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North of the Central Anatolian Crystalline Complex and bordered by the izmir—Ankara—Erzincan Suture Zone, mineralization
occurs within ophiolites known as Anatolian Ophiolite Complex. The mineralization is present within banded, laminated and
lenticular radiolarites which are intensely fractured and folded. It is distributed around Derbent, Baltasarilar, Cihanpasa,
Buyukmahal, Eymir and Kadisehri where pyrolusite, psilomelane, manganite and braunite comprise the main paragenesis
and jacobsite, magnetite, limonite and goethite are minor phases. The negative Eu anomaly suggests that the hydrothermal
source was distant from the mineralization area or was mixed with seawater. All samples from the Cihanpasa and
Buyukmahal areas have a negative Ce anomaly and resemble low-temperature hydrothermal mineral deposits. Samples
from other locations (Derbent, Baltasarilar, Cihanpasa, Eymir, Buyukmahal, Tarhana) are characterized by both negative
and positive Ce anomalies. From this it can be inferred that both hydrothermal and hydrogenetic processes were active in
mineralization. High Ba contents and a LREE-enriched pattern together with negative Ce anomalies and trace element distri-
butions indicate that the mineralization in the area was derived from a primary hydrothermal source. In addition, diagenetic

and epigenetic processes may also have played an important role in the manganese mineralization.
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INTRODUCTION

Manganese oxide deposits are found within several tectonic
settings. Based on their mineralogical characteristics and tec-
tonic settings these deposits are classified into hydrogenetic,
hydrothermal and diagenetic types (Roy, 1992; Hein et al.,
1997). Some parameters such as terrestrial input and microbial
processes are important geochemical features regarding the
genesis of manganese mineralization (Maynard, 2010; Polgari
etal., 2012a, b, 2016). Through supergene processes manga-
nese oxides can be deposited both in marine and terrestrial en-
vironments (Maynard, 2010).

Manganese deposits in Turkey are divided into four groups
based on their origin, age and structural characteristics (Oztiirk,
1993). The first group is manganese deposits of hydrogenetic
and hydrothermal type within radiolarian cherts. These are rep-
resented by high Mn-Si and low Al-Fe compositions.
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Palaeotethys units are exposed in the ophiolites of Karakaya,
Izmir—Ankara—Erzincan and Southeastern Anatolia Suture
Belts (Fig. 1). Deposits of the second group are associated with
black shales within lower Cretaceous carbonates in the western
Taurides. The Fe content of these diagenetic deposits is
greater than that of those associated with black shales while
their Si content is lower. The third group comprises hydrother-
mal deposits within volcano-sedimentary units of the Black Sea
and associated continental arc. The fourth group are formed
within Oligocene deposits of the Thrace basin. These deposits
with low Mn-Si contents are of high tonnage (Oztirk, 1993).
The manganese mineralization in the study area is exposed
throughout the Artova ophiolitic belt NE-NW of the Yozgat dis-
trict at the base of the northern branch of the Neotethys along
the izmir—Ankara—Erzincan (IAE) Suture Zone (Figs. 1A and 2).
Several studies have been conducted regarding the general
geology, stratigraphy and tectonics of the region as well as the
mineralogy, geochemistry and origin of the manganese
mineralizations (Akce and Kadioglu, 2005; Sasmaz et al., 2005;
Kadioglu et al., 2006; Oksiiz, 2011a, b; Oksiiz and Okuyucu,
2014). The mineralization in the study area is associated with
the radiolarian cherts included in the Upper Cretaceous
ophiolite units. This study: (1) determines the differences and
similarities between the types of mineralization by comparing
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1999); B - simplified geological of the Cankiri Basin and surrounding area (modified from by Tiiysiiz and Dellaloglu, 1992)
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Fig. 2. Geological map of the study area (modified by Ozcan et al., 1980)

their mineralogical, original and geochemical compositions; and
(2) develops a tectonic model for the mineralization.

GEOLOGICAL SETTING

Geologically, Turkey is divided into three tectonic units: the
Pontides, the Anatolide-Tauride and the Arabian Platform
(Ketin, 1966; Okay, 2008; Fig. 1). These units, which were sur-
rounded by oceans during the late Mesozoic, are now sepa-
rated by tectonic lines or zones where oceans were subducted
(Okay, 2008). The Pontides are located north of the northern
branch of the Neotethys. Complete closure of this ocean
formed the izmir—Ankara—Erzincan (IAE) Suture. The IAE sep-
arates the Pontides in the north from the Anatolides—Taurides
in the south. The northern and southern parts of the Kirsehir
block are demarcated by the IAE Suture and Inner Tauride Su-
ture, respectively. This block comprises the Kirsehir, Nigde and
Akdag massifs and several basins. The Kirsehir block is also
known as the Central Anatolian Crystalline Complex (CACC).
The Anatolide—Tauride continent that comprises the CACC was
a “foot wall” throughout the Late Cretaceous and large ophiolite
masses and ophiolitic melange at its base gave rise to the em-
placement of tectonic slices (Fig. 1A). The geological units in
the study area are composed of alternations of ophiolitic
melange and ophiolitic block, and slice-bearing volcanic and
sedimentary deposits which are overlain by a regressive clastic
sequence, termed the “Kalecik Unit” (TUyslz and Dellaloglu,
1992; Fig. 1B). This unit, at the eastern, western and northern
parts of the Cankiri Basin, is recognized as a tectonic slice be-
tween the overlying Karakaya and Sakarya units and the under-
lying Iskilip Unit. The part of the Kalecik Unit in the study area
and ophiolitic rocks exposed along the IAE Suture was named
the Artova Ophiolitic Complex (AOC) by (Ozcan et al., 1980).
The ophiolitic melange is a kind of tectonic complex consisting
of rocks of the northern branch of the Neotethys (Sengor and
Yilmaz, 1981) that was northerly subducted during the Late
Cretaceous, and various rock units from the continental margin
(Temiz et al., 2010).

