information about the alteration processes, fluid compositions and physicochemical 
conditions of mineralization [24]. 

Significant Volcanogenic Massive Sulfide deposits (VMS) are formed along the Pontide orogenic belt, which is 
one of the main tectonic belts in Turkey. Kuroko or Black Sea type deposits were classified in the Eastern Pontides 
[25-27] and Cyprus [28] and Besshi type deposits [29-30] in the Central Pontides.  

There are rock groups consisting of specific tectonic slices [31] in the Gökçedoğan (Kargı-Çorum) district 
(Central Pontide). In this district, which is in the subduction-accretionary complex as a tectonic location, units 
existing to the Kunduz metamorphics mostly crop out [31]. In these metamorphics, Besshi Type Cu-Zn 
mineralization is observed in parallel with the schistosity within the metabasite and quartzschist alternations [29]. 
Mainly chalcopyrite, sphalerite, pyrite, magnetite, hematite, covellite, malachite and goethite minerals are 
observed in ore paragenesis [32]. In this paper, we mention new data gathered from trace element geochemistry 
of magnetite using LA-ICP-MS. 
 

2. Material and Method 
 

In recent years, trace element analyzes of oxide or sulfide minerals have been performed by in-situ laser-
ablation inductively coupled plasma mass-spectrometry (LA-ICP-MS) method to point out the genesis of many 
mineral deposits. With this method, a new perspective has been gained to the mineral deposits [33-36]. Thus, in 
this study, trace element analysis results of magnetite in the Gökçedoğan Cu-Zn mineralization in the Central 
Pontides were evaluated. 

Electron probe microanalysis studies (EPMA) of magnetite detected in ore paragenesis were carried out in 
CAMECA SX100 device at ITU ATUM Research and Application Center. Diagrams were set up with the gained data. 
 

2.1. Geological Background 
 

In the Central Pontides, lithostratigraphic units of various origin are observed together along the ‘suture zones’ 
formed by the closure of the Paleotethys and Neotethys oceans [37-39]. Pre-Jurassic HP/LT metamorphic rock 
groups and ophiolitic rocks cropping out in extensive areas south of the Central Pontides are the products of a 
subduction-accretionary complex built up by the closure of the Paleotethys and Neotethys oceans [40-43]. The 
study area, is located in the Central Pontides, include Middle Jurassic and Cretaceous Accretionary Complex are 
also named as Central Pontide Supercomplex (Figure 1).  
 

 
Figure 1. a) Position of the study area between Turkey’s structural zones (modified from Günay et al., [30]), b) 

Position of the study area in the Central Pontide Supercomplex (modified from Aygül et al., [42]) 
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There are rock groups in the Paleozoic-Quaternary age range in this district. The basement of the region 
consists of the Kunduz metamorphites, which are exhibited of metabasite, gneiss and schists respectively. This 
unit is overlain by carbonate rocks of Paleozoic-Mesozoic periods with a tectonic contact. In addition, the ophiolitic 
melange overlies the Kunduz metamorphics in wide areas with thrust faults. With the presence of specific 
lithostratigraphic sequences, Gölköy, Pelitözü and Ophiolitic mélange tectonic slices have been described in the 
region [31]. 
 

2.2. Mineralization  
 

The stratiform Cu-Zn mineralizations in the study area crop out in the west of Kömürlükdere and Şahin Dere 
within the Kunduz Metamorphics (Figure 2). Gökçedoğan Cu-Zn mineralization was formed in metabasites 
belonging to Kunduz metamorphics. Mineralizations are observed in altering levels of metabasite and quartzschist 
parallel to the schistosity. Along the ore zone, not only chloritization and limonitization are common, but 
graphitization is also observed at some sequences. In addition, gypsum levels were still observed in the area where 
Şahin Dere mineralization is located [29]. Mainly actinolite, chlorite, epidote, opaque minerals and quartz are 
observed in the metabasite with nematoblastic texture (Figure 3).  
 

 
Figure 2. General view of metabasite hosted Cu-Zn mineralization in Gökçedoğan (a. Şahindere, b. Kömürlükdere) 
 

 
Figure 3. Polarizing microscope images of metabasite, Abbreviations: (act) actinolite, (chl) chlorite, (ep) epidote, 

(qz) quartz, (opq) opaque mineral 
 

In the ore petrography, it was seen that sphalerites replaced chalcopyrite and pyrite, and pseudocubic 
magnetites were transformed into hematite [29]. For mineral chemistry, magnetites, which were arranged parallel 
to the foliation and underwent deformation, were used (Figure 4). In these specimens, magnetites are aligned in 
one direction owing to the deformation effect (Figure 4a). Although the surface of subhedral and anhedral 
magnetites is clear and well preserved in general, it has been decided that they are transformed into hematite in 
places (Figure 4b). On the other hand, hematites are finer grained and generally irregular than magnetites (Figure 
4). 

Geochemical analyzes of the specimens collected from this district were carried out. Corresponding to the 
results of the analysis, it was declared that Cu and Zn values in the Kömürlükdere and Göçükdibi ore zones 



Engineering Applications, 2022, 1(1), 11-18 
 

14 
 

enriched up to 5 times compared to the clark value [44]. Fe2O3 results are also rather high due to banded pyrite, 
magnetite, hematite and goethite minerals generally observed in the ore zone. 
 

