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Introduction
The resources of sedimentary and hydrothermal Mn-deposits are 

wide spread in Turkey, and the total reserves are approximately 50 Mt 
[1,2]. The manganese deposits of the Thrace basin, occurring at the 
transition from limestone deposition below to clastic deposition above, 
are the most important sedimentary type deposits of Turkey (Figure 
1). These Oligocene deposits are coeval and intermittently connected 
with the other sedimentary manganese deposits of the paratethys, 
such as Nikopol in Ukraine and Chiatura in Georgia. All the deposits, 
father to the east in the Paratethys, are stratiform and extend within 
predominantly clastic series [3-5]. 

Mn deposits, found in various part of Turkey reflect the various 
tectonic settings [1,2,6-9]. These deposits were grouped in five 
types based on their mineralogy, composition and tectonic settings: 
(1) sedimentary (hydrogenous), (2) volcanic-sedimentary, (3) 
hydrothermal, (5) hydrothermal modified, and (5) diagenetic. The 
percentage distribution of reserves of these genetic types indicates 
that sedimentary deposits comprises of a significant majority [1,2]. 
Sedimentary Mn deposits are mostly precipitated in a shallow subbasin 
and contain amorphous Fe and Mn-oxides with a Mn/Fe ratio of ca. 1. 
They are characterized by the high Ni and Cu concentrations, low Mn-
Si content and weakly negative Ce anomalies. Such main deposits are 
primarily hosted by carbonate rocks, mudrock, and chert-mudstone-
limestone [2].

Volcanic-sedimentary Mn deposits contain the submarina 
hydrothermal affects and are mostly represented by the negative Ce 
anomaly. The hydrothermal Mn deposits in Turkey are mainly volcanic 
rock-hosted Fe-Mn oxide ores. They occur as open-space fillings in 
faults, fractures and breccias in the andesites and dasites of the island-arc 
and directly precipitated from low-temperature hydrothermal solution 
[9]. Some hydrothermal Mn deposits are hosted by radiolarite cherts, 
widely in epiophiolites of Paleotethys and show high Mn-Si and low 
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Al-Fe contents. Diagenetic Mn deposits, other types occur as nodules 
and are precipitated from hydrothermal solution or pore waters within 
altered sediments [10]. Fe contents of these deposit is higher and Si 
content is lower than that of those in radiolarite chert.

Manganese deposits of Turkey have been a subject of various 
researches mostly focusing on hydrothermal Mn deposits located in 
the NE and SW of Turkey. At Thrace Basin, sedimentary manganese 
deposits lie in the Congeria and Fish Series of the Oligocene and 
contain abundant manganese ore tonnage. The Çakıllı, Binkiliç and 
Çatalca deposits are main manganese mines of the basin (Figure 1a). 

The geology and stratigraphy of the Mn oxide-bearing sedimentary 
formations of the Thrace basin are first described by Akartuna [11]. 
According to Bora [12], the deposits are stratiform but apparently 
discontinuous along strike and display evidence of significant 
diagenetic alteration of primary carbonate minerals. Most extensive 
data on the metallogenic history and exploration potential of the 
district can be found in Uzkut [13]. In the last few decades, further 
investigations were carried out on the manganese ores of the Thrace-
Binkılıç mine. Öztürk and Frakes [5] were described the sedimentation 
and diagenesis of Binkılıç Mn deposits; they measure the ore thickness 
of about 5 m, contain marine fossils. The close association of Mn-oxides 
with hydrogenous conditions along paleoshorelines was described in 
detail by Gültekin [8]. 
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Manganese mines of the Binkılıç area are located about 47 km NW 
of the city of Istanbul on the Thrace Peninsula in NW Turkey (Figures 
1a-1c). The Binkılıç area is roughly 30 km (west to east) and 10 km 
(north to south) in size and encompasses one mine which was active 
until 1987 and two idle mines as well as several large prospects. The 
mine is the most important manganese mineralization of the Thrace 
basin and consists of battery-grade Mn oxides. This deposit was 
the main Mn source of Turkey during the period of 1970-2000 and 
furnished nearly 200 000 tons of manganese ore during the 10- year 
period of 1990-2000. 

Despite the previous studies, a comprehensive geochemical 
characteristic of the deposits are still lacking. The purpose of this study 
is to present the main geochemical characteristics of sedimentary 
Mn deposit in Binkılıç area, and discuss the manganese sources and 
formation conditions of the ore. Therefore, assessment of major and 
trace element contents of Mn deposits would be useful for elucidating 
not only deposition conditions of the ore but also Mn sources in detail. 
Overall, the results presented in this study may provide a useful guide 
for the exploration of similar ore deposits in the region.

Geologic Background of Manganese Deposit
The Thrace basin is a Tertiary collisional-collopse type basin which 

bounded to the south and west by older massifs such as Rhodope, 
Biga, Kapıdağ and Samanlıdağ [5]. The Mn deposit district at Binkılıç 
is placed adjacent to the Stranjha Massif in the Thrace Basin. The 
Massif contains low grade metamorphic cover rocks of Mesozoic age, 
so called as crystalline basement. This crystalline basement is also the 
oldest lithostratigraphic unit in the Binkiliç area and includes an iron-
rich Mn deposit up to a few meters thick, namely Kestanepınar Mn 
deposit [11]. The intensively folded metamorphic rocks of the basement 
intruded by younger granite. Other units exposing in the region are 
Tertiary sedimentary rocks of Trace basin. The basin was influenced by 
tectonism as a whole, but structural deformation of Thrace basin strata 
is strong only near the southern margin [12].