GEOLOGY OF THE STUDY AREA

Units in the study area are categorized into four groups: (1)
Permo-Triassic carbonate units, (2) ophiolitic melange (3)
intrusives cutting these units and (4) sedimentary and volcanic
rocks of Cenozoic basins, known as the Central Anatolian bas-
ins, which overlie all these units (Fig. 2). The northern section of
the area comprises Permo-Triassic carbonate units. They have
a block-like structure in part and are associated with volcanic
rocks. The ophiolitic melange is found in the central part of the
study area. The emplacement of these ophiolitic rocks is re-
ported to be related to an ensimatic arc (Yaliniz et al., 1996)
and they are suggested to be the remnants of the northern
Neotethys Ocean (Sengor and Yilmaz, 1981). Ophiolitic rocks
are recognized as either fragmented ophiolite bodies or
ophiolitic melange fragments of various sizes that were formed
in front of ophiolite nappe. The CACC is intruded by several
granitoid and syenitoid plutons. Plutons at south of the study
area cut the ophiolitic and metamorphic units. “°Ar-°Ar biotite
and hornblende, titanite and zircon ages of these rocks are re-
ported to be 95-70 Ma (Whitney et al., 2003; Koksal et al.,
2004; Boztug et al., 2007). These units are overlain by sedi-
mentary and volcanic units deposited in Eocene—Miocene and
Pliocene times. The cover units are composed of terrestrial
clastic rocks, carbonates, basalt and andesite.

MANGANESE MINERALIZATION

Six different instances of manganese mineralization were
investigated in the area described, namely those of: Derbent,
Baltasarilar, Cihanpasa, Buyukmahal, Eymir and Tarhana
(Fig. 2). These mineralization examples experienced intense
tectonism and all of them are interlayered with laminated and/or
lenticular radiolarites (Fig. 3A—C). Both radiolarites and miner-
alization are fractured and folded (Fig. 3A, B). In all these in-
stances, syngenetic type pyrolusite is the main ore mineral.
However, in some of them diagenetic and epigenetic pyrolusite
and other oxide mineralization are also observed (discussed
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Fig. 3. Laminated, banded and lenticular ore bodies
in the study area

A — Buyukmahal mineralization; B — Derbent mineralization;
C — Eymir mineralization; mn — manganese, rd— radiolarite

below). Quartz is the most abundant gangue mineral. In ore mi-
croscopy studies, the presence of radiolarian tests and
fine-grained pyrolusite is attributed to rapid deposition from flu-
ids (Fig. 4A; Zarasvandi et al., 2016). In addition, pyrolusite
veins of various sizes with radiolarite layers and fracture-filling
structures are evidence of late-stage mineralization
(Zarasvandi et al., 2016).

DERBENT MINERALIZATION

The Derbent manganese mineralization occurs in the west-
ern part of the AOC 35 km NW of the Yozgat district (Fig. 2).

The region shows evidence of tectonism, the mineralization and
the radiolarite units containing it showing a fractured and folded
structure. The strike of the Derbent manganese veins extends
discontinuously N-W over 2 km, and dips 10-20°NE and SW.
The thickness of the manganese vein zone varies from 10 to
70 cm and the manganese ore is dark red and reddish with a
fractured and folded structure. Manganese and iron oxides are
the main oxides. In the mineralization, three different mineral-
ization stages-syngenetic, diagenetic and epigenetic were re-
corded. In the syngenetic stage, typically small euhedral crys-
tals are observed and only pyrolusite (I) was recognized
(Fig. 4A). The diagenetic stage is represented by re-mobiliza-
tion of ore minerals and is characterized by diagenetic
manganite and goethite (Fig. 4B, C). The epigenetic stage is
represented by post- depositional supergene enrichment and is
characterized by fracture-filling pyrolusite (IlI) (Fig. 4D). Tat
Derbent manganese mineralization has been suggested to be
of hydrothermal exhalative type (Oksiiz, 2011b).

BALTASARILAR MINERALIZATION

The Baltasarilar manganese mineralization is located 25 km
NW of Yozgat district (Fig. 2). The mineralization is composed
chiefly of manganese oxides and lesser amounts of iron oxide
and it occurs within radiolarites as bands and laminae of thick-
ness not exceeding 10 cm. The strike of the Baltasarilar manga-
nese veins extends discontinuously N-W over 5 m, and dips
20°SW. The manganese ore is dark red and reddish and frac-
tured and folded structure. Like in the Derbent region, the min-
eralization is syngenetic, diagenetic and epigenetic. Based on
this, two different pyrolusite types are observed. The pyrolusite
may be fine-grained, partly euhedral syngenetic (I) or post-
depositional, fracture-filling epigenetic (Il) (Fig. 4D). Goethite is
diagenetically formed by the alteration of pyrolusite (Fig. 4E).

