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Introduction
IRON OXIDE-copper-gold (IOCG) deposits are a relatively re-
cently recognized class of deposits and are invariably associ-
ated with very large volumes of hydrothermally altered rocks
(10 to over 100 km3). The description of general characteris-
tics was first published by Hitzman et al. (1992), based largely
on studies of Olympic Dam and prospects in the Stuart Shelf
(Australia), the Kiruna district (Sweden), the southeast Mis-
souri iron district (United States) and the Wernecke Breccias
(Canada). The IOCG-type deposits globally incorporate cop-
per (±gold ±uranium) deposits of Archean to Tertiary age that

are linked primarily by the presence of abundant Ti-poor (<2
wt % TiO2) magnetite and/or hematite and extensive alter-
ation, particularly Fe, Na, and K metasomatism (Hitzman et
al., 1992; Hitzman, 2000; Sillitoe, 2003; Williams et al., 2005)
overprinted by hydrolytic alteration. Williams et al. (2005) ra-
tionalized the definition and proposed as criteria the presence
of Cu with or without Au as an economic metal, hydrothermal
vein, breccia and/or replacement ore styles, characteristically
in specific structural sites, abundant magnetite and/or
hematite, low Ti contents in iron oxides relative to those in
most igneous rocks and the absence of clear spatial associa-
tions with igneous intrusions. Although magmatic and non-
magmatic ore-forming fluid sources were considered to be
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I·LKAY KUŞCU,1,† ERKAN YILMAZER,2 NILGÜN GÜLEÇ,2 SELDA BAYIR,3 GÖKHAN DEMIRELA,4 GONCA GENÇALIOĞLU KUŞCU,1
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2 Department of Geological Engineering, Faculty of Engineering, Middle East Technical University, TR-06534 Ankara, Turkey

3 Turkish Petroleum Corporation (TPAO), Sogutozu, TR-06100 Ankara, Turkey
4 Department of Geological Engineering, Ankara University, TR-06100, Ankara, Turkey

5 General Directorate of Mineral Research and Exploration (MTA), Çankaya TR-06800, Ankara, Turkey

Abstract
The Hasançelebi deposit in eastern Turkey, with proven reserves of 95 million metric tons, is a copper-

gold−bearing iron oxide deposit. It is chiefly hosted by rocks that underwent widespread sodic-calcic and potas-
sic styles of alteration. In the Hasançelebi district, pervasive Na-Ca and K-Fe alteration types are overprinted
by sericitization and by late alteration that occur in multiple, overprinting systems. The age of hydrothermal
 alteration and mineralization (ca. between 74−68 Ma) overlaps with the age of alkaline magmatism in the
Hasançelebi district. Crystallization and cooling of alkaline magmatism is associated with hydrothermal fea-
tures that spanned the duration of the district’s igneous history. The 40Ar/39Ar and U-Pb geochronology of mag-
matism indicate that the hydrothermal system was synchronous with diabase and syenite and/or microsyenite
porphyry intrusions and consisted of several discrete phases of Na-Ca and K-Fe alteration. The oldest alter-
ation (phase 1) formed at ca 74.4 to 74.3 Ma; it is spatially and temporally associated with the emplacement of
diabase dikes and contains scapolite and phlogopite. The next younger alteration (phase 2) formed at about
71.3 Ma and is spatially and temporally associated with syenite porphyry and microsyenite porphyry intrusions.
It consists of scapolite , garnet, pyroxene, and actinolite that are superimposed on the first alteration phase. The
next alteration assemblage (phase 3) formed at about 68.6 Ma and consists of phlogopite 2 and magnetite min-
eralization. Still later alteration (phase 4) overprints phases 1, 2, and 3 and consists of sericite-quartz, chal-
copyrite, hematite, calcite, fluorite, and barite. 

Oxygen (δ18O) and hydrogen (δD) isotope analyses were carried out on phlogopite, sericite, barite, calcite,
fluorite, and quartz representing the mineral assemblage formed during phases 1 and 4 of the hydrothermal
alteration. The calculated δ18O(H2O) and δD(H2O) composition of the fluids that formed preore K-Fe alteration
and postore alteration of phase 4 range between 15.1 to 8.5 and −124 to −85.6 per mil, respectively, and par-
tially overlap the range for traditional magmatic waters. Oxygen and H isotope compositions from alteration
minerals highlight two major points: Na-Ca and K-Fe alteration assemblages are likely derived from high-
 temperature primary magmatic fluids, and late sericitization is likely derived from fluids exsolved from cooling
alkaline plutons during hydrothermal fracturing and consequent degassing at moderate temperatures. The ini-
tial εNdi values of the alteration zones range from −2.02 to −2.08, close to the calculated εNd value of associated
syenite porphyry at the time of alteration (εNd (68.64Ma; −1.9). Nd-Sr isotope compositions combined with 40Ar-
39Ar and U-Pb geochronology of the associated alteration suggest that the fluids were sourced from coeval
 diabase dikes and syenite porphyry and/or microsyenite porphyry intrusions. The rare earth element charac-
teristics, 40Ar-39Ar and U-Pb geochronology of alteration and fresh magmatic rocks, δ18O, δD, Nd, and Sr iso-
tope systematics together suggest that the fluids responsible for the high- to moderate-temperature assem-
blages are largely derived from the coeval alkaline igneous rocks (diabase and microsyenite porphyry dikes) that
intrudes the sedimentary-volcanosedimentary basin.
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responsible for IOCG mineralization, Williams et al. (2005)
did not advocate classification of the IOCG clan of deposits
on the basis of these important differences. New information
from Wernecke Breccia-associated IOCG prospects suggests
that the spectrum of magmatic and hybrid magmatic-non-
magmatic models for IOCG deposits should be expanded to
accommodate IOCG systems formed in an environment un-
related to magmatism and include those formed from non-
magmatic fluids circulated by nonmagmatic processes (Hunt
et al., 2007).

The IOCG deposits share a characteristic suite of alteration
types (Hitzman et al., 1992; Haynes, 2000) ranging from early
Na-(Ca-Fe) alteration overprinted by high-temperature K-Fe
alteration, with late-stage, low-temperature K-Fe-H-CO2 al-
teration. The calcic-sodic (Na-Ca) alteration zones are re-
gional in scale (>1 km wide) and range from a strong albitiza-
tion and scapolitization (±clinopyroxene, titanite), with
calc-silicate (clinopyroxene, amphibole, garnet). The Na-Ca
alterations form a characteristic assemblage consisting pri-
marily of biotite, K-feldspar, and magnetite (de Jong and
Williams, 1995; Barton and Johnson, 1996; Frietsch et al.,
1997; Hitzman, 2000; Williams et al., 2005). A number of
IOCG deposits contain late and structurally high-level zones
of hydrolytic alteration characterized by the replacement of
earlier alteration assemblages by martite (hematite after mag-
netite), sericite, carbonate minerals, and quartz. The main
ore stage is associated with K-Fe alterations in which either
sericite (at Olympic Dam and Prominent Hill) or K-feldspar
(most common) prevail as the potassic phase (Skirrow et al.,
2002). K-feldspar-hematite veins or an alteration assemblage
of hematite-sericite-chlorite carbonate ± Fe-Cu sulfides ± U,
REE minerals can be observed.

The hydrothermal fluids are hypersaline, CO2 and CaCl2
rich, S poor, and not always clearly related to igneous activity
(e.g., Barton and Johnson, 1996; Pollard 2001; Williams et al.,
2005), although commonly occurring within magmatic rocks
at shallow to mid-crustal levels within cratonic or continental
margin settings, The origin of the fluids associated with
IOCG deposits is controversial. There are two main hypothe-
ses: externally sourced, where intrusions acted as heat en-
gines that induced hydrothermal circulation of surrounding
formation waters toward the magmatic rocks (Barton and
Johnson, 1996); or magmatic, where the granitoids them-
selves acted as the source of both the metals and fluids re-
sponsible for alteration (Hildebrand, 1986; Perring et al.,
2000; Pollard 2001, 2006; Sillitoe, 2003). These hypotheses
have significantly different implications for the interpretation
of fluid-rock interactions in the alteration systems and for the
genesis of the associated ore deposits. In the first hypothesis,
the introduction of Na and Ca during sodic (calcic) alteration
is generally attributed to exchange reactions between feldspar
and fluid when basinal brines or externally driven fluids are
heated by a magmatic heat source, or interaction of hot fluids
with evaporitic sequences resulting in the addition of Na, Ca,
and Cl to later alteration (Dilles and Einaudi, 1992; Barton
and Johnson, 1996). The second hypothesis suggests that the
alteration results from unmixing of H2O-CO2-NaCl-CaCl2-
KCl fluids released from a magma (Pollard, 2001, 2006; Silli-
toe, 2003). The latter does not rule out the presence of evap-
oritic rocks and/or heating of externally derived fluids for the

introduction of Na, Ca, K, and Cl into the hydrothermal sys-
tem, as these may also contribute to alteration (Carten, 1986;
Barton and Johnson, 1996). Generally, mineralogical, geo-
chemical (Mark et al., 2006) and fluid inclusion microther-
mometry combined with stable isotopes of O, H, and S have
been used to assess the genesis and sources of fluids in alter-
ation and mineralization (Niiranen et al., 2007). Unfortu-
nately, these techniques can be equivocal in identifying
sources when multiple hydrothermal fluids may be involved
as they can reflect a mixed isotopic signature (Haynes et al.,
1995). Other techniques that have been useful in under-
standing the origins of the fluids include geochronology, trace
element, and radiogenic isotope analysis of host rocks and hy-
drothermal alteration and/or mineralization in IOCG deposits
(Campbell et al., 1998; Kendrick et al., 2006; Meyer et al.,
2006). For many systems, there is a lack of precise age con-
straints for magmatism and hydrothermal alteration and/or
mineralization. Radiogenic and stable isotope studies of hy-
drothermally altered rocks and host rocks can provide infor-
mation on the source of hydrothermal fluids (Johnson and
McCulloch, 1995; Campbell et al., 1998; Skirrow, 1999; Glea-
son et al., 2000; Mark et al., 2004a, b; Chiaradia et al., 2006;
Monteiro et al., 2006; Skirrow et al., 2007). It is likely that
during fluid generation and migration, rare earth elements
(REE), Nd, Sr, and metals were added to the ore fluids. The
study of the Nd and Sr isotope compositions can therefore be
used to constrain the flow path and source of causative fluids.