Tertiary sedimentary succession is very thick in the center of the 
basin but thins towards the northern margin. The first accumulation 
began in the early Eocene, as basal conglomera and near shore sands 
related to a transgression (Figure 2). These early Eocene rocks lei directly 
upon the metamorphic basement. Later Eocene deposition in Thrace 
basin, especially near the margin, is reflected by fossil-rich micritic 
limestones and is separated by a marked angular unconformity from 
the metamorphic basement. The Eocene conglomerates and sandstones 
with claystone interlayer were made up of the material from the 
basement rocks that were worked by longshore currents and waves. This 
unit is locally a few ten meters or at least several centimeters thick and 
is characterized by a finning-upward grain-size. The micritic limestones 
are represented by sedimentation associated with transgressive marine 
conditions that returned to the district during Lutetian and are mostly 
overlain by a marine sequence of Oligocene limestones [8].

The Oligocene sequence, separated by an unconformity from 
Eocene, is divided into two units, the Congerian Series below and the 
Fish Series above (Figures 1 and 2). Its thickness varies from 50 to 150 
meters. The lower part of the Oligocene, about 80 m meter thick, is 
marked by a transition containing an abundance of the pelecypod 
genus Congeria, gastropods, foraminifera and ostracods [5,14]. The 
Congerian Series consists of conglomerate in the southeast and grades 
to limestone to the northwest. This Series was deposited under shallow 
water conditions, possibly a lagoon environment linked with the open 
sea because of absence of chemical sediments such as evaporate. The 

upper part (Fish series), 60-70 meters thick, is composed of silty 
claystones, organic material-rich marl and finely laminated sandstone. 
The Fish Series, also called as Karton series reflect various facies of a 
delta. Near the base of a 20-m-thick section of the Congerian and Fish 
Series at Binkılıç, the first significant occurrences of manganese are 
observed. According to the results of exploration drilling in the Binkılıç 
mine, the average thickness of Mn oxide ore is approximately one meter.

The Oligocene sediments are unconformity overlain by Miocene 
series that are mainly composed of sandstone and marl. This sequence 
is directly taken the place above the main ore level in the east and 
like Oligocene sequence, is essentially undeformed, although Eocene 
and Pre-Eocene fault block movements have occurred in the region. 
Pliocene sediments at Binkılıç are composed of gray-yellow weakly 
cemented conglomerate, sandstone, sand and clay that is continental 
in origin and irregularly blanket the northern margin of the basin. The 
clay, sand and gravel sequences of Quaternary age are the youngest 
lithostratigrafic unit in the Binkılıç district.

Materials and Methods
Sample material was taken from open-pit locations for geochemical 

study throughout district. Total 21 systematic samples (18 ore samples 
and 3 wallrock samples) were collected from the Binkılıç Mn deposit. 
Approximately 1-2 kg material was sampled in each location. 500 gr 
chips for each sample were carefully selected, washed with distilled 
water at room temperature, and then dried at 105˚C. In the laboratory, 
massive and hard materials were broken into small chips with a jaw 
breaker. Then, the chip samples were ground to less than 200 mesh fine 
powders with an agate mil. A 200 g of split was used for geochemical 
analyses. The sample powders were analyzed at ACME Laboratories. 
Major oxide and trace element contents were determined with ICP-ES 
and REE’s were analyzed with ICP-MS method. The analytical results 
are presented in (Tables 1-3).

Characteristics of the Ore Body
The characteristics of the ore body are discussed here within a 

framework of structural types, that is, oolitic/pisolitic ore, detritus-rich 
ore, massive manganese and broken pisolitic ore. The Oolitic/pisolitic 
ore is generally high grade, hard ore including gray clay balls or calcite 
infillings, and spicule and voids representing dissolved pisoliths. This 
type ore is sedimentary oxidic ore that account for approximately 95% 
of the total reserves of the deposit and consists dominantly of pyrolusite 
and manganite in replacement structures and as a cement [5,8]. 
The external bonding surfaces of ooliths and pisoliths are typically 
smooth, relatively dense and rare comprise tightly interlocking Mn 
oxide microcrystals. The detritus-rich ore consists of fine-to medium-
grained clastic material weakly cemented by Mn oxides. This type ore 
mostly developed in the lower and upper levels of manganese oxide 
strata. The clastic material mostly composed of quartz, feldspar, and 
clay mineral in minor amounts. The massive ore contain very fine 
beds and consists mostly of psilomelane, and manganite but other Mn 
oxides occur as well. It is generally a high grade, sometimes soft ore 
that include yellowish clay balls in minor amount. The broken pisolitic 
ore contain mainly pyrolusite, psilomelane and cryptomelane but also 
traces of lepidochrosite. In the ore level, the broken pisoliths, about 1 
cm diameter, occur together with shell hash of Congeria and make up 
about 30% of the unsorted sediments [5].

The mineralogy of the deposit, in general is relatively simple, 
with the main ore minerals being pyrolusite, psilomelane, manganite, 
cryptomelane which constitute more than 90% of the total ore 
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 Figure 1: (a): Generalized geological map of the Trache Basin showing the Binkılıç and other Oligocene manganese deposits.  
(b): Detailed geological map of the Binkıliç district (for lithology). 
(c): Geological map of Binkılıç Mn deposit (Gültekin , 1998).
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Figure 2: Stratigraphic section of the Binkılıç district (Gültekin , 1998; Oztürk and Frakes, 1995).

assemblage. Calcite, rhodochrosite, kutnahorite, manganocalcite, 
quartz, feldspar, limonite, goethite, and clay minerals are other 
members of the Binkılıç mineral assemblage [8].