CIHANPASA MINERALIZATION

The Cihanpasa manganese mineralization is located 30 km
N of Yozgat district (Fig. 2). The mineralization is solely com-
posed of syngenetic pyrolusite. As in the other mineralization in-
stances, it is intensely folded and fractured. The strike of the
Cihanpasa manganese veins extends discontinuously N-W
over 3 m, and dips 10°SW. The thickness of the manganese
vein zone varies from 3 to 8 cm and the manganese ore is dark
red and reddish and fractured and folded.

BUYUKMAHAL MINERALIZATION

The Buyukmahal area is situated 35 km NE of the Yozgat
district (Fig. 2). The mineralization is composed of syngenetic
pyrolusite and diagenetic magnetite. Although volcanic units
are exposed in the region, the mineralization occurs within the
radiolarites as bands and lenses. As in the other mineralization
instances, it is intensely folded and fractured. The strike of the
manganese veins extends discontinuously N-W and NE over
20 m, and dips 55-25°NE and NW. The thickness of the man-
ganese vein zone varies from 50 to 60 cm and the manganese
ore is dark red and reddish and fractured and folded.

EYMIR MINERALIZATION

The Eymir mineralization, 80 km NE of the Yozgat district, is
the largest manganese occurrence in the region (Fig. 2). The
mineralization has been exploited by various companies, al-
though not currently. It occurs as thin and thick bands and
lenses. The mineralization, formed in syngenetic, diagenetic
and epigenetic stages, contains iron and manganese oxide
minerals. The region has experienced intense tectonism, with
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Fig. 4A — ore microscopy view of fossil radiolaria and fine-grained euhedral pyrolusite (pr I) // nicol; B — manganite (mn) // nicol; C —
goethite (gt) and pyrolusite (pr ) // nicol; D — fine-grained pyrolusite (pr 1), fracture-filling pyrolusite (pr Il) and gangue (g) // nicol; E —
goethite (gt) as a product transformation from pyrolusite and fine-grained pyrolusite (pr 1) // nicol; F — euhedral pyrolusite (pr 1) and
diagenetic goethite (gt), magnetite (mg) // nicol; G — fracture-filling psilomelane (ps Il), euhedral pyrolusite (pr 1) and diagenetic
jacobsite // nicol; H — psilomelane (ps ), diagenetic braunite (br) and gangue (g) // nicol
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folding and fracturing. Ore minerals are associated with ex-
tremely folded and fractured radiolarites. The strike of the Eymir
manganese veins extends discontinuously N-W over 3 km,
and dips 20-25°SW and SE. The thickness of the manganese
vein zone varies from 1 to 10 m and the manganese ore is dark
red and reddish and fractured and folded (Fig. 3C). Euhedral
pyrolusite is thought to have been formed syngenetically
(Fig. 4F, G). Psilomelane is observed as both syngenetic
[psilomelan(l)] (Fig. 4H) and epigenetic types [psilomelan(ll)]
(Fig. 4G). In addition, diagenetic magnetite, goethite, jacobsite
and braunite are also recognized (Fig. 4F—H).

TARHANA MINERALIZATION

In the Tarhana region, 120 km east of the Yozgat district,
syngenetic manganese oxide mineralization occurs (Fig. 2).
Ore paragenesis is solely composed of pyrolusite and quartz is
the main gangue mineral. The strike of the Tarhana manga-
nese veins extends discontinuously N-W over 10 m, and dips
10-20°NE and SW. The thickness of the manganese vein zone
varies from 10 to 15 cm and the manganese ore is dark red and
reddish and fractured and folded.

ANALYTICAL PROCEDURES

Fifty 500 g ore samples were collected from the Derbent,
Baltasarilar, Cihanpasa, Buyukmahal, Eymir and Tarhana
manganese mineralization occurrences, with systematic sam-
pling from top to bottom of the ore. Samples were taken at
30 cm intervals. Powders of 12 samples (<200 mesh) were
analysed at ACME Laboratories (CANADA). Major oxide and
trace element contents were determined by ICP-ES and REEs
were analysed by ICP-MS. 30 g samples were powdered to
100 pym for geochemical analysis. 0.5 g samples were pro-
cessed in HCI-HNO3-H,0 solution at ~95°C for 1 hour and then
the amount of each sample was increased to 10 ml for the final
filtering. Analytical results are given in Appendices 1 to 3*. In
addition, in order to determine the paragenesis and textural
characteristics of the mineralization, 40 polished sections were
studied by ore microscopy. XRD analysis of twenty samples
was done at TPAO (Turkish Petroleum Corporation) laborato-
ries. A Rigaku DMAX IlIC model X-ray diffractometer with a Cu
target (2—70° 20) was used in the analyses. Ore minerals were
also studied with a Thermo Scientific DXR Raman Microscope
at the Geological Engineering Department of Ankara Univer-
sity. The Raman spectra obtained were evaluated with the
Crystal Sleuth program to determine the mineral paragenesis.
Chemical compositions of some ore minerals (manganite,
psilomelane, pyrolusite, braunite) were determined by
microprobe analysis (EPMA) conducted at Montan University in
Leoben (Austria).