Iron oxide copper-gold deposits are rare in the Tethyan-
Eurasian metallogenic belt. However, Kuşcu et al. (2007a)
suggested that Turkey hosts several IOCG deposits which
formed in postcollisional, late-orogenic extensional settings
related to the subduction of the NeoTethyan oceanic plate
beneath the Eurasian plate during the Late Cretaceous to
Miocene. The present state of knowledge regarding the
IOCG deposits in Turkey is limited, and the iron oxide de-
posits of the Hasançelebi, Divriği, and Şamlı regions have
been recognized as IOCG mineralization by Kuşcu et al.
(2002, 2005), Yılmazer et al. (2003), and Ay et al. (2004). The
iron oxide deposits of the Hasançelebi district (Hasançelebi
and Karakuz iron oxide deposits) have been known for years
and mined mainly for magnetite and hematite. The
Hasançelebi deposit, located approximately 80 km northwest
of Malatya (eastern Turkey, Fig. 1), is an abandoned low-
grade iron oxide deposit with proven reserves of 95 million
metric tons (Mt) @ 23 percent Fe3O4 (Yüce et al., 2005). The
deposit is chiefly hosted by Late Cretaceous alkaline mag-
matic rocks that underwent pervasive sodic-calcic alteration
overprinted by potassic and late hydrolytic alterations (Kuşcu
et al., 2007b, c). The nature and genesis of voluminous sodic
(-calcic) and potassic alteration in the Hasançelebi district re-
mains unclear. Pilz (1937) suggested a Kiruna-type genesis,
whereas I·zdar and Ünlü (1985) favored a contact-pneuma-
tolitic model. In contrast, Stendal et al. (1995), Ünlü et al.
(1995), and Marschik et al. (2008) suggested that the iron
oxide mineralization formed as a result of leaching and redis-
tribution of the iron from the ophiolitic rocks during perva-
sive scapolitization by later hydrothermal events related to
syenite intrusion. Uçurum et al. (1996) favor an orthomag-
matic genetic model for the iron ores at Hasançelebi and
Karakuz. Recently, Kuşcu et al. (2002, 2005, 2007b), Yılmazer
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et al. (2003), Ay et al. (2004), and Sezerer-Kuru et al. (2006)
advocated a hydrothermal origin for the mineralization. 

In this paper, we present detailed field characteristics and
temporal and spatial associations of different mineral assem-
blages for regional-scale Na-Ca and K-Fe alteration as well as
new geochronological and radiogenic and stable isotope data
from hydrothermal alteration zones and associated fresh mag-
matic rocks. The aim of the study is to investigate the possible
sources and genesis of the fluids in the Hasançelebi iron oxide
deposit.

Methods and Analytical Procedures
The mapping of the entire district was carried out at

1:25,000 scale; and the alteration zones were mapped on a
scale at 1:5,000 scale. The mineral compositions within the al-
teration were determined from the optical properties of the
minerals.

Geochemical analyses for REE and radiogenic isotopes of
Nd and Sr were carried out at Pacific Centre for Isotopic and
Geochemical Research, University of British Columbia
(Canada) using inductively coupled plasma mass spectrome-
try (ICP-MS), after HF-HClO4 digestion and lithium metab-
orate-sodium perborate fusion. The details of sample prepa-
ration and methodologies are given in Pretorius et al. (2006)
and Weis et al. (2007). The results are presented in Table 1.
Whole-rock analyses for major and trace elements were car-
ried out at Activation Laboratories (Canada) using standard
wavelength dispersive X-ray fluorescence spectrometry
(XRF) from pressed powder pellets. As a routine analytical
procedure, the samples are crushed to a nominal minus 10
mesh (1.7 mm), mechanically split (riffle) to obtain a repre-
sentative sample and then pulverized to at least 95 percent
minus 150 mesh (106 µm) using tungsten carbide plates.
Sand cleaner is used between each sample to minimize the
contamination.

40Ar-39Ar geochronology was carried out on hornblende, bi-
otite, K-feldspar, and phlogopite separates from the fresh
magmatic rock, and alteration zones. The samples were
crushed, washed in deionized water, dried at room tempera-
ture, and sieved to obtain the size fraction between 0.25 and
0.15 mm. Mineral separates in an irradiation capsule with
similar-aged samples and neutron flux monitors (Fish Canyon
Tuff sanidine (28.02 ± 0.16 Ma), Renne et al., 1998) were ir-
radiated at the McMaster Nuclear Reactor in Hamilton, On-
tario, The samples were analyzed at Pacific Centre for Iso-
topic and Geochemical Research (the laser-equipped noble
gas mass spectrometer—Micromass VG 5400). All measure-
ments were corrected for total system blank, mass spectrom-
eter sensitivity, mass discrimination, radioactive decay during
and subsequent to irradiation, as well as interfering Ar from
atmospheric contamination and the irradiation of Ca, Cl, and
K (isotope production ratios 40Ar/39Ar)K = 0.0302 ± 0.00006,
(37Ar/39Ar)Ca = 1416.4 ± 0.5, (36Ar/39Ar)Ca = 0.3952 ± 0.0004,
Ca/K = 1.83 ± 0.01(37ArCa/39ArK). The plateau and correlation
ages were calculated using Isoplot version 3.09 (Ludwig,
2003). Errors are quoted at the 2σ (95% confidence) level and
are propagated from all sources except mass spectrometer
sensitivity and age of the flux monitor (App. 1A).

The U-Pb age geochronology was carried out on zircon sep-
arates by laser ablation ICP-MS techniques at Pacific Centre

for Isotopic and Geochemical Research (New Wave 213 nm
Nd-YAG laser coupled to a Thermo Finnigan Element2 high-
resolution ICP-MS). Ablation takes place within a New Wave
“Supercell” ablation chamber which is designed to achieve
very high efficiency entrainment of aerosols into the carrier
gas. Helium is used as the carrier gas for all experiments and
gas flow rates, together with other parameters such as torch
position, are optimized prior to beginning a series of analyses.
A 30-µm spot with 60 percent laser power was used. Line
scans rather than spot analyses were employed in order to
minimize elemental fractionation during the analyses (Košler
et al., 2008). The zircons are separated from their host rocks
using conventional mineral separation methods and sectioned
in an epoxy grain mount along with grains of internationally
accepted standard zircon and brought to a very high polish.
The grains were examined using a stage-mounted cathodolu-
minescence imaging set-up that makes it possible to detect
the presence of altered zones or inherited cores within the
zircon. The highest quality portions of each grain, free of al-
teration, inclusions, or cores were selected for analysis. Each
analysis consists of a 7-s background measurement (laser off)
followed by a ~28-s data acquisition period with the laser fir-
ing. A typical analytical session consists of four analyses of the
standard zircon, followed by four analyses of unknown zir-
cons, two standard analyses, four unknown analyses, etc., and
finally four standard analyses. Data are reduced using the
GLITTER software package developed by the GEMOC
group at Macquarie University, which subtracts background
measurements, propagates analytical errors and calculates
isotopic ratios and ages (App. 1B). Final interpretation and
plotting of the analytical results employs ISOPLOT software
(Ludwig, 2003). 

Stable isotope (δ18O and δD) analyses were carried out on
phlogopite, sericite, calcite, barite, fluorite, and quartz, and
these were analyzed at the Stable Isotope laboratories in the
Geochemical Research Center of the Turkish Petroleum Cor-
poration (Ankara, Turkey), using GV Instruments Isoprime
EA-IRMS. Mineral separates were handpicked from crushed
rocks. Oxygen and hydrogen isotope analyses were performed
at the same laboratory. Two runs of analyses were performed
on each separate to ensure good agreement of the data. Oxy-
gen was extracted from the mineral separates using glassy car-
bon chips and NiC infilled reactor at 1,200°C. Hydrogen was
extracted from the separates using a glassy carbon chips reac-
tor at 1,200°C. The extracted O and H were analyzed on a GV
Instruments Isoprime EA-IRMS. Oxygen (δ18O) and hydro-
gen (δD) isotope values are reported in the standard per mil
notation (‰) relative to Vienna Standard Mean Ocean Water
(VSMOW) as defined by Craig (1961) using the NBS-19 stan-
dard for 18O (δ18OVSMOW = 29.32‰) and the Pollen standard
for D (δDVSMOW = −156.23‰; National Institute of Standards
and Technology, PEF polyethylene fFoil standard). The re-
sults of standard analyses were calibrated against international
standards and are within 95 percent precision. The results are
mean values obtained from individual runs of analyses.