 
Figure 4. Microscope images of the polished sections. Abbreviations: (mag) magnetite, (hem) hematite 

 
 

3. Results  
 

Mineral chemistry analysis of magnetites in mineral paragenesis was performed to get signatures of the 
formation of Gökçedoğan Cu-Zn VMS deposit. Since the concentrations of some trace elements in magnetite were 
below the detection limits, the results of the analysis of only 15 trace elements were obtained. LA-ICP-MS analysis 
results of magnetite mineral are given in Table 1.  

Most trace element abundances in magnetites are less than 0.1 ppm (Table 1). In the samples whose trace 
element compositions are exceedingly variable, Fe is between 72.06-73.39% and O is between 20.78-21.15% 
respectively. V is approximately higher than the other elements.  

Various diagrams were prepared according to the analysis results obtained. In these diagrams, magnetite 
analysis results of hydrothermal, skarn, VMS and porphyry deposits are compared.  

Gökçedoğan mineralization shows a similar distribution with VMS type deposits on both Al/(Zn+Ca) vs. 
Cu/(Si+Ca) and Al/(Si+Ca+Zn) vs. Cu/Ca diagrams (Figure 5a, 5b). In the spider diagram, Gökçedoğan 
mineralization has high Si, identical to the character of the VMS type deposits, and exhibits a distribution similar 
to the Windy Craggy deposit, which is the largest Besshi Type Deposit (Figure 5c). 
 

Table 1. LA-ICPMS results for trace elements (%) in magnetite from the Gökçedoğan Cu-Zn deposit 
%wt KGD-317 KGD-317 KGD-317 KGD-317 KGD-317 

Mg 0,01 0,01 0,01 0,01 0,01 

Al 0,02 0,02 0,08 0,01 0,02 

Ti 0,02 0,01 0,01 0,01 0,01 

V  0,11 0,12 0,06 0,07 0,11 

Mn 0,03 0,08 0,02 0,03 0,05 

Ni 0,01 0,01 0,03 0,01 0,01 

Zn 0,06 0,11 0,28 0,35 0,05 

Sn 0,02 0,01 0,02 0,02 0,02 

Cr 0,01 0,1 0,1 0,01 0,04 

Fe 72,69 73,39 72,07 72,06 72,66 

O  20,93 21,15 20,86 20,78 20,92 

Cu 0,032 0,045 0,025 0,03 0,03 

K 0,002 0,001 0,001 0,002 0,001 

Ca 0,055 0,003 0,042 0,031 0,01 

Si 0,008 0,6 0,05 0,055 0,013 

Total 94,007 95,659 93,658 93,478 93,954 
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4. Discussion 
 

There is a lack of LA-ICP-MS data for magnetite from VMS deposits in Pontides. For this reason, it is significant 
to analyze and compare magnetite in VMS deposits according to trace element compositions. In this context, some 
researchers have previously obtained results with this method. 

Singoyi et al. [12] measured the trace element composition of magnetite from VMS deposits in Australia and 
stated that the Sn/Ga and Al/Co diagram could yield significant results, Nadoll et al. [45] analyzed and evaluated 
trace elements in magnetite obtained from hydrothermal ore deposits and their host rocks using LA-ICP-MS 
methods. The same authors still investigated porphyry and skarn Cu deposits in the USA according to the amount 
of trace elements in magnetites [46]. Makvandi et al. [47] defined three types of magnetite in VMS environments 
and revealed the geological conditions according to magnetite compositions. These conditions are composition of 
fluids, temperature, mineralogy, conditions of metamorphism and sources of oxygen and sulfur respectively. In 
this study, however, the magnetite composition shows that the Gökçedoğan VMS deposit has a character similar 
to the VMS deposits. In addition, it has been revealed that the Windy Craggy deposit, which is the world’s largest 
Besshi Type VMS deposit, has similarities with magnetite compositions. 
 

 
Figure 5. a) Al/(Zn+Ca) vs. Cu/(Si+Ca) diagram, b) Al/(Si+Ca+Zn) vs. Cu/Ca diagram, c) Spider diagram for 

Besshi Type deposits [48]. 
 
 

5. Conclusion  
 

Gökçedoğan VMS deposit is associated with metabsites in the Central Pontides. The mineralization in the 
accretionary complex is stratiform type and syngenetic. There are important VMS deposits observed along the 
Pontide belt, and Cyprus Type and Besshi Type deposits are observed in the Central Pontides. For this reason, it is 
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important for the metallogenesis of the region to present new approaches with the chemical composition of 
magnetites in paragenesis in VMS deposits. 

Trace element analysis of magnetite in the paragenesis of Gökçedoğan VMS deposit observed in the Central 
Pontides was carried out. As a result of this study, it was decided that Gökçedoğan Cu-Zn deposit exhibits similar 
geochemical characteristics with Windy Craggy Besshi Type deposit. 

Rapid and efficient results can be obtained by chemical analysis of magnetites in mineral exploration.  The 
results of trace elements of the mineral can be obtained in the analyzes made with the LA-ICP-MS method. As a 
result of this study, the origin approach of the Gökçedoğan VMS deposit, which is the Besshi type deposit, according 
to the magnetite composition has been revealed. The number of analyzes should be increased by making 
measurements from different types of magnetite. Thus, the formation conditions in similar deposits will be 
comparable. 
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