RESULTS

GEOCHEMISTRY

The main, trace and REE contents of 50 ore samples col-
lected from the mineralization occurrences studied in the AOC
are given in Appendices 1, 2 and 3. Major oxide and some trace
element data on manganese mineralization of different origins
are shown in Table 1. REE contents of samples from similar

and different types of manganese mineralization are given in
Table 2.

MAJOR AND TRACE ELEMENTS GEOCHEMISTRY

Major and trace element concentrations and their associa-
tions are commonly used to analyse manganese and ferro-
manganese deposits (Oksiiz, 2011b; Polgari et al., 2012b;
Zarasvandi et al., 2013). Mn contents of ore samples from the
AOC are 5.62-62.86 wt.% (n = 50 samples; average
46.76 wt.%) and Fe concentrations are 0.03-31.11 wt.% (aver-
age 2.83 wt.%; Appendix 1).

SiO; contents of the samples studied are 1.76-55.92 wt.%
(average 17.24 wt.%; Appendix 1). Although Co/Zn ratios of all
samples are >0.15, the ratios of the Baltasarilar and Cihanpasa
samples in particular are <2.5. Co/Zn ratios in other regions are
very close to 2.5 or higher (Appendix 1) indicating that a
hydrogenetic process was involved in the formation of the man-
ganese oxide mineralization in the AOC. If Co/Ni <1, the de-
posit has a sedimentary origin (Fernandez and Moro, 1998)
while Co/Ni >1 indicates a marine environment (Delian, 1994).
Likewise, Co/Ni is <1 for the Baltasarilar and Cihanpasa sam-
ples and it is <1 for other mineralization instances. These data
imply that mineralization in the area is of an exhalative sedimen-
tary type. Co is a notable bioessential element (Moffett and Ho,
1996; Polgari et al., 2012b). This feature of cobalt can be con-
sidered as evidence for subsequent selective enrichment of
bioessential elements in AOC Mn oxides and their formation via
microbial processes (Zarasvandi et al., 2016).

As, Ba, Cu, Li, Mo, Pb, Sb, Sr, V and Zn contents are en-
riched in hydrothermal fluids (Nicholson, 1992a). Concentra-
tions of As, Ba, Cu, Pb, Sr, V and Zn tend to be enriched in all
mineralization examples in the area studied (Appendix 2). In hy-
drothermal systems, Zn concentration is expected to be frac-
tionated in proximal sulphide deposits (Hein et al., 2008). Zn
concentrations of the mneralization studied in the AOC are
35-407 ppm (average 113.6 ppm) which may be attributed to
leaching from sulphide mineralization at depth (Appendix 2;
Sasmaz et al.,, 2014). High Ni and Cr contents could be ex-
plained by leaching from ultramafic rocks or contributions from
ultramafic clastic material (Hein et al., 2008). Ni may also occur
in sulphide zones and therefore high Ni concentrations may in-
dicate multiple sources. If high Ni concentrations are not corre-
lated with high Cr contents, ultramafic material may not be the
source (Hein et al., 2008). However, when concentrations of
these elements are high and if Ni content is relatively lower than
Cr, leaching from ultramafic rocks might be plausible (Sasmaz
et al., 2014). Ni concentrations in the samples are
38.0-950.9 ppm (average 204.8 ppm) and Cr concentrations
are 13.68-2737.0 ppm (average 155.59 ppm; Appendix 1).
These results show that the mineralization in the study area is
probably associated with leaching from ultramafic rocks.

According to Hein et al. (2008), high Cu, Zn, Pb and Cd con-
tents typically reflect the effect of sulphides. Cu and Pb enrich-
ment in the samples studied may indicate leaching from sul-
phide at depth (27.13-1606.5 ppm, average 274.3 ppm and
0.1-147.8 ppm, average 18.9 ppm, respectively; Appendix 2;
Sasmaz et al., 2014). Low Mn contents in ferromanganese ores
are indicative of low-temperature hydrothermal solutions (Hein
etal., 2008; Sasmaz et al., 2014). The Mn concentrations of the
samples are 3.7-198.2 ppm (average 38.8 ppm) implying the
involvement of low-temperature hydrothermal fluids (Appen-
dix 2). Co contents in hydrothermal deposits is lower than those

* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/gq.1599
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B — Fe-Six2Mn diagram (Toth, 1980); C — Ni-Zn-Co diagram (Choi and Hariya, 1992)

in hydrogenetic deposits and therefore high Co concentrations
reflect deep marine environments (Del Rio Salas et al., 2008).
Co concentrations of the manganese mineralization in the AOC
are 27.2 to 1432.1 ppm (average 268.1 ppm) which are rela-
tively high, reflecting a hydrogenetic contribution (Appendix 2).
According to Hein et al. (2008), high Ba and low Fe, Co, Ni, Cu
and Zn contents of manganese oxides may indicate leaching
from organic-rich sediments or insufficient barite dissolution at
depth. Due to sedimentation and volcanic activity effects, Ba
concentrations in hydrothermal fluids are greater than in seawa-
ter (Monnin et al., 2001; Oksiiz, 2011a). Ba concentrations in
the manganese mineralizaton of the AOC are
91.0-37137.0 ppm (average 6807.7 ppm; Appendix 2). Based
on these high Ba contents, mineralization in the study area re-
flects a hydrothermal origin. High arsenic contents are indica-
tive of sediment input to the hydrothermal manganese forma-
tion (Nicholson, 1992a, b). Arsenic concentrations in the sam-
ples are 5.9-199.9 ppm (average 46.3 ppm; Appendix 2). This
enrichment might indicate the role of hydrothermal fluids
(Sasmaz et al., 2014).

Trace element concentrations (As, Cu, Ni, Pb and Zn) in the
AOC samples are lower than those of hydrogenetic deposits
but significantly higher than those of hydrothermal deposits (Ap-
pendix 2). Al and Ti concentrations are also used for description

of manganese mineralization and Al is generally associated
with clay minerals in sediments (Crerar et al., 1982). Tiis immo-
bile in hydrothermal solutions and it defines the rate of clastic in-
put (Sugisaki, 1984). High Al contents in manganese oxide de-
posits are an important indicator of sedimentary input during
sedimentation (Choi and Hariya, 1992). Al concentrations in the
AOC samples are 0.01-3.19 wt.% (average 0.61 wt.%) and Ti
concentrations are 0.01-0.17 wt.% (average 0.03 wt.%; Ap-
pendix 1). Relatively high Al concentrations in the AOC ores
may have been derived from the radiolarite. Low Ti contents
might indicate limited clastic input during deposition (Sasmaz et
al., 2014).

Various major and trace element diagrams have been used
for discrimination of manganese deposits of different origins
(Bonatti et al., 1972; Toth, 1980; Crerar et al., 1982; Adachi et
al., 1986; Peters, 1988; Choi and Hariya, 1992; Nicholson,
1992a; Shah and Moon, 2007). These diagrams are useful for
distinguishing hydrothermal (terrestrial or marine) versus
hydrogenetic origins. The term hydrothermal has been used for
sedimentary-exhalative manganese mineralization or for pools
in terrestrial environments and manganese oxides deposited
directly from hot springs in geothermal systems (Nicholson,
1992a). The term hydrogenetic commonly refers to adsorption
of materials dissolved in seawater or deposits that are depos-
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Fig. 6. Chondrite-normalized REE diagram for the ore samples (normalization values after Evensen, 1978)

ited slowly (Bonatti et al., 1972; Crerar et al., 1982; Nicholson,
1992a). In the Fe-(Cu+Ni+Co)x10-Mn triangular diagram, the
ore samples studied are compared to samples from other re-
gions associated with ophiolites (Bonatti et al., 1972; Crerar et
al., 1982; Hein et al., 1992; Shah and Moon, 2007; Karakus et
al., 2010; Zarasvandi et al., 2016; Fig. 5A). Based on this, all
samples plot in the hydrothermal field. In addition, some sam-
ples show contribution from diagenetic or microbial processes.
In the Fe-Six2-Mn diagram, all Cihanpasa samples are distrib-
uted in the hydrogenetic field, while others plot in the vicinity of
the hydrothermal field (Toth, 1980; Fig. 5B). In the Ni-Zn-Co di-
agram, ore samples are compared with samples associated
with ophiolites (Choi and Hariya, 1992; Fig. 5C). Based on this
diagram, ore samples from the Derbent, Eymir, Buyukmahal
and Tarhana areas mostly plot in the hydrogenetic field and the
Cihanpasa samples cluster in the hydrothermal field while sam-
ples from the Baltasarilar area are distributed in both fields
(Choi and Hariya, 1992; Fig. 5C).

Major and trace element contents of various manganese
deposits of hydrothermal and hydrogenetic origin in Turkey and
worldwide are given in Table 1. Major and trace element con-
centrations of AOC manganese mineralization are compared
with those of Guichi (China), Waziristan, Hazara (Pakistan),
Baby Bare (NE Pacific Ocean), and the Sorkhvand (Iran),
Ulukent, Maden Complex, Cayirli, Kasimaga (Turkey) deposits
(Kog et al., 2000; Fitzgerald and Gillis, 2006; Xie et al., 2006;

Shah and Moon, 2007; Karakus et al., 2010; Sasmaz et al.,
2014; Zarasvandi et al., 2016; Table 1).

REE GEOCHEMISTRY

Results of REE analysis and some REE ratios of the ore
samples studied are given in Appendix 3. In addition, REE con-
tents of various manganese oxide deposits from Turkey and
worldwide are compared with those of the samples studied (Ta-
ble 2). Moreover, chondrite-normalized patterns of the samples
are shown in Figure 6. Element variation diagrams for deep ma-
rine, MOR hydrothermal, EPR Fe-Mn sediments, Phanerozoic
Fe-Mn umbers and hydrogenetic Mn crusts and an element
variation diagram constructed using average values of the sam-
ples studied are shown in Figure 7.