Geologic Setting
The Hasançelebi district is part of the polymetallic Baskil-

Divriği province (Fig. 1; Kuşcu et al., 2007b) hosting por-
phyry Cu-Au, Cu-Mo-F, IOCG, epithermal Au-Cu skarn-Fe
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and Pb-Zn mineralization in the eastern Taurides (Turkey).
The Baskil-Divriği province is oblique to the general north-
east-trending belts of magmatic rocks. It is also oblique to the
sinistral Yakapınar-Göksun fault zone and is normal to the
Bitlis-Zagros suture zone (Fig. 1). The province is located to
the north of the Southeastern Anatolian orogenic belt (Fig.

1), a microcontinent rifted from Gondwanaland during early
Mesozoic (Şengör and Yılmaz, 1981; Robertson and Wood-
cock, 1982). The southeastern Anatolian orogenic belt and
Tauride units were accreted to the Arabian margin by mid-
Cenozoic, possibly accompanying transtensional deformation
(Robertson, 1998; Stampfli, 2001). In the province, six Late
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TABLE 1.  Representative Geochemical Analyses of Selected Samples from the Magmatic Rocks and Associated Alteration in the Hasançelebi Region

Synore K-Fe 
Syenitic rocks Diabase dikes Trachytic rocks alteration

Sample 318 321 326 Y-2 Y-66 Y103 323 325 Y-11 Y-23 331 H3 Y-21 Y68 327(sy) 329(sy)

SiO2 58.10 61.15 59.23 67.23 62.01 62.22 47.17 54.59 45.51 42.26 45.64 62.47 42.26 55.77 50.50 41.73
TiO2 1.32 1.07 0.52 0.50 0.52 0.51 1.83 1.99 1.50 0.77 1.07 0.63 1.11 1.10 0.16 0.49
Al2O3 16.24 15.44 15.45 14.18 16.40 15.61 15.34 15.93 16.37 17.09 16.20 17.74 17.09 18.79 16.27 12.47
Fe2O3 3.90 1.48 1.35 1.51 2.20 2.70 7.02 13.65 10.18 8.26 11.32 1.35 8.26 1.45 7.16 16.36
MnO 0.03 0.04 0.05 0.04 0.03 0.09 0.08 0.11 0.06 0.07 0.04 0.03 0.07 0.06 0.03 0.06
MgO 2.33 1.44 0.15 0.10 0.30 0.33 4.80 2.70 6.22 6.10 6.26 1.33 6.10 0.78 3.16 7.42
CaO 4.98 5.08 7.58 4.28 3.55 3.04 11.49 4.19 11.19 7.87 7.49 2.12 7.87 5.81 6.32 8.84
Na2O 3.40 2.90 8.50 8.07 3.35 0.84 4.97 5.17 1.33 3.27 4.69 5.43 3.27 7.51 7.41 3.88
K2O 6.94 8.23 0.40 0.14 8.79 10.19 1.65 3.46 3.74 4.87 2.78 6.37 4.87 2.04 2.19 1.65
P2O5 0.36 0.29 0.12 0.18 0.11 0.13 0.47 0.60 0.39 0.47 0.42 0.03 0.47 0.84 0.07 0.48
LOI 2.00 2.29 5.87 3.48 2.83 3.92 4.45 1.68 3.89 8.85 3.65 1.92 8.85 4.65 5.72 4.82
Total 99.95 99.32 99.23 99.70 100.08 99.58 99.22 99.57 99.98 99.89 99.43 99.42 99.89 98.81 98.94 98.72
Ba 2940.00 3598.00 122.00 429.00 974.00 1300.00 1219.00 1045.00 962.00 2240.00 605.00 4590.00 1460.00 742.00 1018.00 496.00
Rb 99.80 48.80 3.94 n.d 95.00 259.00 64.00 105.00 137.00 131.00 144.00 89.00 303.00 55.00 61.50 267.00
Sr 326.00 273.00 175.00 72.00 161.00 111.00 573.00 242.00 414.00 96.00 439.00 400.00 483.00 672.00 283.00 240.00
Cs 2.34 0.29 0.13 0.50 n.d 1.40 0.98 1.71 0.90 6.60 5.55 52.00 n.d 21.10 7.30
Li 326.00 15.80 23.80 n.d n.d n.d 48.00 n.d n.d 35.00 n.d n.d n.d 11.90 64.20
Ga 21.10 24.00 26.70 22.00 22.00 22.00 18.70 20.80 16.00 27.00 17.80 23.00 18.00 16.00 16.10 20.40
Ta 2.50 2.86 6.30 2.50 3.80 3.70 1.86 2.30 1.00 1.90 1.24 4.80 1.70 1.70 0.26 2.55
Nb 40.80 44.00 98.00 32.00 52.00 48.00 25.60 34.70 16.00 92.00 17.10 73.00 29.00 26.00 2.73 23.00
Hf 8.90 8.80 17.30 7.20 10.90 9.60 3.60 6.70 4.00 3.80 4.54 8.60 3.70 3.50 6.88 5.77
Zr 341.00 421.00 945.00 283.00 463.00 416.00 159.00 256.00 151.00 125.00 187.00 431.00 177.00 183.00 377.00 280.00
Ti 1.00 1.00 n.d n.d n.d n.d 1.00 1.00 1.00 n.d 1.00 n.d 1.00 1.00 n.d n.d
Y 44.30 35.00 42.00 28.00 30.00 34.00 23.00 42.30 25.00 94.00 16.30 43.00 22.00 30.00 6.50 12.30
Th 20.40 23.90 62.00 24.20 42.40 31.80 6.28 16.35 9.70 31.30 14.40 26.30 18.30 13.60 6.70 39.00
U 13.05 11.86 12.30 5.50 10.60 5.20 5.44 6.39 4.10 27.70 7.30 8.00 7.70 8.40 n.d 6.20
Cr 30.00 6.29 2.10 233.00 132.00 142.00 908.00 10.00 169.00 51.00 178.00 186.00 40.00 75.00 11.90 7.70
Ni 38.00 10.00 22.90 20.00 n.d n.d 31.00 8.00 48.00 979.00 69.10 26.00 35.00 n.d 34.80 152.00
Co 9.60 6.29 6.70 1.00 3.00 3.00 12.60 14.80 16.00 167.00 29.70 4.00 14.00 2.00 17.30 26.70
Sc 38.00 8.50 2.10 7.00 3.00 3.00 24.00 n.d 23.00 n.d 25.00 3.00 9.00 9.00 11.90 7.22
V 113.00 42.40 23.80 33.00 15.00 25.00 214.00 175.00 158.00 299.00 209.00 18.00 125.00 71.00 79.80 138.00
Cu 21.00 5.40 16.80 21.00 50.00 n.d 9.90 21.00 117.00 139.00 47.00 26.00 28.00 12.00 27.30 16.40
Pb 14.00 9.10 2.10 5.00 n.d n.d 4.16 10.00 15.00 3.51 n.d n.d n.d 2.46 2.24
Zn 45.00 7.80 1.63 30.00 n.d n.d 19.30 73.00 32.00 96.00 35.90 n.d n.d n.d 18.10 53.00
Bi 14.00 0.08 0.42 0.40 2.60 0.60 88.00 n.d 1.30 0.40 0.18 4.50 n.d 0.60 0.08 116.00
Cd 45.00 0.19 0.19 n.d n.d n.d 0.09 n.d n.d n.d 0.02 n.d 0.11 0.13
Sn 7.00 4.90 5.10 3.00 4.00 7.00 2.06 3.00 3.00 1.00 0.71 5.00 3.00 3.00 n.d 2.10
W 8.00 0.54 2.47 10.00 2.00 3.00 1.64 4.00 4.00 2.00 1.17 1.00 2.00 3.00 0.63 0.40
Mo 20.00 0.56 0.73 8.00 5.00 5.00 1.58 4.00 2.00 2.00 0.32 6.00 n.d 3.00 2.73 1.68
La 70.20 88.00 31.00 19.90 41.40 51.20 50.00 56.10 32.30 92.00 41.00 31.40 41.20 28.70 8.90 34.00
Ce 145.50 172.00 80.00 40.80 90.20 104.00 79.00 109.50 59.10 141.00 76.00 89.70 75.80 62.50 14.60 50.00
Pr 15.55 14.40 10.80 4.81 10.00 11.30 6.50 12.55 7.11 24.20 7.40 12.10 8.69 7.83 1.34 4.20
Nd 52.50 49.00 45.00 17.80 32.80 37.80 23.30 46.60 27.70 112.00 29.20 45.00 31.30 30.10 5.10 14.40
Sm 9.17 8.10 8.96 3.70 5.50 6.50 4.30 9.27 5.50 27.70 4.76 8.70 5.40 5.50 0.98 2.28
Eu 2.64 2.51 1.19 0.72 1.09 1.39 1.19 3.26 2.71 8.56 1.19 2.22 1.38 2.11 0.33 0.53
Gd 9.03 6.60 7.40 3.70 4.50 5.80 4.36 9.63 4.80 24.30 2.94 8.00 4.30 5.80 0.92 2.06
Tb 1.30 0.99 1.24 0.60 0.80 0.90 0.63 1.39 0.80 3.60 0.51 1.30 0.70 0.80 0.14 0.29
Dy 7.20 6.20 8.20 3.90 4.40 5.20 3.93 7.81 4.20 17.60 3.03 6.90 3.60 4.40 1.00 1.80
Ho 1.50 1.27 1.63 0.80 0.90 1.10 0.83 1.63 0.80 3.20 0.59 1.50 0.70 0.90 0.23 0.38
Er 4.54 3.73 4.90 2.50 3.00 3.40 2.39 4.72 2.40 8.90 1.69 4.40 2.20 2.60 0.78 1.09
Tm 0.62 0.54 0.71 0.39 0.50 0.54 0.33 0.66 0.33 1.27 0.23 0.69 0.32 0.37 0.14 0.17
Yb 4.38 3.74 4.80 2.60 3.40 3.50 2.30 4.28 2.00 7.70 1.57 4.50 2.00 2.30 1.09 1.36
Lu 0.64 0.59 0.73 0.41 0.51 0.54 0.36 0.65 0.28 1.08 0.23 0.63 0.29 0.33 0.22 0.23
Nb/Ta 16.32 15.38 15.55 12,8 13.68 12.97 13.76 15.08 16.0 48.42 13.79 15.2 17.05 15.3 10.05 9.01
Zr/Hf 38.31 47.84 54.62 39.30 42.47 43.33 44.16 38.20 37.75 32.89 41.19 50.11 47.83 52.28 54.79 48.52