Geochemical Characteristics of the Binkılıç Manganese 
Deposit
Major and trace element geochemistry

Major and trace element contents of the samples taken from 

the Binkılıç Mn deposit are presented in Table 1 and 2, respectively. 
According to the ore types, the highest Mn values are determined in 
the massive ore (41,17% Mn) and Oolitic/pisolitic ore (38,56% Mn). 
The detritus-rich ore contains low values because of high content of 
clastic material. This type of ore has an average of 10,95%Mn. In the 
Binkılıç oolitic/pisolitic ore, iron and manganese are characteristically 
fractionated, producing high Mn/ Fe ratios. Similar character is also 
seen in massive ore. Both types have a varying Fe / Mn ratio between 
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Samples SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO LOI Mn Fe Mn/Fe Al Ti
BOP03 9,69 1,39 3,69 1,12 16,62 0,43 0,34 0,30 0,97 53,19 12,23 41,17 2,52 16,34 0,74 0,18
BOP04 4,01 3,50 4,00 1,04 17,50 0,50 0,24 0,50 1,10 49,00 11,52 37,92 2,80 13,54 1,86 0,30
BOP05 7,30 1,15 3,97 1,18 16,98 0,20 0,22 0,20 0,60 55,01 12,95 42,58 2,78 15,32 0,72 0,12
BOP06 5,20 5,80 2,77 1,25 8,50 0,41 0,70 1,18 0,45 46,06 26,68 35,72 1,96 18,22 0,61 0,71
BOP08 6,50 5,10 1,05 1,08 14,43 0,13 0,37 0,90 1,05 55,00 14,43 42,57 0,73 58,31 2,72 0,54
BOP09 7,78 0,49 8,10 0,92 16,53 0,40 0,35 0,16 0,96 39,47 24,68 30,54 5,67 5,38 0,16 0,09
BOP10 6,57 2,60 2,65 0,96 21,63 0,36 0,39 0,41 0,78 50,94 12,67 39,42 1,85 21,30 1,38 0,24
BM12 3,93 1,13 2,54 1,33 6,74 0,58 0,17 0,80 0,25 66,05 16,98 51,12 1,78 28,72 0,60 0,56
BM14 5,93 0,98 3,49 1,21 18,82 0,32 0,42 0,17 0,59 53,45 14,61 41,37 2,44 16,95 0,52 0,10
BM15 7,00 2,60 2,90 0,71 22,01 0,86 0,33 1,05 0,95 49,00 12,57 37,92 2,03 18,67 1,38 0,63
BM18 8,17 0,98 2,50 1,31 19,60 0,27 0,18 1,10 0,90 44,30 13,66 34,28 1,75 19,58 0,52 0,66
BD23 10,33 8,05 0,34 0,60 33,90 0,12 0,10 0,96 0,57 6,64 38,75 5,14 0,24 21,42 0,26 0,58
BD25 35,34 16,32 2,50 0,80 19,01 0,90 0,40 1,32 0,25 15,04 7,01 11,64 1,75 6,65 8,18 0,79
BD27 25,07 8,90 8,80 0,65 31,66 0,88 1,10 1,01 0,44 11,01 10,91 8,52 6,16 1,38 4,75 0,61
BD28 11,06 2,20 12,40 1,35 25,93 0,21 0,60 0,70 0,26 23,90 23,37 18,49 8,68 2,13 1,17 0,49

BBP29 9,89 7,02 7,27 0,90 17,98 0,55 0,40 0,90 0,27 17,91 36,81 13,47 5,08 2,65 3,74 0,54
BBP31 8,89 2,32 13,40 1,55 25,68 0,21 0,44 0,30 0,23 24,18 22,79 18,72 9,38 2,00 1,23 0,18
BBP32 5,11 1,10 1,65 1,30 25,99 0,12 0,12 0,28 0,72 35,59 28,01 27,55 1,16 23,75 0,59 0,17
BBP33 9,75 1,12 0,75 1,45 46,43 0,15 0,42 0,21 0,48 18,66 27,57 14,44 0,53 27,24 0,60 0,13
BYK20 11,2 3,43 2,01 0,93 42,6 0,25 0,44 0,35 0,72 3,10 35,56 2,40 1,41 1,70 1,82 0,21
BYK21 5,20 0,70 1,90 1,50 45,75 0,10 0,40 0,20 0,60 15,50 28,41 12,00 1,33 9,17 0,48 0,12
BYK26 10,23 3,40 2,31 0,64 46,60 0,11 0,11 0,30 0,63 6,55 39,32 5,07 1,61 3,15 1,80 0,18
MIN. 3,93 0,40 0,31 0,64 6,74 0,11 0,10 0,16 0,23 3,10 7,01 5,07 0,22 1,38 0,21 0,09
MAX. 35,34 16,32 13,40 1,55 46,60 0,90 1,10 1,32 1,10 66,05 39,32 51,12 9,38 58,31 4,75 0,79
AVE. 9,87 3,39 3,99 1,08 24,59 0,37 0,37 0,60 0,68 33,62 21,43 26,00 2,79 16,76 1,74 0,37

BOP: Oolitic/pisolitic ore, BM: Massive ore, BD: Detritus-rich ore, BBP: Broken pisolitic ore, BYK: Wallrock samples.