Examination of the REE geochemistry of ore deposits pro-
vides an insight into their origin (Bau and Mdller, 1991). There-
fore, REE contents of manganese oxide deposits from various
regions are compared with those from the study area (Table 2).
As shown in Table 2 and Figure 7, REE concentrations of hy-
drothermal deposits are lower than those of hydrogenetic de-
posits (Hein et al., 1990; Usui and Someya, 1997; Kato et al.,
2011). Total REE (SREE) contents of hydrothermal occur-
rences vary widely (Mills et al., 2001). £REE content of the AOC
samples is 6.68-518.27 ppm (average 74.54 ppm). Although
these values are higher than for the Cihanpasa and
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— chondrite-normalized REE diagram for average ore samples in the study area (normalization values are from Evensen, 1978)

Buyukmahal areas (305.13-518.27 ppm, average 385.66 ppm
and 99.09-178.36 ppm, average 142.75 ppm, respectively),
they are generally higher than those of hydrothermal deposits
but relatively lower than those of hydrogenetic deposits (Appen-
dix 3 and Table 2). The slight enrichment of REEs in both re-
gions is attributed to the sedimentary cover (Sasmaz et al.,
2014). Chondrite-normalized patterns of the samples are
shown in Figure 6. In addition, spider diagrams constructed us-
ing average values of the samples are shown in Figure 7. These
diagrams are compared with element variation diagrams of sim-
ilar manganese occurrences in Figure 7. Based on this, the pat-
tern of the ore samples studied greatly resembles those of
Phanerozoic Fe-Mn umbers and slightly resembles EPR hydro-
thermal Fe-Mn sediments and deep-marine examples (Fig. 7A,

C, D). Fractionation from LREE to HREE during the manga-
nese oxidation process can be considered as evidence for pri-
mary enrichment of REE (Xie et al., 2006; Sasmaz et al., 2014).
In the samples studied, the LREE/HREE ratio is
1.92-16.89 ppm (average 5.58 ppm) indicating that, since they
are more stable, LREEs in hydrothermal solutions are prefera-
bly enriched with respect to HREEs (Ruhlin and Owen, 1986;
Zarasvandi et al., 2013). Consequently, it can be concluded
that hydrothermal solutions played an important role in the for-
mation of the manganese mineralization studied. Y/Ho ratios of
the samples are 16.81-51.82 (average 28.90), high Y/Ho ratios
indicating multiple sources for the mineralization. In other
words, in addition to deep marine conditions, material of terres-
trial origin was also incorporated during the mineralization
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(Nayan et al., 1994). LaN/NdN and DyN/YbN ratios are also
useful for determination of origin. The LaN/NdN ratio in hydro-
thermal solutions is 3.0-7.4, with average of 4.5 and the
DyN/YbN ratio is 0.6—2.1 with an average of 1.2. These ratios in
manganese crusts are 2.7—4.3 and 0.4-1.2 (Fitzgerald and
Gillis, 2006). The LaN/NdN and DyN/YbN ratios of the samples
studied are 1.45-5.22 (average 2.31) and 0.51-1.41 (average
0.98). These data indicate a hydrothermal source. In normal
seawater the Er/Nd ratio is 0.27 (De Baar et al., 1988), but this
ratio may be <0.1 due to increasing amounts of detrital material
during mineralization, or a concentration of Nd which is more
easily concentrated than Er during diagenesis (German and
Elderfield, 1989; Bellanca et al., 1997). The Er/Nd ratios of the
samples studied are <0.27, except for five samples (D12-13,
D15-16-17; 0.05-0.31 and average 0.15). This indicates that
the mineralization was accompanied by diagenetic processes,
together with a detrital contribution.

Eu and Ce are important elements for determination of the
origin and paleoredox potential of the depositional environment
(Sabatino et al., 2011). The Ce anomaly is calculated from the
equation Ce* = Cenorm/[*/3L@norm* /3PTnorm] While the Eu anomaly
is computed from the equation Eu* = Eunorm/[zlssmnorm+
1/3Gdn0,m] (Taylor and McLennan, 1985). In these formulae,
chondrite-normalized values were used (Evensen et al., 1978).
Negative or positive anomalies of these elements may define
the origin of formation. For example, a weak negative Ce anom-
aly indicates volcanic input (Fleet et al., 1976) or volcanic contri-
bution to the seawater. In addition, it may also point to a high
growth rate of hydrothermal crusts (Hein et al., 1997). By con-
trast, a strong negative Ce anomaly characterizes low-temper-
ature hydrothermal deposits of a continental arc in spreading
centres and in the vicinity of mid-ocean ridge hot points
(Decarlo and Mcmurtry, 1992; Hodkinson et al., 1994). Positive
Ce anomalies are characteristic of modern submarine manga-
nese oxyhydroxide deposits and nodules (Kunzendorf and
Glasby, 1994). All samples from the Cihanpasa and
Buyukmahal areas demonstrate a negative Ce anomaly and re-
semble low-temperature hydrothermal deposits (Appendix 3
and Fig. 6). Samples from other mineralization occurrences
(Derbent, Baltasarilar, Eymir and Tarhana) show both positive
and negative Ce anomalies (Appendix 3 and Fig. 6). Based on
these results, it can be inferred that both hydrothermal and