Notes: Major elements in wt %, trace elements in ppm, n.d = not detected, sy = syenitic rock



Cretaceous to Plio-Quaternary tectonomagmatic units are de-
finedL (1) a basement of Late Cretaceous high-grade meta-
morphic rocks (Bitlis-Pötürge and Keban metamorphics), (2)
Late Cretaceous ophiolites and ophiolitic mélange (Güneş
and Guleman-I·spendere ophiolites, Beyarslan and Bingöl,
2000) obducted onto the basement, (3) Late Cretaceous sub-
duction-related magmatism (Baskil-Yüksekova arc), (4) Late
Cretaceous-Miocene continental to marine sedimentary-vol-
canosedimentary sequences (Hekimhan basin) overlying the
metamorphic and ophiolitic rocks, (5) Late Cretaceous post-
collisional to late orogenic magmatic rocks emplaced into the
basement and sedimentary sequences, and (6) marine sedi-
mentary and volcanic rocks of Paleocene-Eocene age overlain
by continental sedimentary and volcanic units of Miocene to
Plio-Quaternary age. 

The Bitlis-Pötürge and Keban metamorphic rocks consist
primarily of slate, phyllite, quartzite, metapelite, calcareous
schist, and marble. They represent a late Paleozoic to Meso-
zoic (Özgül et al., 1981) platform-type carbonate and fine-
grained clastic rock succession that formed part of the Tau-
ride platform located along the northern margin of the
southerly Neotethys Ocean. These rocks were metamor-
phosed to greenschist facies beneath ophiolitic nappes and
ophiolitic mélange (Perinçek and Kozlu, 1984; Yılmaz et al.,
1987) derived from the Vardar ocean (Channel and Kozur,
1997; Stampfli et al., 1998) and then exhumed during the
Late Cretaceous. The ophiolitic rocks in the Baskil-Divriği
province (Guleman-I·spendere ophiolites) are of suprasub-
duction zone-type ophiolites (Yalınız et al., 1999; Beyarslan
and Bingöl, 2000; Parlak et al., 2004; Robertson et al., 2005).
Late Cretaceous to Tertiary sedimentary and volcaniclastic
rocks overlie the ophiolites. In the eastern Taurides, the Late
Cretaceous magmatic complexes consist of sequential arc to
postcollisional volcano-plutonic products and within-plate
magmatic rocks which intrude the underlying deformed
metasedimentary and ophiolitic rocks due to the closure of
the NeoTethys ocean along the Bitlis-Zagros subduction zone
(Kuşcu et al., 2010). Late Cretaceous (ca.74−69 Ma) postcol-
lisional magmatism throughout the eastern Taurides and im-
mediately adjoining regions are generally considered to have
taken place under extensional conditions in response to re-
treating subduction boundaries (slab roll-back) along the
Bitlis-Zagros subduction zone (Kuşcu et al., 2007a; 2010).
These are represented by calc-alkaline and alkaline associa-
tions. The calc-alkaline suites are generally older, whereas the
alkaline suites are younger and generally accompanied by ex-
tension-related basin formation and deposition of volcaniclas-
tic sequences. Extension is interpreted to have been driven
by slab roll-back following the collision and obduction of
northerly ophiolites from the Vardar ocean (Kuşcu et al.,
2010). Late Cretaceous-middle Eocene continental to marine
sedimentary-volcanosedimentary sequences are found within
the Hekimhan basin (Fig. 1) formed above the obducted
ophiolitic nappe rooted to the Vardar ocean during that ex-
tension (Gürer and Aldanmaz, 2002; Kuşcu et al., 2010). The
basin infill within the Hekimhan basin consists of Late Creta-
ceous to Paleocene continental to shallow marine sedimen-
tary rocks overlain by Paleocene to middle Eocene marine se-
quences (Fig. 1) and coeval alkaline extrusive and intrusive
rocks (Kuşcu et al., 2007a-d). Late Cretaceous-middle Eocene

sedimentary and accompanying magmatic rocks are overlain
by continental clastic rocks of Oligo-Miocene age. All these
rock units are overlain by a Mio-Pliocene volcanic sequence
consisting of basaltic andesite, dacite, rhyolite (Yalçın et al.
1998), and tuffaceous to conglomeratic rocks.

Extensive east-west− to northeast-southwest−oriented brit-
tle fault systems, including northeast-southwest−trending
Malatya-Ovacık (Kaymakçı et al., 2006), Göksu-Sarız, Kangal-
Cetinkaya, and Central Anatolian fault zones in central-east-
ern Anatolia appear to control the emplacement and/or expo-
sure of the causative magmatic rocks and spatial association of
sodic alteration zones (Fig. 1). These follow an oblique north-
east-southwest trend from the southeastern coast of Turkey to
Erzincan-Sivas as a series of northwest-and north-north-
east−striking brittle faults which underwent variable sinistral
strike-slip motion (Fig. 1). 

Rock Units and Local Stratigraphy
The host sequence in the Hasançelebi district (Fig. 1) is

composed predominantly of alkaline volcanic (both effusive
and explosive) and plutonic rocks emplaced into the
Hekimhan basin. The Hekimhan basin lies unconformably on
the ophiolitic rocks and contains a package of sedimentary
and volcanosedimentary rock units (Hekimhan formation)
characterized by continental clastics (Gürer, 1992, 1996), ma-
rine sedimentary sequences intercalated with volcanic and
volcanosedimentary rocks. The ophiolitic rocks, locally
termed the Hocalıkova ophiolites (Gürer, 1992, 1996), repre-
sent a disrupted and incomplete ophiolite sequence. In the
Hasançelebi district, they were mapped as chaotic units at the
southern margin of the alteration zones extending between
the Ciritbelen and Güvenç villages (Fig. 1). The ophiolites
consist of gabbro, cumulate gabbro, wherlite, serpentinized
pyroxenite, harzburgite, and lherzolite (Gürer, 1992; Stendal
et al., 1995). They are overlain by epiophiolitic sequences and
mélange consisting of chaotic mixture of serpentinite blocks,
pillow lavas, polymictic conglomerate, sandstones, shales, and
chert to fine-grained micritic limestones. These are cut by
trachytic dikes and plugs. The ophiolitic rocks contain promi-
nent linear ridges of quartz-carbonate-magnesite alteration
(listwaenite) traceable along strike for more than 20 km along
the Ciritbelen-Otmangölü fault (Fig. 2) which is a south dip-
ping (60°−70°) reverse fault. 

The Hekimhan formation consists of sedimentary, vol-
canosedimentary rocks and Hasançelebi volcanics. The sedi-
mentary rocks of the Hekimhan formation (late Campanian-
Maastrichtian in age; Gürer, 1992) are mostly exposed at the
southwestern margin of the mapped area and is displaced by
northeast-southwest−trending strike-slip to normal faults.
The Hekimhan formation begins with continental basal con-
glomerate and sandstone and grades into shallow marine sed-
iments (sandstone-marl-shale interbeds) at the top. This se-
quence is overlain by shallow marine carbonates of late
Campanian-early Maastrichtian (Gürer, 1992).

The Hasançelebi volcanics and Yüceşafak syenite are the
two main igneous rocks associated with sedimentary rocks of
the Hekimhan formation. The mineral assemblage and tex-
tural features of the igneous rocks in the Hasançelebi district
are summarized in Table 2. The Hasançelebi volcanics, ex-
posed mainly at the eastern, western, and northern parts of
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the district, occur either as intercalations prevailing at fine-
grained sedimentary facies of the Hekimhan formation or as
large domes enveloping the alteration within the district
(Figs. 1, 2). The Hasançelebi volcanics consist of pyroclastic
rocks and lava flows, cut by diabase dikes. 