Table 1: Major oxide contents of the ore and wallrock samples (%).

Samples Ba Co Cr Rb Sr V Zr Cu Pb Zn Ni Sr/Ba Co/Zn Co/Ni
BOP03 2216 149 15 21 !010 30 65 120 53 85 350 0,45 1,75 0,43

BOP04 3106 95 15 35 5760 18 63 98 33 71 36 1,85 1,34 0,26

BOP05 2548 94 13 27 2305 42 66 95 51 65 109 0,90 1,45 0,86

BOP06 2415 90 11 16 1980 40 46 86 50 70 91 0,82 1,29 0,99

BOP08 1450 55 20 19 5980 35 49 120 68 50 140 4,12 1,38 0,39

BOP09 2967 90 14 10 5590 21 73 106 30 80 260 1,88 1,13 0,35

BOP10 2814 96 16 19 4530 33 60 112 56 75 275 1,61 1,28 0,35

BM12 2115 90 12 25 3638 20 48 105 36 68 115 1,72 1,32 0,78

BM14 810 62 17 8 350 65 26 85 40 47 64 0,43 1,32 0,97

BM15 3269 85 18 21 3760 31 57 103 38 60 90 1,15 1,42 0,94

BM18 4251 65 16 24 5608 28 66 110 42 45 66 1,31 1,44 0,98

BD23 4320 72 20 38 5410 25 73 115 40 54 102 1,25 1,33 0,71

BD25 2130 42 4 5 168 10 42 68 27 40 216 0,07 0,62 0,19

BD27 780 64 19 10 379 67 33 83 40 42 64 0,48 1,52 1,00

BD28 985 50 3 5 158 122 17 110 33 29 40 0,16 1,72 1,25

BBP29 1079 83 10 6 280 93 25 20 10 108 90 0,25 2,86 0,92

BBP31 2950 95 15 35 5120 34 45 90 46 78 75 1,74 1,22 1,27

BBP32 607 58 24 12 370 33 52 115 65 43 330 0,61 1,35 0,18
BBP33 1233 45 9 22 996 37 24 70 19 35 102 0,81 1,29 0,44

BYK20 2310 85 14 18 2365 30 60 110 34 70 78 1,02 1,21 1,09

BYK21 450 15 5 8 560 47 32 79 59 34 27 1,24 0,44 0,56

BYK26 386 40 10 13 510 15 65 103 38 55 35 1,32 0,72 1,14

MIN. 450 15 3 5 210 10 24 20 10 29 27 0,43 0,19 0,18

MAX. 4320 149 24 38 5980 122 73 120 68 108 350 4,12 2,86 1,27

AVE. 2125 73,64 13,63 18,0 2664 39,82 49,41 95,59 41,27 60,05 125,2 1,15 1,34 0,73

BOP: Oolitic/pisolitic ore, BM: Massive ore, BD: Detritus-rich ore, BBP: Broken pisolitic ore, BYK: Wallrock samples.

Table 2: Trace element contents of the ore and wallrocks samples.
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5,38 to 58,31 showing a dominance of Mn over Fe. The average Mn/Fe 
ratios in oolitic/pisolitic ore and massive ore are 21,20 in seven samples 
and 20,98 in four samples, respectively. Other types of ores include 
lower Mn/Fe ratios (for detritus-rich ore 7.90, for broken pisolitic ore 
13,91). Comparing the geochemical data of various Mn deposits [8,15-
19] revealed that the Binkılıç Mn deposit contain lower Mn/Fe ratios 
than those of hydrothermal, and sedimentary exhalative deposits and 
are similar to those found in basin margin shallow-water sediments 
with contribution of fresh water.

Geochemical data of manganese deposits have been used in some 
discrimination diagrams that indicate a sedimentation environment 
and genetic origin. The Na-Mg discrimination diagram (Figure 3) 
allows us to understand the relationships between Mn oxides deposited 
in the fresh water, shallow-marine and marine environments. In this 
diagram, most of the Binkılıç samples fall in the area that represent 
shallow marine depositional environment, while some samples indicate 
a fresh water environment. In Figure 4, data from the Binkılıç Mn 
deposit plot in the fields of a hydrogenous origin due to their low silica 
values. Roy [17] suggested that hydrothermal deposits commonly occur 
in close association with the ferruginous silica gel formed by submarine 
effusive processes and metal discharge into marine sediments

At Binkılıç, the carbonate content of the manganese ore body is 
higher than other similar sedimentary deposits such as Chiatura and 
Nikopol [3,4]. The CaO values of the deposit vary from 6,74 to 46.60%, 
with an average value of 24.59% (Table 1). According to correlation 
data [8], the Ca shows poor and intermediate correlation coefficients 
(Mn: r=-0.576, Fe: r=0.011, Si: r=-0.061, Al: r=-0.179). These weak 
correlations values suggest that the precipitation of carbonated material 

was dominant in the formation of Mn deposit in Binkılıç and controlled 
the carbonate and manganese mineral assemblage. The Al is generally 
associated with clay minerals in this type of deposits, and possess much 
better values when correlated to Ti (r =0.886). The average TiO2 value 
in the Binkılıç deposit is about 0,60%. The relatively high Ti values in 
Mn deposits are a reflection of some mixing of detrital material during 
precipitation, producing an extremely good correlation between Al and 
Ti [8,14].