hydrogenetic processes were effective in the formation of the
AOC mineralization (Shah and Moon, 2007). Positive Eu anom-
alies in hydrothermal deposits are indicative of high-tempera-
ture hydrothermal fluids (Michard, 1989) and high Eu concen-
trations during circulation reflects the interaction between sub-
strate volcanic rocks and hot waters (Usui and Mita, 1995).
Negative Eu anomalies indicate relatively little interaction be-
tween volcanic rocks and thermal waters (Usui and Mita, 1995).
These anomalies also imply crustal contamination and/or sedi-
ment contribution (Oksiiz, 2011a). Except for some samples
from the Derbent area, all other samples from the study area
are represented by negative Eu anomalies (Appendix 3 and
Fig. 6). Although these values indicate relatively little interaction
with volcanic rocks during the mineralization, both positive and
negative anomalies were recorded in the Derbent area and
show that hydrothermal fluids were involved in hydrothermal
mineralization at times, thus increasing the temperature. The
negative Eu anomaly might show that the hydrothermal source
was in the distal part of the mineralization area or it was greatly
mixed with seawater (Sabatino et al., 2011).

Ceanom values (Ceanom = log[3Cen/(2Lan+Ndy)] reflect oxy-
gen fugacity during the primary mineralization process. Ceanom
values >-0.1 reflect Ce enrichment that is indicative of an
anoxic character of the sediment Ceznom Values <-0.1 reflect a
Ce anomaly that indicates an oxic character for the sediment
(Wright et al., 1987; Xie et al., 2013; Kogak, 2020). With the ex-
ception of the Eymir and Tarhana areas, samples from all other
regions yielded Ceanom <—0.1. In addition, regarding Eymir area,
5 samples are represented by Ceznom <—0.1 and 10 samples are
represented by Cegnom >—0.1. For the Tarhana area, 2 samples
are represented by Ceanom<-0.1 and 3 samples are repre-
sented by Ceanom >-0.1. In this respect, data on the Eymir and
Tarhana manganese mineralization occurrences indicate that
the sediment was both oxic and anoxic in character, whilst other
mineralization occurrences are represented by Ce depletion
(negative Ce anomaly) and an oxic water. The oxic versus
anoxic character of water is related to redox conditions. In sedi-
mentation in a reducing environment, redox conditions may
change as a result of fresh water addition (e.g., via submarine
currents). In many deposits, the coexistence of oxygenated and
sulphur-bearing minerals is attributed to such changes.
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DISCUSSION

Almost all manganese-ferromanganese mineralization as-
sociated with ophiolites comprises hydrothermal occurrences
as exhalative or fault-controlled deposits that formed following
the obduction of oceanic crust onto continental crust (Roy,
1992). It is inferred that mineralization in the study area had
three different formation models. According to the hydrogenetic
model, primary mineralization takes place by slow deposition of
elements dissolved from surrounding materials under suitable
Eh and pH conditions (Fig. 8A). The hydrothermal model in-
volves either a sedimentary-exhalative type occurrence on the
sea floor or a fault-controlled epigenetic stage developing on
oceanic crust (Fig. 8A, B). In the hydrothermal mineralization
model, seawater penetrates downwards through fractures in
the oceanic crust. Changes in seawater pH are inevitable as it
encounters hot oceanic crust (Roy, 1992). Modified seawater
incorporates elements from the surrounding basaltic oceanic
crust. Consequently, ore-forming solutions are developed
which remove upwards to form hydrothermal manganese-ferro-
manganese deposits. The third model involves diagenesis
which takes place by alteration of previously formed minerals
under changing physicochemical conditions (Fig. 8B).

At low Eh and/or pH conditions, Mn is more mobile than Fe
(Roy, 1992). Iron is the first element deposited, whilst manga-
nese can stay in solution for longer. In order for iron and manga-
nese to separate, pH must change gradually (Hem, 1972). Con-
sequently, since iron-rich minerals are slightly immobile they
are precipitated in areas close to active submarine hydrother-
mal centers, while manganese oxides are deposited far from
these centers (Choi and Hariya, 1992). Nearly all ore samples
of the AOC manganese mineralization (except for sample T1)
are characterized by low Fe,O; (0.04—4.44 wt.%; average
4.05 wt.%) contents. This is reflected in the scarcity of Fe-bear-
ing minerals in the ore samples and also supported by strong
negative correlation between Fe,O; and MnO (r = —-0.82; Ap-
pendix 1) and the absence of a positive Eu anomaly with the ex-
ception of a few samples from the Derbent (D9, D10, D11, D15,
D16) and Tarhana (T1) areas. According to Sabatino et al.
(2011), proximal hydrothermal Fe-Mn deposits generally dis-
play a positive Eu anomaly. Eu concentrations are gradually de-
pleted as hydrothermal solutions travel. During ore deposition
and Fe-Mn separation, Eu gradually increases. Eu anomalies
are also indicative of high- (>300°C) or low-temperature
(<200°C) hydrothermal alteration of oceanic crust (Michard et
al., 1993). Therefore, solutions that are produced by high-tem-
perature hydrothermal alteration are represented by a strongly
positive Eu anomaly, whilst solutions that are produced by
low-temperature alteration are characteristic of a weak or ab-
sent Eu anomaly (Michard et al., 1993).