The pyroclastic rocks are mainly exposed along the Ciritbe-
len-Otmangölü fault and at the base of the volcanic sequence,

at the Taş hill, to the north of Çulhalı village. They include ag-
glomerate, volcanic breccia, lapilli tuff, and tuff as infrequent
horizons within the volcanic rocks with well-developed bed-
ding (Gürer, 1992). Lava flows consist of trachytes, trachy-an-
desites (Gürer, 1992; Yılmaz et al., 1993), pillow basalts, and
spilites. Trachytes and trachy-andesites consisting mainly of
plagioclase (Table 2) and chloritized biotite hornblende, are
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FIG. 2.  A. Alteration map of the Hasançelebi district showing the main alteration zones (modified from Kuşcu at al.,
2007c). B. Cross section along line A-B based on drill hole data (Kuşcu et al., 2007c).



exposed either as east-west−trending domes, or as flows in-
tercalated with fine-grained sedimentary rocks. These form
linear ridges at the northern parts of the mapped area along
east-west−trending high-angle normal faults (Fig. 1). The tra-
chytic rocks show local hydrofracturing and brecciation at the
Karakuz dağ (Fig. 1) and at the southern flank of Taş hill
(Figs. 1, 2). The pillow-structured basalts and spilites are ex-
posed as small-scale bodies within marl-shale interbeds of the
Hekimhan formation around the Küçüktaş hill, Bahçedamı
village, and Dereköy (Fig. 1). The amygdules in the spilitic
basalts are filled by calcite and iron oxide minerals (mostly
siderite and magnetite). Diabase dikes, cutting the Hasançelebi
volcanics, occur as east-west−trending (Fig. 1) and almost
vertical dike systems up to 100 m long, or as sill-like intrusions
within the sedimentary and volcanic rocks. The thickness of
individual dikes ranges from 30 to 100 cm. 

The plutonic rocks in the Hasançelebi district are syenitic
in composition and occur as massive stocks and aplitic and
porphyritic dikes—collectively termed Yüceşafak syenite
(Gürer, 1992). Yüceşafak syenite crops out as two major dis-
crete bodies separated by the Uludere stream (Figs. 1, 2).
The ophiolites are thrust over the syenitic rocks along the
east-west−trending Ciritbelen-Otmangölü fault (Fig. 1). The
aplitic and porphyritic dikes are exposed randomly within the
syenitic body itself mainly close to the margins of the massive

stock, or cut the Hasançelebi volcanics in east-west to north-
east-southwest directions, mostly parallel to or cutting the di-
abase dikes. They cannot be traced laterally for more than a
few tens of meters. The dikes are microsyenite and mi-
crosyenite porphyry in composition (Gürer, 1992). These are
also accompanied by aplitic dikes along the marginal parts of
the microsyenite porphyry dikes. The syenites are medium to
coarse grained and contain numerous elliptical to spherical
mafic enclaves (<8 cm diam) of syenodiorite. They consist
predominantly of K-feldspar, plagioclase, pyroxene, and
quartz as major constituents; and titanite, coarse zircon, and
acicular apatite as accessory phases (Table 2). 

The Akpınar formation, unconformably overlying the for-
mer units, consists primarily of sedimentary rocks of late Pa-
leocene to middle Eocene age (Gürer, 1992), including cross-
bedded basal conglomerates and evaporitic sequences (mostly
gypsum). The Akpınar formation is overlain by andesite to
dacite flows, rhyodacite to dacite domes, and dacitic tuff to
agglomeratic rocks, collectively termed the Leylekdağ vol-
canics (Gürer, 1992). The 40Ar/39Ar K-feldspar geochronology
for the dacites gave an age of 34.4 Ma (Kuşcu et al., 2007c). 

The Olio-Miocene−aged continental sedimentary rocks of
the Kamatlar formation unconformably overly the Akpınar
formation and consist of poorly bedded, unsorted coarse clastic
rocks including conglomerate, sandstone, and marl-siltsone
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TABLE 2.  Mineral Assemblage and Textural Features of the Igneous Rocks in the Hasançelebi District

Rock unit Mineral assemblage Shape, outline Textural features/alteration

Trachyte Phenocrysts:
Sanidine (50−30%) Vitrophyric-trachytic
Plagioclase (30−10%)
Biotite (3−15%)
Hornblende (3−5%)
Groundmass:
Glass and plagioclase microlites

Spilite, pillow basalt Plagioclase (10−20%) Prismatic, subhedaral
Olivine (15−20%) Irregular Amygdaloidal
Hornblende (5−10%)
Accessories:
Siderite, magnetite Infilling

Diabase Phenocrysts:
Pyroxene (augite) Subophitic
Hornblende
Plagioclase
Groundmass:
Plagicolase microliths

Yüceşafak Syenite Phenocrystys:
Plagioclase (≤20%) (An25-30) Prismatic, subhedaral Myrmekitic
K-feldspar (≤60%) (orthoclase and microcline) Anhedral Perthitic, antiperthitic, antirapakivi
Pyroxene (≤10%) (aegerine augite) Partly converted into amphibole
Quartz (≤5%) Acicular 
Accessories:
Zircon, apatite, titanite Mostly fractured

Andesite, rhyodacite Phenocrysts:
(Leylekdağ volcanics) Plagioclase (fine to medium grained) Subhedral Vitrophyric

Hornblende
Pyroxene
Biotite (fine grained)
Groundmass:
Glass and plagioclase microlites



alternations. The Kamatlar formation is overlain by the Ya-
madağ volcanics exposed mainly at the northeastern part of
the district. The Yamadağ volcanics start with tuff and lapilli
tuff at the base (Gürer, 1992) and grade into basaltic trachy-
andesite, olivine basalt, and andesite flows (Yalçın et al., 1998)
toward the stratigraphic top. 

The Hasançelebi district and surrounding areas are dis-
placed predominantly by normal and strike-slip faults. These
trend mostly in northeast-southwest to northwest-southeast
and east-west directions (Figs. 1, 2). Northeast-southwest−
and east-west−trending faults are almost parallel to the dia-
base and microsyenite porphyry dikes. The structural ele-
ments and their association with the basin evolution, magma-
tism, and alteration were developed under four predominant
stress regimes and deformation phases (Kaymakçı et al.,
2006). Each phase formed its characteristic structure or reac-
tivated or reconfigured the preexisting structures under the
new stress regime (Kaymakçı et al., 2006; Kuşcu et al.,
2007c). Of these regimes, it appears that the first deformation
phase (D1; Kaymakçı et al., 2006) that resulted in a northeast-
southwest−trending extensional regime and regional fault
systems trending in a northeast-southwest direction has a
prominent control on the formation of the Hekimhan basin,
syntectonic sedimentation (Kaymakçı et al., 2006), alkaline
magmatism, and alteration in the district (Kuşcu et al.,
2007c). This regime was active between the Late Cretaceous
and late Eocene (Kaymakçı et al., 2006).

Mineralization and Structural Control
The Hasançelebi deposit consists chiefly of magnetite

hosted mainly by (late) phlogopite-altered syenitic rocks and
(late) phlogopite-actinolite−altered trachytic rocks (Fig. 2B).
The magnetite is often altered into hematite along the shear
zones during sericitization. Drill hole data revealed that the
iron oxide bodies are mainly subhorizontal to horizontal and
occur as lensoidal and pocketlike masses (Fig. 2B) and con-
tain copper (0.8−2.75%) gold (0.04−2 g/t), and nickel (2 ppm
to 1.9%). Uneconomic copper mineralization is related either
to chalcopyrite disseminations within sericite-quartz-calcite
veins or mostly to malachite-goethite stained quartz-calcite-
pyrite veins and veinlets. Hematite-Cu-Au± mineralization is
hosted mainly by trachytic and by syenitic rocks. 

The alteration and iron oxide-(Cu ± Au) mineralization in
the Hasançelebi district is localized within east-west−, north-
east-southwest− to east-northeast−west-southwest−trending
structures (Kuşcu et al., 2007c). The alteration is predomi-
nantly sodic-calcic overprinted by potassic and hydrolytic al-
terations. The spatial and temporal relationships between the
alteration mineral assemblages in the district reflect five over-
lapping hydrothermal phases. For the most part, the hy-
drothermal assemblages of early alteration phases are largely
distributed along east-west−trending structures, which are
also loci for emplacement of diabase dikes. On the other
hand, the assemblages of later alteration phases are largely
preserved as pervasive and massive replacement features fo-
cused in the N 60-70 E−trending fractures. These are con-
formable with the structures formed during the first defor-
mation phase (D1; Kaymakçı et al., 2006). This indicates that
magmatism and alteration were intermittently active within a
protracted series of tectonic and hydrothermal events mainly

during the Late Cretaceous (Kaymakçı et al., 2006; Kuşcu et
al., 2007c). 