The trace elements of the Binkılıç Mn deposit varies in a wide range 
(Table 2). and not reflect a significant difference among the ore types. 
Nevertheless, some trace element contents (such as Ba, Co, Sr, Cu, Zn 
and Ni), in general, are higher in the Oolitic/pisolitic andº massive ore 
and show the positive correlation with manganese. The concentration 
of these elements is closely related to the increase of manganese content 
and indicate the element’s nature in various manganese minerals. In 
the formation of Mn deposits, some trace elements such as Ni, Pb 
and Zn that may form isomorphous compounds could form oxides 
with manganese by oxidizing environment’s effect. At last, they cause 
the formation of formative oxides such as Zn2Mn3O3, Ni2Mn3O8 and 
Pb2Mn3O8 that contain Mn in more oxidized form. Thus, Ni, Pb and 
Zn are accordingly enriched along with Mn elementary ceaseless 
concentration [20].

Co, Cu, Zn and Ni contents of Mn-oxides, especially Co/Ni and 
Co/Zn ratio, have been used in various discrimination diagram for the 
depositional environment. As well known, behavior of Co closely follows 
Ni. Co and Ni concentration ranges in the Bınkılıç Mn orebody are 15 
ppm-149 ppm and 27 ppm-350 ppm, respectively (Table 2). Co and Ni 
reach their highest concentrations in the oolitic/pisolitic ore. The Co/

Figure 3. Diagnostic plot to differentiate marine and fresh water deposits (Nicholson, 1992).
The samples from Binkılıç mine share the shallow and fresh water fields.
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Ni ratio of the ore varies between 0,18 and 1,27, with an average value 
of 0.73. According to some researchers [16,21-23] Co / Ni ratio can be 
used as a criterion in the determination of depositional environments, 
particularly hot water sedimentation on the sea floor. In general, the 
samples from hydrogenous Mn deposits show a strong positive Co 
anomaly. Although Cu, Ni and Zn are related to hydrothermal deposits 
in origin, hydrothermal oxides are depleted in Cu, Ni and Co relative 
to hydrogenous deposits [24]. Co/Ni<1 is indicative of sedimentary 
origin while Co/Ni>1 represents for a deep marine environment [16]. 
These ratios in the Binkılıç ore samples are lower than 1 in 18 samples. 
The ratios of greater than 1 are determined only in total 2 ore samples 
belong to detritus-rich ore and broken pisolitic ore. In general, Co/Zn 
ratio of 0,15 is indicative of hydrothermal type deposit and a ratio of 
2,5 indicates hydrogenous type deposits [15,18]. This ratio (average 
1,34 ppm) for the Binkılıç Mn deposit are found to be greater than 
0,15 (Table 2). The Co/Ni and Co/Zn ratios show that the depositional 
environment at Binkılıç is a hydrogenous character.

The Binkılıç Mn ores are also characterized by high average contents 
of Ba (average 2125 ppm) and Sr (average 2664 ppm). Interestingly, the 
ore shows low V concentrations with an average value of 39.82 ppm, 
whereas other Mn deposits such as Chiatura and Nikopol that formed 
in shallow marine environments contain higher V concentrations [16].

In manganese deposits, some discrimination diagrams 
provide important evidences to determine their origin. In Mn-Fe- 
(Co+Ni+Cu)×10 triangular diagram, all samples are plotted in both 
hydrogenous and diagenetic fields (Figure 5a). In general, a scattering 
is observed in (Figures 5b and 5c). In Figure 5b, the samples indicate a 
trend towards the diagenetic field from the hydrothermal area. In the 
Ni-Zn-Co diagram, some samples indicate the hydrogenous field, but 
others are plotted outside the descriptive fields (Figure 5c). The results 
reflect interaction of many elements. Although, some element contents 

show a low concentration, they can play an important role in manganic 
concentration process.

Trace element spider diagram normalized to shale composite NA 
is given Figure 6. In this diagram, variation curve features of all the 
ore types and wallrock seem to be consistent with each other. They 
are clearly enriched in Sr, Ni while distinctly depleted in Rb. The Co 
content of the samples shows slightly an enrichment. Sr concentration 
in the oolitic/pisolitic and massive ore is richer than those of the 
detritus-rich and broken pisolitic ore. Consistent with this depleted 
trend, Cr also showed depletion. The similarities observed in spider 
curves of ore samples indicated that the origin of material and ore-
forming conditions is similar. Thus, ore-forming material possibly 
went through different differentiation and evolvement under same 
resource condition. From the geochemical data of trace element, it can 
be said that trace elements in the oolitic/pisolitic and massive ores are 
more concentrative in oxidizing process of manganese ore [15]. On 
the other hand, all the data show that sedimentary water body during 
the formation of detritus ore might be deeper than that of the oolitic/
pisolitic and massive ore.

Rare earth elements (REE) characteristics

The REE results of Binkılıç samples are listed in Table 3. The 
total REE contents of the ore samples vary from 17,34 ppm to 150,11 
ppm, averaging 64,15 ppm and can be compared to the average of the 
sedimentary rocks of Eugeosyncline zones. The ΣREE in these types of 
sedimentary rocks is from 30 ppm -127 ppm, with an average 103 ppm 
and belong to LREE-enriched type. The average REE contents in the 
carbonates associated with Eugeosyncline zone vary between 30 ppm 
and 47 ppm, while the clays have a uniformly high ‘platform-like’ REE 
concentrations [25]. At Binkılıç, the carbonates are wallrock for the 
manganese ores and all the ore samples contain significant carbonate 
minerals, especially in oolitic and pisolitic form. The similarity of REE 

Figure 4: Al-Si discrimination diagram for the Binkılıç samples (Choi and Hariya, 1992). 
All of the samples plot in the hydrogenous field.
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Figure 5: (a) Mn-Fe-(Ni+Co+Cu) x10 discrimination diagram (Bonatti et al., 
1972; Crerar et al., 1982; Choi and Hariya, 1992), (b) Fe-Mn-Six2 diagram 
(Toth, 1980), (c) Ni-Co-Zn diagram (Choi and Hariya, 1992).