Except for samples from the Cihanpasa and Buyukmahal
areas, high Mn/Fe ratios (0.38—2245.10 and average 779.44)in
all other samples indicate that the composition of the fluids was
quite homogeneous and that the manganese deposits studied
are of hydrothermal type (Nicholson, 1992a; Karakus et al.,
2010). Hydrothermal manganese deposits are also character-
ized by high silica contents (Jach and Dudek, 2005). The SiO,
contents of the samples studied are 1.76-55.92 wt.% (average
17.24 wt.%; Appendix 1), indicating that the deposits were
formed from hydrothermal solutions (Karakus et al., 2010).

Trace element contents of the AOC samples are different
from those of other hydrothermal deposits. In particular, there
are high concentrations of Ba, Co, Cu and Sr (Appendix 1). This
difference in trace element concentrations is due to diagenesis.

Separation of iron from manganese is another characteristic of
diagenetic manganese deposits (Dymond et al., 1984; Jach
and Dudek, 2005). Co/Zn and Co/Ni ratios have been success-
fully used for understanding ore-forming processes in manga-
nese deposits (Delian, 1994; Fernandez and Moro, 1998;
Okstiz, 2011a). A Co/Zn ratio of 0.15 is indicative of hydrother-
mal deposits and if this ratio is 2.5 or higher, Fe and Mn that
form hydrogenetic deposits are accepted to be non-unique
(Toth, 1980; Oksliz, 2011a).

Low trace element concentrations also indicate diagenetic
processes, trace element contents of hydrogenetic Fe-Mn
crusts being relatively higher (Zarasvandi et al., 2016). Trace
element concentrations in the AOC (As, Ni, Pb and Zn) are
lower than those of hydrogenetic deposits, but significantly
higher than in hydrothermal deposits (Appendix 2 and Table 2).
Mn(ll) oxidation by some bacteria may increase trace element
(e.g. Co) contents of manganese deposits (Moffett and Ho,
1996; Polgari et al., 2012b). Cobalt concentrations in the sam-
ples studied are relatively high in some areas (Buyukmahal
134.60-1432.10 ppm, average 621.50 ppm; Derbent
48.70-1327.80 ppm and average 367.64 ppm). As a whole,
trace element concentrations in manganese ores decrease
from hydrogenetic to diagenetic and hydrothermal oxide depos-
its (Takahashi et al., 2007; Sabatino et al., 2011). In the triangu-
lar diagram of Choi and Hariya (1992), most of the ore samples
studied cluster in the hydrogenetic field although some plot in
the hydrothermal field (Fig. 5C). Although this diagram shows
that trace element concentrations of the ore samples studied
are consistent with a hydrothermal-hydrogenetic formation,
some samples have noticeably high Co contents, and tend to
shift towards the hydrogenetic field (Fig. 5C). Cobalt is an im-
portant bioessential element (Moffett and Ho, 1996; Morgan,
2005) and microbially mediated reactions may increase con-
centrations of this element (Polgari et al., 2012b; Zarasvandi et
al., 2013). The role of microbial processes in the enrichment of
bioessential elements (e.g., Mn, Fe, As, Ba, Sr, Co, Ce) has
been clearly shown in the Nasirabad manganese occurrence
(Zarasvandi et al., 2013) and other manganese oxide deposits
(Zarasvandi et al., 2016) such as non-sulphide deposits in
Urkut, Hungary (Polgari et al., 2012b).

CONCLUSIONS

1. AOC manganese mineralization formed at three different
stages: syngenetic, diagenetic and epigenetic.

2. A negative Eu anomaly recorded in most samples may
indicate relatively little interaction with volcanic rocks during the
mineralization, whilst both negative and positive anomalies ob-
served in samples from the Derbent area might be indicative of
temperature increase induced by contribution from hot hydro-
thermal fluids at times. The negative Eu anomaly may also
show that the hydrothermal source was distant from the miner-
alized area or it was greatly mixed with seawater (Sabatino et
al., 2011). All samples from the Cihanpasa and Buyukmahal ar-
eas are characterized by a negative Ce anomaly and simply re-
semble low-temperature hydrothermal mineralization. Samples
from other mineralization occurrences (Derbent, Baltasarilar,
Eymir and Tarhana) display both negative and positive Ce
anomalies.

3. High concentrations of Ba, Co, Cu and Sr may be attrib-
uted to diagenesis. Iron separation from manganese, as typical
of hydrothermal manganese occurrences, is another character-
istic of diagenetic manganese deposits (Dymond et al., 1984;
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Jach and Dudek, 2005). Low concentrations of trace elements
such as As, Ni, Pb and Zn point to diagenetic processes
(Zarasvandi et al., 2016). Trace element concentrations in the
AOC mineralization are lower than those of hydrogenetic de-
posits, but notably higher than those of hydrothermal deposits.

4. High Ba contents, element patterns decreasing from
LREE to HREE and the negative Ce anomalies imply that the
ore deposits in the study area are derived from a primary hydro-
thermal source. However, the role of diagenetic and epigenetic
processes cannot be ruled out.
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