Geochemistry of Igneous Rocks
The nomenclature of igneous host rocks in the Hasançelebi

district is based on the total alkali-silica diagram given in Fig-
ure 3A. As can be seen from this figure the rocks are classi-
fied as basalt, trachyte and/or syenite, trachy-andesite and/or
syenodiorite. Since total alkali and silica contents are highly
variable in hydrothermal environments, we also employed the
Winchester and Floyd (1977) diagram using the relatively im-
mobile trace elements in Figure 3B. The same nomenclature
applies also in Figure 3B. Both Figure 3A and B reveal that
the igneous rocks in the district are alkaline in nature. The al-
kalinity of these rocks is also addressed in a recent study by
I·lbeyli and Özgenç (2008). The rocks are generally enriched
in REE relative to chondrites (Fig. 3C) and in low field
strength (LFS) compared to high field strength (HFS) ele-
ments (Fig. 3D), with prominent negative anomalies in K and
Ti. Nb shows a moderate to weak negative anomaly, whereas
Rb and Th display positive anomalies. All samples are charac-
terized by significant flattening of HREE patterns relative to
the LREE and show negative Eu anomalies in syenitic and
trachytic rocks (Fig. 3C). The syenitic rocks are more en-
riched in HREE compared to trachytic and diabasic rocks
and exhibit typical mantle ratios (Nb/Ta = 16.3−12.8 and
Zr/Hf = 54.6−38.3). In general, the igneous rocks and associ-
ated alteration-mineralizations display similar REE patterns,
and the rocks from the alteration zones show depletion in
REE relative to the igneous host rocks (see inset in Fig. 3C).
The igneous rocks in the district plot as within-plate grani-
toids to syncollisional granite (syn-COLG) settings based on
their Nb, Y , Yb, and Ta contents (Fig. 3E, F) as also sug-
gested by Yılmaz et al. (1993) and I·lbeyli and Özgenç (2008).
They have high Th/Yb and Ta/Yb ratios (Fig. 3G), suggesting
the effects of both subduction and within-plate enrichment
processes in the source region of the magmatism. Nb/Ta and
Zr/Hf ratios of the syenitic rocks are suggesting a metasoma-
tized mantle source (I·lbeyli and Özgenç, 2008). The rocks
have intermediate Yb/Ta and Y/Nb ratios, and almost all sam-
ples plot in the ocean island basalt (OIB) and arc granite
fields in Figure 3H (Yb/Ta vs. Y/Nb plot) along a linear trend.
Further, the samples plot in the subfield of Jurassic White
Mountain A-type granitoids consisting mainly of syenitic,
granitic, and mafic rocks generated in an extension-related
setting (Fig. 3H; Best and Christiansen, 2001). However, they
also reflect an arc-volcanic affinity (Fig. 3I) and lamprophyric
association (Fig. 3J).

Hydrothermal Alteration, Paragenesis, and Mineralization
Hydrothermal activity was widespread in the district, and

alteration is exposed within an ellipsoidal area conformable
mainly to east-west− to N 70-80 E−trending syenitic intru-
sion (Fig. 2). The IOCG mineralization and alteration is
hosted by the alkaline igneous rocks and Late Cretaceous-Pa-
leocene sedimentary-volcano-sedimentary sequence. The hy-
drothermal alteration is absent in the sedimentary rocks and
limited in the diabases, whereas it is pervasive in the trachytic
and syenitic rocks. The trachytic and syenitic rocks of the
Hasançelebi district have been affected by extensive scapolite
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270 KUŞCU ET AL.

0361-0128/98/000/000-00 $6.00 270

1.1 10 1001 2000

C D

 E F

G

.01

0.1

1 10 100
.002

0.01

1

2

Basalt Alk-Bas
Foidite

And/Bas-And

Trachy
And

Tephri-Phonolite

Rhyolite+Dacite

Alkali Rhyolite

Trachyte

Phonolite

Nb/Y

Z
r/

T
iO

2*
0.

00
01

0.1

B

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Sa
m

pl
e/

C
1 

C
ho

nd
ri

te
 

8
10

100

400

N
b 

(p
pm

)

WPG

ORG
VAG+
syn-COLG

Y (ppm)

10

100

1
10 100 1000

.1

10

100

1

Yb (ppm)

Within plate
(A type)

Volcanic arc
I-type

Ocean Ridge
OR-type

syn-COLG
S-type

within plate&anom.OR

Ta
 (

pp
m

)

.01 1 10
.01

0.1

1

10

100

Ta/Yb

T
h/

Y
b

0.1

Av. N-MORB

Mantle Array

su
bd

uc
tio

n
en

ri
ch

m
en

t

Av. Crust

mantle metasomatism

(within plate)

Sa
m

pl
e/

M
O

R
B

0,0001

0,001

0,01

0,1

1

10

100
400

Sr K Rb BaTh Ta NbCe Zr Hf YTiSm Yb

H

.1 1 10 100
.1

1

10

100

N
b/

T
h

MORB+OIB

Bulk 
CC

PM
*

Arc  volcanics

.1
1 10.1

1

10

Y/Nb

Y
b/

Ta

Bulk 
CC

cont-cont.
collision

OIB

IAB

arc 
granites

cru
st.

 co
nta

m.

A-type felsic
rocks

I

Nb
.1 1 10

1

10

100

600

La/Nb

B
a/

N
b

Arc  volcanics

PM

Bulk CC

MORB

Lamprophyres

Dabie 
mafic
dykes

*

J

K-Fe alt.
K-Fe alt.
and magnet.

SiO2

Yucesafak syenite
Trachyte
Diabase

35 45 55 65 75
0

3

6

9

12

15

18

Nephelin

P-N

B+T

P-T

Phonolite

Benmorite

Mugearite
Hawaiite

Basalt B
-A

Andesite
Dacite

Trachyandesite Rhyolite

Trachyte

N
a2

O
+

K
2O

A

Subalkaline

Alkaline

FIG. 3.  A. Total alkalis vs. silica
(TAS) plot of Cox et al. (1979). B.
Modified Zr/TiO2-Nb/Y plot (Pearce,
1996) of Winchester and Floyd (1977).
C. Rock and/or chondrite-normalized
REE. D. Rock and/or MORB-normal-
ized spidergrams. E. Nb-Y and F. Ta-
Yb diagrams of Pearce et al. (1984). G.
Th/Yb vs. Ta/Yb diagram (Pearce,
1983), showing the effect of mantle
metasomatism. H. Yb/Ta-Y/Nb dia-
gram (Whalen et al., 1987; Best and
Christiansen, 2001), showing the ef-
fect of crustal contamination and
within plate signature. I. Nb/Th-Nb
diagram showing arc volcanics, ocean
island basalt (OIB), continental crust
(CC), primitive mantle (PM) (data
after Schimidberger and Hegner,
1999). J. Ba/Nb-La/Nb diagram. Data
for MORB, PM, and Dabie mafic
dikes are from Le Roux (1986), Sun
and McDonough (1989), and Wang et
al. (2005), respectively. 



(Na, Na-Ca) overprinted by K-Fe alteration covering an area
of about 70 km2 (Fig. 2). Drilling in the district has shown that
the observed thickness of the alteration can reach up to 400
m (Fig. 2). Scapolite, garnet, and actinolite are the major con-
stituents in Na and Na-Ca alteration. Other minerals in Na-
Ca alteration include pyroxene, titanite, and apatite as minor
constituents. Dark-colored, coarse- to fine-grained phlogo-
pite and magnetite with minor K-feldspar dominate in K-Fe
alteration. These are overprinted by sericite-quartz-hematite-
carbonate alteration. The most prominent alteration, com-
posed of pervasive scapolite-garnet-pyroxene and scapolite-
phlogopite ± magnetite assemblages (Na, Na-Ca and K-Fe
alteration), occurs mainly within the syenitic rocks (syenite,
syenite porphyry, and microsyenite porphyry dikes). The al-
teration is so pervasive that the original rock texture is almost
obliterated and the syenite and syenite porphyry are con-
verted completely into massive scapolite-rich rock on both
sides of the Ulu stream (Fig. 2). The intensity of alteration in-
creases with the frequency of syenite porphyry and mi-
crosyenite porphyry dikes, and the alteration minerals (scapo-
lite and phlogopite) become coarser between the individual
dikes. The alteration within the trachytic rocks is commonly

localized along syenite-trachyte boundaries (Fig. 2), and these
contain an assemblage of scapolite-actinolite-phlogopite ±
magnetite. 

Figure 2 shows the spatial association of the predominant
alteration assemblages in four distinct zones from the Cirit-
belen-Otmangölü fault at the south to Küçüktaş hill to the
north. These zones are (1) scapolite-garnet-pyroxene hosted
by syenitic rocks immediately north of ophiolites, (2) scapo-
lite-phlogopite ± magnetite-hematite hosted by syenitic and
trachytic to diabasic rocks, (3) scapolite-actinolite-phlogopite
± magnetite hosted by trachytic rocks, and (4) sericite-
hematite-quartz-calcite hosted by syenitic and trachytic rocks.
The iron oxide mineralization (magnetite and hematite) are
hosted by phlogopite-bearing, and sericite, calcite-bearing al-
teration zones, respectively. 

The nature and distribution of the alteration types and spa-
tial and temporal relationships between the alteration miner-
als and igneous rocks in the district reflects five overlapping
hydrothermal phases (Fig. 4) that were associated with indi-
vidual intrusions of diabase and syenite, syenite porphyry and
microsyenitic dikes along the major structural conduits
(Kuşcu et al., 2005, 2007c; Table 3). The earlier findings of
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Stendal et al. (1995) also favor a multiphase alteration model,
and they suggested that at least four generations of hy-
drothermal alteration took place in the district. 