                     

                 

Figure 6: Representative trace element diagrams normalized to Shale 
composite NA from the Binkılıç Mn deposit.

contents in both ore samples and wallrock indicates the same source 
for these elements. When the only ore samples are taken into account, 
REE contents of the detritus-rich ore samples are lower than those of 
the other type ores. Because more carbonate minerals were developed 
during the formation of detritus-rich orebody and the ore-forming 
solutions have higher CO3

2- contents, REE possibly as complex Mn-
carbonate compounds were removed by solutions, causing total REE 
to fall. However, all ore types have the same variation tendency (Table 
3), normal tendency of REE concentration to increase towards the 
massive oxide ore was accentuated by enrichment during oxidative 
concentration process of manganese deposit.

Total light REE /heavy REE (ΣLREE/ΣHREE) and Ce/La ratios can 
be used an indicator of prior enrichment in the forming process of Mn 
deposits. At Binkılıç, the ratio of ΣLREE/ΣHREE varies between 5,77 
and 13.85 (average 8.09, Table 3). These values indicate that a primary 
enrichment for LREE has occurred in Binkılıç Mn oxidation process. 
Generally, LREE>HREE may be an indicator for hydrothermal Mn 
deposits and LREE’s are supplies by volcano clastics while HREE’s 
are from MnO2 that is precipitated in seawater. However, increase in 
total LREE may be associated with the amount of terrigenous material 
that was transported in the depositional environment. In such a case, 
manganese and total HREE show decreasing trends.

The Ce/La ratios of Binkılıç Mn deposit vary from 0,36 to 2.09 
with an average 1,88. This ratio shows a similarity for the orebody 
and wallrock and are good indicator for the degree of Ce depletion in 
sediments [26]. Hydrogenous iron and manganese deposits indicate 
low Ce/La ratio (~0,12), while the deposit with carbonaceous biogenic 
and terrigenous material addition have higher Ce/La ratio. According 
to Dubinin and Volkov [27] this value could be 3 or more for some 
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rocks (ore) types in the Mn-bearing sequence. Ce/La ratios of Binkıliç 
ore were accentuated by increasing terrigenous materials in the 
depositional environment (Table 3).

The relationship between manganese deposits and their REE 
contents has been studied by various researchers. In all these studies, 
there is no generally accepted model for reflecting the deposit type and 
oxidative and reductive depositional conditions [26]. In addition to Ce 
and Eu, the ratios of ΣCe/ΣY, Eu/Sm, Sm/Nd belonging to the orebody 
and wallrock are commonly used for the prediction of fluid source and 
redox potential of the environment. These ratios in a manganeferrous 
sequence are comparable to those of rocks from the continental and 
subcontinental crust, but differ from those of the oceanic crust [15]. 
The different sources of sediment matter may affect the distribution of 
REE in sediment. According to the Ranov [25], the crystalline basement 
of the Russian platform contains a relatively light REE composition 
(ΣCe/ΣY= 3,2) and the ratio of Eu/Sm of the platform is 0,26. The 
sedimentary cover of the platform inherits this REE distribution almost 
without change (ΣCe/ΣY=3,4), Eu/Sm=0,21). The trend of the REE 
distribution is slightly different for volcanic rocks and the increase in 
their concentration causes the systematic changes in REE composition. 
Light lanthanides increase (ΣCe/ΣY) varies from 1,4 to 7,5 and the value 
of the Eu/Sm ratio decreases from 0,31 to 0,21. At Binkılıç, the ratios 
of the ΣCe/ΣY and Eu/Sm vary from 1,30 to 3,28 with the mean value 
of 2,77 and from 0,18 to 1,03 with the mean value of 0,67 respectively 
(Table 3). Consequently, the value of ΣCe/ΣY ratio of the samples from 
Binkılıç Mn deposit is similar to those of the Mesocenozoic carbonates, 
with a mean values of 2,70 [25], but the values of Eu/Sm ratio distinctly 
high, indicating the influence of different sources of sediment matter.

At Binkılıç, the manganese occurrences associated with the 
sedimentary rocks, especially carbonates seem to be distinctive. When 
Eu3+ and Eu2+ co-existed in solution of Ca-bearing carbonate, Eu3+ prior 
to Eu2+ substituted for Ca2+ to enter into carbonate, and was removed 
by solutions [16,28]. Therefore, the native manganese carbonate ores 
mostly show a large Eu depletion based on this elemental substitution. 
In the Binkılıç Mn deposit, the Eu anomaly was computed with 
the formula of Eu/Eu*=[(EuN)/(SmN×GdN)]1/2, where Eu* is the 
hypothetical concentration [26]. A middling positive Eu anomaly is 
observed in all ore samples from the Binkılıç orebody and the Eu/Eu* 

anomaly values range from 0,20 to 1,02 with an average 0,51 (Table 
3). We conclude that a positive Eu anomaly reflects an interaction of 
ground water with substrata volcanic rocks and the absence of any 
contamination from the continental crust.