Phase 1 predates the magnetite ore stage and is character-
ized by local Na and K alteration that appears to be restricted
to the immediate igneous contacts between trachyte and dia-
base and occasionally to trachytic rocks (Fig. 5A, B, Table 3).
This phase resulted in extensive fine-grained scapolite (scapo-
lite 1) and preore hydrothermal biotite (phlogopite 1) with or
without disseminated fine-grained magnetite. In general, the
mineral assemblage in phase 1 is fine grained (Fig. 6B),
greenish to gray in color, overprinted almost completely by
the later phases, and preserved as relict minerals replaced or

enclosed by the assemblage of the phase 2 (Table 3, Fig. 4).
Phase 2 is also a premagnetite stage with Na-Ca alteration
(Table 3) and exhibits close time-space relationships with the
syenitic intrusions (syenite, syenite porphyry and microsyen-
ite porphyry, Fig. 5B) that cut the Hekimhan formation and
Hasançelebi volcanic rocks. The assemblage in phase 2 is
coarser grained, more pervasive and regional in extent. This
phase consists of scapolite 2, pyroxene (diopside), garnet, and
actinolite (Fig. 5F) as the predominant mineral assemblage
with titanite and apatite (Fig. 6A, D, E) as accessory minerals
associated with scapolite 2 (Table 3). The diabase dikes with
scapolite 1 are cut by syenite porphyries containing coarser
grained scapolite 2 (Fig. 5B). The assemblage consisting of
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TABLE 3.  Summary of the Mineralogical Characteristics, Style, and Chemistry of the Main Hydrothermal Associations in the Hasançelebi District

Spatial relation 
Hydrothermal Rock types, Mineralogy General alteration Hydrothermal to Fe oxide and 
alteration host lithology (vein and alteration) characterictics styles sulfide minerals Comments

Phase 1

Premagnetite ore sodic alteration

Na alteration Diabase, Scapolite ± actinolite Fine-grained scapolite Fracture controlled, Restricted 
scapolite 1 trachyte mainly present in fine-grained, mainly to 

altered diabase ± disseminations dike margins
trachyte

Premagnetite ore potasssic alteration

K-Fe alteration Diabase, Phlogopite ± K-feldspar Fine-grained Vein-like Associated with 
phlogopite 1 trachyte phlogopite replacing associations occasional 

scapolite magnetite 
dissemination

Phase 2

Late sodic-calcic alteration

Na-Ca alteration Syenite, Scapolite, diopside, Coarse-grained, Massive to No association Commonly 
scapolite 2 diabase, garnet, actinolite, radiating crystals of pervasive, with Fe oxide predominant 

trachyte apatite, titanite scapolite, and regional alteration, and sulfide at syenitic and 
actinolite-grained structure mineralization trachytic rocks
diopside and garnet controlled

Phase 3

Synmagnetite ore potassic alteration

K-Fe alteration Syenitic rocks, Phlogopite, biotite, Medium to coarse Vein-like to Host to magnetite Tends to 
phlogopite 2, diabase, K-feldspar, grained phlogopite massive, strongly mineralization increase 
K-feldspar trachyte and biotite replacing fracture controlled towards 
magnetite scapolite microsyenite 

porphyry

Phase 4

Postmagnetite ore alteration (sericitization)

Sericite Trachyte, Sericite, epidote, Fine grained Vein breccia, Host to sulfide Commonly 
calcite 1 syenitic rocks chlorite, calcite, alteration of sericite, localized and hematite associated 

Barite barite, fluorite, quartz, quartz and calcite crackle vein mineralization with silicified 
quartz 1 pyrite, hematite replacing the main breccia and 

Fluorite magnetite orebody dissemimated 
chalcopyrite

Phase 5

Late alteration

Calcite 2 Trachyte, Calcite, barite, fluorite, Occurs as veins Vein-like, Host to malachite, Localized 
quartz 2 syenitic rocks quartz, goethite, through the fracture controlled azurite, goethite commonly at 

malachite, azurite hematitized rocks mineralization the mine site



scapolite 2-garnet-diopside, titanite and apatite predominates
in syenitic rocks (Fig. 5D, E, H, and Table 3), whereas acti-
nolite occurs with scapolite 2 in veins cutting the trachytic
rocks (Fig. 5F). The scapolite 2 is characterized by radiating
and rosette-like pink to green crystals within the syenitic
rocks (Fig. 5D). The alteration assemblages formed in phases
1 and 2 are juxtaposed with the ophiolitic rocks along the east-
west−trending Ciritbelen-Otmangölü fault (Fig. 5C) and nor-
mal faults to the south of the Taş and Küçüktaş hills (Fig. 2). 

Phase 3 is a synmagnetite ore K-Fe alteration stage hosted
by syenitic and trachytic rocks. This phase consists mainly of
coarse-grained phlogopite 2 (synore phlogopite), sporadic
K-feldspar, and magnetite. At a regional scale, phlogopite 2,

K-feldspar, and magnetite mineralization typically postdates
scapolite 2 (Figs. 5E, G, 6E-H, Table 3). Petrographical and
field observations show that phlogopite 2 occurs either as
veins and veinlets within the scapolite 2-rich rocks or as rims
around unreplaced islands of scapolite 2 (Figs. 5E; 6G). The
main magnetite mineralization is associated with synore K-Fe
alteration (Figs. 5E, G, I, 6G, H). 

Phase 4 is a postore magnetite sericite-quartz alteration
stage (sericitization ± silicification). It consists mainly of
sericite-quartz 1 ± calcite 1, clay minerals, barite, and fluorite
(Figs. 4, 5H) either as veins or as replacements within the
brecciated trachyte. It postdates the magnetite mineralization
and marks the onset of hydrothermal brecciation as evidenced
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FIG. 5.  Characteristic features of hydrothermal alteration and magnetite ore from the Hasançelebi district. A. East-
west−trending diabase dike intruding trachytic rocks (diabase itself scapolitized). B. Scapolite-bearing diabase cut by scapo-
lite-bearing syenite porphyry dike. C. Contact between ophiolite and scapolitized syenite. D. Syenite affected by pervasive
preore Na-Ca alteration at phase 2, characterized mainly by radiating crystals of pinkish scapolite. E. Synore phlogopite (late
phlogopite) replacing the scapolite within syenitic rocks, and relict scapolite (see inset for paragenetic association of scapo-
lite and phlogopite). F. Actinolite-scapolite−altered trachytic rocks with late malachite-goethite precipitation. G. Coarse-
grained phlogopite 2 with magnetite (synore K-Fe alteration), cut by calcite 1 and quartz 1 replacing scapolite 2. H. Hematite
veins after magnetite within a sericitized, brecciated volcanic rock. I. Pyrite-calcite-ankerite-pyrite-quartz veining in mag-
netite-late phlogopite ore (ac = actinolite, cc = calcite, e = epidote, gt = goethite, m = magnetite, mc = malachite, ph = phl-
ogopite, qtz = quartz, sc = scapolite, sr = sericite,).
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FIG. 6.  Photomicrographs showing representative textures in the Hasançelebi district. A. Syenite porphyry. B. Scapolite 1
(preore Na alteration) and phlogopite 1 (preore K-Fe alteration)-bearing diabase. C. Coarse, radiating scapolite 2 replacing
diopside (preore Na-Ca alteration). D. Relict diopside within scapolitized rock. E. Titanite associated with scapolite 2 and syn-
ore phlogopite (phlogopite 2). F. Fine-grained phlogopite 2 and magnetite replacing scapolite 2. G. Phlogopite 2 replacing
scapolite 2. H. Coarse-grained phlogopite 2 with magnetite (synore K-Fe alteration) (ap = apatite, hm = hematite, K = K-
feldspar, m = magnetite, ph = phlogopite, pl = plagioclase, pyx = pyroxene-diopside, sc = scapolite, sr = sericite, ti = titanite).



by silicified breccias within the trachytic rocks at the northern
parts of the alteration immediately north of Davulgu around
Küçüktaş and Taş hills (Fig. 2). It envelops the magnetite ore-
body and is associated with fine-grained hematite. Rare
mushketovite is also reported within the silicified rocks at the
open pit at the Karakuzdağ deposit (Marschik et al., 2008).
Sericite, the predominant constituent of this phase, replaces
the late scapolite (Fig. 5H) and occurs within the quartz veins
or silicified trachytic rocks as patches or disseminations.
Quartz in this phase occurs within the quartz-sericite-
hematite, quartz-pyrite ± chalcopyrite or quartz-barite-calcite
1 veins cutting through synore assemblages and magnetite
mineralization. The quartz-sericite-hematite, quartz 1-pyrite
± chalcopyrite veining is scarce and only related to chalcopy-
rite mineralization in the district. Fluorite and barite occur as
sporadic minerals within the quartz-barite 1- calcite veins
with or without calcite at the old underground workings to
the eastern banks of Ulu stream and at the north of the open
pit at the Karakuzdağ deposit. 

Phase 5 is the last alteration stage and consists of veins and
veinlets of calcite 2, pyrite 2, ankerite, and quartz 2, and still
later supergene goethite-malachite (Fig. 5I) through the frac-
tures within magnetite-hematite bodies and sericitized rocks. 

Geochronology

Age of alteration and magmatism: U-Pb and 40Ar-39Ar dating

U-Pb and 40Ar-39Ar geochronology (Table 4, App. 1) was
carried out for the main diabasic, trachytic and syenitic rocks,
pre and synmagnetite ore K-Fe alteration, and ore-stage as-
semblages of the Hasançelebi district. Apart from Ar-Ar
geochronology for volcanics by Leo et al. (1973) and Ar-Ar
geochronology for hydrothermal biotite by Marschik et al.
(2008), these represent a comprehensive set of geochrono-
logical data for both alteration and magmatic rocks and con-
strain the relative timing of alteration and magmatism in the
district (Fig. 7A-H). The K-Fe alteration was dated by the
40Ar-39Ar method, and magmatic rocks were dated by the
40Ar-39Ar and U-Pb methods (Table 4).

The 40Ar-39Ar biotite geochronology for trachyte and trachy-
andesite presumed to be the oldest alkaline rocks in the dis-
trict gave an age of 76.8 ± 0.7 Ma. The diabase dikes emplaced

into the trachytic rocks yielded an 40Ar-39Ar hornblende and
biotite ages of 74.4 ± 0.5 and 74.2 ± 0.6 Ma (Fig. 7; Table 4).
The 40Ar-39Ar K-feldspar age of the syenite feldspar porphyry
is 71.8 ± 0.5, within the error limits it might defines the cool-
ing age of the syenite intrusion. The U-Pb zircon age of the
microsyenite porphyry is 71.3 ± 0.3 Ma. Based on the
geochronological data, it is evident that alkaline magmatism
in the Hasançelebi district took place between 76.8 and 71.3
Ma.