The normalized REE patterns in Figure 7 indicate relatively 
similar distribution characteristics and may point similar depositional 
environment and condition. These patterns of the Binkılıç samples are 
compatible with those of hydrogenous Mn deposits. In general, the 
hydrothermal Fe-Mn deposits demonstrate the different distribution 
patterns. The results of geochemical studies show that hydrogenous 
Mn deposits are more enriched in REEs than their hydrothermal 
equivalents.

Differences in REE relative fractionations and total abundances in 
sedimentary rocks reflect the depositional location of the sediments 
[15,29-34]. So, the Ce* anomaly in the sedimentary rocks play an 
important role as indicators of certain tectonic environment. The shale-
normalized Ce* anomaly and total REE abundance (ΣREE) variations 
generally preserved in deep sea sediments due to stable characteristics 
of REE in different geologic process. The studies have revealed that the 
formed Ce* anomaly is not affected by the late period geologic process. 
According to Murray [32], the sedimentary rocks near the spreading 
ridge under the influence of metalliferous activity are characterized by 
extremely low Ce anomalies (Ce*=about 0.29). The same rocks from 
an ocean-basin floor and from continental margin region have less 
extreme Ce anomalies, with Ce* values of about 0.55 and slight Ce* 
anomalies ranging from 0.90 to 1.30, respectively. These result show 
that the manganese deposit in the Binkılıç district are mainly associated 
with the marine basin (Ce* anomaly>0,90 in 17 samples).

Depositional conditions of rare earth elements

The REE mixing or evolution trends in the deposits should be 
produced by some differences in elemental composition of depositional 
environment. Figure 8 contain NASC (North American Shale 
Composite)-normalized values of Yb (HREE), Gd (MREE) and Nd 
(LREE) in the Binkılıç samples. The ore samples roughly plot along a 
line, which reflect a similar trend (from high YbN content to high GdN 
and NdN contents). This may result from mixing or evolution between 
two end member waters, one enriched in MREE and LREE, and the 

Figure 7: Chondrite-normalized REE patterns of ore and rock samples from manganese deposit (Normalization values are from Evensen et al., 1978).
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other enriched in HREE. In a sedimentary environment, the REE 
content of bottom waters may be significantly modified by any upward 
flux of REE from the sediment water interface or sediment pore. 
Differences in REE signatures in the ore samples could be explained by 
mixing between LREE-MREE-enriched anoxic water (or fresh water) 
and HREE-enriched oxic open marine water [30].

The patterns of chondrite-normalized REEs of the Binkılıç samples 
are remarkably similar, yielding HREE-depleted curves with a small 
negative Ce and middle positive Eu anomalies (Figure 7). Also, the 
shale-normalized REE patterns of the Mn-bearing sequence’s samples 
from the Thrace basin are similar, yielding and nearly regular patterns 
with smaller negative anomalies for Ce [16]. The strong positive Eu 
anomalies reflect the oxidizing sedimentary environment, but the 
meaning of point-facies of Gd is still unknown. Oxidation-reduction 
potential in sedimentary environments markedly affects the Ce content. 
When the oxidation zones are enriched in Ce, the oxide ores are of 
high Ce content. In briny pH ad Eh condition, Ce is oxidized to Ce4+, 
its solubility is very small, and thus it is not easy to stay in sea water, 
so host rocks or ore show relatively Ce depletion. The published data 
from manganese deposits [9,18-20,25-27,35] show that hydrogenous 
manganese deposit contain positive Ce anomaly, while hydrothermal 
deposits are characterized by negative Ce anomalies. In the other hand, 
negative Ce anomalies together with HREE enrichments are strong 
indicator of an oxic depositional environment and attributed to open 

ocean environment, while positive Ce anomaly together with LREE-to 
MREE-enriched profiles indicate anoxic conditions [35]. The ratios of 
Ce/Ce* in Binkılıç Mn deposit range from 0,25 to 0,95, with an average 
of 0,72 (Table 3). Althouhg, these values together with negative Ce 
anomaly show mainly an oxic depositional environment, it can be said 
that sometimes the anoxic conditions are effective in the depositional 
environment.

The relationship among Ce, La and Nd of REE could explained as 
Ce anomaly (Ceanom), calculative formula of Ceanom=log[3 x CeN/
(2×LaN+NdN)]. The subscript N indicates shale-normalized value 
from Mclennan [35]. The values of the Binkılıç samples vary from 
–0,73 to –0,02. The values of Ceanom >-0,1 may represent enrichment 
of Ceanom and reflect the sedimentary water body in oxygen-lack 
environment. The values of Ceanom <-0,1 may represent negative 
anomaly Ce and reflect the sedimentary water body in oxidative 
environment. Ce anomalies in the Binkıliç Mn deposit were found as 
Ceanom <-0,1 in 19 samples and Ceanom >0,1 in only 3 samples. These 
results indicate both anoxic and oxic conditions for the depositional 
environment.

Discussion
The Binkıliç Mn deposit was taken place within the Oligocene 

fossiliferous formations of a Tertiary collisional-collapse type basin. 
There is no doubt that the Binkılıc Mn deposit is originally a sediment-

Figure 8: Ternary diagram of shale-normalized values of Yb (HREE), Gd (MREE) and Nd (LREE) in ore samples from Binkılıç deposit. Normalization values (North 
American Shale composite, NASC) are from Groment.
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type deposit. The compositional trends and geologic evidence 
[5,8,12,14,17] indicate that relatively rapid marine transgressive-
regressive events which caused the sea-level changes are effective 
on the mineralization process. Despite the strong sedimentation 
data, hydrothermal input to depositional environment is not clear 
enough. Furthermore, geochemical data indicate that a hydrothermal 
contribution is negligible or weak. Thus, we consider that the main 
elementary source especially for manganese is runoff and fluvial 
sediment loads from the metamorphic rocks of the Stranjha Massif, as 
well as dissolved Mn-bearing groundwater derived from the same rocks 
[36]. As a result of these, it can say that the marine environment and 
pore water primarily is enriched in dissolved Mn+2.

At Binkılıç, manganese oxides with variable carbonate content 
constitute the predominant ores. The fine laminations, oolitic and 
pisolitic textures seem to be as characteristics of the sedimentary 
deposition in a marine environment. Some different processes have 
been proposed for the formation of Mn oxides. Some researches [8,14] 
suggest that the Mn oxides formed by upwelling of reducing waters 
containing abundant organic matter and dissolved Mn to the shallow-
marine areas but the other studies [5,12] suggested that the deposit 
formed from groundwater which infiltrated and replaced the original 
calcitic material of the Congeria Seriess with Mn Carbonates. These 
interpretations emphasize an interaction between marine pore water 
and groundwater.

Nicholson [24] summarized positive correlations of elements 
with manganese in different genetic types of deposit. Despite some 
recognized limitation, three correlations are identified as potentially 
diagnostic, namely Mn-Ba for fresh water oxides; Mn-Pb for dubhites 
(oxides formed by the weathering of a mineralized sequence), and Mn 
- As for hydrothermal deposits. According to the author, geochemical 
associations are related to a given deposit type and normalization of 
the oxide chemistry against manganese content can be employed as a 
discriminatory in defining element pattern. At Binkılıç, the following 
significant geochemical association has been shown in the majority of 
analyses: Mn-Ba-Sr-Co-Cu-Ni. This geochemical association, i.e. the 
positive correlations of elements with manganese displays a marked 
element enrichment in the deposit and are similar to diagenetic Mn 
deposits formed in the marine environments [16]. In general, diagenetic 
processes cause the enrichment of Mn, Cu, Ni and the trace elements 
in the manganese deposits. The enrichment of trace elements could be 
related to adsorption from pore water [16,17,20,24].

The Mn/Fe ratios of sedimentary Mn deposit are generally less than 
those of volcano-sedimentary occurrences. Data from Hazara-Pakistan 
[19] and Ulukent-Turkey [7] deposit are compatible with those of 
sedimentary deposit in marine environment. The average Mn/Fe ratios 
of both deposits are 2,16 and 18,98, respectively. This ratio in the Eymir 
manganese deposit, an exhalative sedimentary deposit is raise to 880,33 
[10]. At Binkılıç, the Mn/Fe ratios are in the range of 1,38 and 58,31, 
with an average of 16,76 (Table 1).

Jian cheng [20] consider that Co/Ni ratio is a good indicator that 
judges the sedimentary environment and sedimentation, which is 
especially a hot water sedimentation of sea bed. The Co/Ni values of the 
Binkılıç deposit are in the range of 0,18-1,27 (average=0,73). The ratios 
of the ore samples, except for the samples BD28, is lower than 1, similar 
to sedimentary manganese deposits. However, the values indicate that 
the sedimentation in the Binkılıç district is not represent a hot water 
sedimentation.

Other discriminative parameters for Binkılıç Mn deposit are the 

Ba and Sr contents and the Sr/Ba ratio. The barium and strontium 
concentrations show differences in the ore and wallrock samples, 
ranging from 450 to 4320 and from 210 to 5980 respectively (Table 
2). Sr/Ba ratios in the ore samples are greater than 1 in 9 samples, but 
lower than 1 in 10 samples. In general, in fresh water sedimentation 
Sr/Ba<1, but in marine deposit Sr/Ba > 1. The variable Sr/Ba values 
indicate that the Mn oxide ores are associated with both the marine 
sedimentary environment and fresh water sedimentation, but the 
samples of the wallrock is greater than one, which can distinctly reflect 
the Sr enrichment in Mn-bearing carbonates. High Ba content of the 
Binkılıç Mn deposit is also indicative of sedimentary origin.

Conclusion
The Binkılıç ore deposit evolved as consequences of various 

different interplays. From major oxide, trace element and REE 
assessments, we concluded that the Binkılıç Mn deposit occurred in a 
sedimentary environment and not contain any hydrothermal activity. 
The abundance of olitic and pisolitic carbonate, mineral paragenesis, 
dissolution of calcite pisolites and diagenetic alteration from primer 
calcite to Mn carbonate and Mn oxide indicate a diagenetic type of 
Mn deposit with terrigenous material addition. The dissolved Mn-
bearing groundwater is possibly interacted with marine porewater of 
carbonates which is relatively enriched Mn and other metals, thus both 
together were responsible for mineralization. However, we suggest that 
some Mn oxides formed by upwelling of reducing waters containing 
abundant organic matter and dissolved Mn to the shallow-marine 
areas containing oxic conditions. This deposition may represent the 
first mineralization subsequently affected by diagenetic alteration. 
The proposed mineralization model here is different from the other 
Oligocene manganese deposits, such as Chiatura and Nikopol deposits 
originated from shallow marine environment. The discrimination 
diagrams presented in this paper also supported this type of model.
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