The age for preore K-Fe alteration at phase 1 is obtained
from an altered diabase, and the 40Ar-39Ar hydrothermal bi-
otite (phlogopite 1) dating yielded an age of 74.3 ± 0.4 Ma,
which remains within the age range for diabase intrusion
(Figs. 7, 8). Two samples with and without magnetite miner-
alization from phase 2 and 3 from synore late phlogopite and
K-feldspar altered rocks gave 40Ar-39Ar ages of 70.5 ± 0.42 and
68.6 ± 0.4 Ma, respectively. This suggests that alteration
phases 2 and 3 took place after the syenitic and microsyenitic
intrusions in the district.

Radiogenic Isotope Geochemistry
Nd and Sr isotope analysis of the host magmatic rocks and

synore (phase 3) potassic alteration zones in the Hasançelebi
district has been carried out. A total of six samples from host
igneous rocks and synore potassic alteration were analyzed
and results are given in Table 5. The altered samples are
mostly from the synore K-Fe alteration with or without mag-
netite. They do not contain the assemblage of garnet, apatite,
and titanite that retains most of the REE elements in their in-
tracrystalline structures, as these were replaced or over-
printed by synore assemblages. 

Loss on ignition (LOI) ranges between 2.29 and 5.87 per-
cent. The initial Sr and Nd isotope ratios and the initial εSr(i)

and εNd(i) values were calculated based on the geochronologi-
cal data in Table 4. Also given in Table 5 are the εSr and εNd

values for each sample at the time of the formation of synore
K-Fe alteration zones (εSr(68.6) and εNd(68.6)).

Given the high LOI values of the host igneous rocks, the
 validity of any interpretation regarding the isotope composi-
tions may, at a first glance, be questioned as most of the host
rocks appear to be already altered. However, although modi-
fication can be expected in the Sr isotope systematics, Nd
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TABLE 4.  Ar-Ar and U-Pb Age Dating in the Hasançelebi District (the uncertainties are 2σ, except for sample 318)

40Ar-39Ar U-Pb 

Sample description Hornblende Biotite K-feldspar Zircon

Sample no. Magmatic rocks

318 Microsyenite porphyry - - - 71.27 ± 0.29
321 Syenite feldspar porphyry - - 71.85 ± 0.48 -
323 Diabase dike 74.40 ± 0.51 74.26 ± 0.45 - -
331 Trachyte, trachy-andesite - 76.84 ± 0.67 - -
336 Trachyte (Leylekdağ volcanics) - - 34.4 ± 1.1 -

Preore K-Fe alteration (phase 1)
328 Phlogopite rock replacing scapolite rock - 74.32 ± 0.42 - -

Synore K-Fe alteration (phase 3)
318a Syenite porphyry veined by phlogopite - - 70.48 ± 0.42 -
327 Scapolite rock replaced by phlogopite-magnetite - - 68.64 ± 0.42 -

Note: - = not analyzed
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FIG. 7.  40Ar/39Ar biotite, hornblende, K-feldspar, and biotite (A, B, C, D, E, F, G) and U-Pb (H) spectra of zircon from
fresh magmatic rocks and alteration.
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 isotope ratios are supposed to stay rather intact due to the
considerably large fluid/rock ratio (>1) required to cause sub-
stantial changes in Nd isotope compositions during any hy-
drothermal alteration. For instance, using simple binary mix-
ing calculations (Faure, 1986), and assigning to the possible
end members 143Nd/144Nd ratios and Nd concentrations of
0.512548 and 23.3 ppm (sample 535323 in this study) and
0.512382 and 3.3*10−6 ppm (Eastern Mediterranean sea
water composition; Spivack and Wasserburg, 1980; Scrivner
et al., 2004), respectively, a fluid/rock = 1 results in a mixture
with 143Nd/144Nd = 0.51254863, which is essentially the same
as the original composition [143Nd/144Nd = 0.512548 ± 5 (2σ)]
of the rock sample. In this respect, at least Nd isotope com-
positions can be considered as fairly reliable in a discussion of
the origin of host igneous rocks. 

The measured and initial isotope compositions given in
Table 5 are shown in Figure 9A and B, respectively, in terms
of their relative positions in isotope correlation diagrams. Also
shown in the diagrams are the positions of various source re-
gions representing different tectonic environments. As can be
seen from Figure 9A and B, all the samples analyzed in this
study (samples from igneous rocks and alteration zones) plot
in the enriched quadrant of the isotope correlation diagram,
pointing to either a metasomatized mantle source or crustal
contamination in the genesis of igneous rocks and the hy-
drothermal fluids responsible for alteration and mineraliza-
tion. For a further assessment of the possible mantle-crust in-
teraction, variations in Nd isotope compositions are plotted
against the elemental Sm/Nd ratios in Figure 9C. The rather

horizantal trend in this plot is not consistent with crustal cont-
amination during ascent of magma to surface (as this would
produce a positive trend in a 143Nd/144Nd vs. Sm/Nd plot). Al-
though the possibility of crustal contamination cannot be en-
tirely ruled out, the fairly high initial isotope compositions (Fig.
9B) suggest that the magmatic rocks (hosting the alteration and
mineralization in the Hasançelebi district) were essentially de-
rived from a metasomatized mantle source and evolved in com-
position through the process of fractional crystallization (Fig.
9C) following the derivation of their parental magma from the
mantle. The observation that the Nd isotope values are com-
parable to that of bulk Earth, while Sr values are higher and
more variable (Fig. 9A) further suggests a subduction process
as the responsible agent of the metasomatism in the mantle
source. In fact, a subduction-modified mantle source has been
proposed by several researchers for the granitoids of the Cen-
tral Anatolian Crystalline Complex (I·lbeyli et al., 2004; Kök-
sal et al., 2004). Given the fact that the wall rocks and the al-
teration zones in the study area have overlapping 143Nd/144Nd
ratios, and that substantial modification of the Nd isotope
compositions by a secondary alteration process is rather diffi-
cult to achieve (requiring a fluid volume at least almost the
same as that of the magmatic rocks), the hydrothermal fluids
responsible for Hasançelebi mineralizations are likely to be
dominated by magmatic, rather than by evaporitic fluids.

In a further attempt to constrain the source of hydrothermal
fluids, we have calculated εNd(68.6Ma) and εSr (68.6Ma) in Table 5
to track the changes in the isotopic compositions of the mag-
matic rocks at the time of K-Fe alteration. Although εSr (68.6Ma)
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values may not be considered as convincing evidence (due to
possible modification of the Sr isotope compositions during
alteration), the similar initial εNd values of the K-Fe alteration
and composite samples (Table 5) and of the syenite porphyry
point to a genetic link between the syenitic magmatism and
the hydrothermal fluids responsible for alteration and miner-
alization. Consequently, radiogenic isotope geochemistry,
combined with geochronological data for host rocks and al-
teration, suggest that the alkaline magmatism which pro-
duced successive pulses of diabase and syenitic intrusions into
the Hekimhan formation (Fig. 8) has been the major source
for fluids responsible for the alteration and mineralization in
the Hasançelebi district.

Stable Isotopes
Oxygen (δ18O) and hydrogen (δD) isotope analyses were

carried out on six mineral separates from altered rocks. These
include phlogopite, sericite, barite, calcite 1, fluorite, and
quartz 1 representing the mineral associations formed during
phases 1 and 4 of the hydrothermal alteration (Table 6). The
δ18O values of these minerals range from 8.53 to 15.13 per
mil, while δD values range from −85.65 to −124 per mil
(Table 6). Oxygen isotope fractionation factors for phlogopite-
H2O, muscovite and/or sericite-H2O, quartz-H2O (Clayton et
al., 1972; Zheng 1993a), calcite-H2O (Zheng 1993b), and
barite-H2O (Kusakabe and Robinson, 1977) were used to cal-
culate the isotopic composition of coexisting water using max-
imum and minimum temperatures obtained from the fluid in-
clusion study by Sezerer-Kuru et al. (2006). Oxygen isotope
fractionation factors used in the calculations are taken from
Bowers and Taylor (1985) for calcite and phlogopite and from
Suzuoki and Epstein (1976) for sericite and barite. Calculated
δ18O(H2O) values of the minerals are generally between 5.6 and
9.2 per mil with two lower values for barite and calcite 1 (3.1
and 2.1‰). Fractionation factor by Bowers and Taylor (1985)
for calcite-1 and phlogopite and Suzuoki and Epstein (1976)
for sericite and barite-1 were used to calculate δD(H2O) values.
The δD(H2O) values define a narrow range between −80.5 to
−89.2 per mil except for calcite 1 with the lowest value of
−122.2 per mil. 

The δ18O and δD values of minerals from preore K-Fe al-
teration (phase 1) and postore sericitization (phase 4) plot in
the magmatic water field (Taylor, 1997; Fig. 10), except for
calcite 1 and barite. Similarly, the calculated values for coex-
isting fluids also plot in the magmatic water field, with only
two samples plotting toward the formation water field. In
general, the minerals exhibit a slight enrichment in δ18O(H2O)

and a pronounced depletion in δD(H2O) values with decreasing
temperature from K-Fe alteration to postore alteration types
(Table 6).

Discussion

Comparison and correlation with IOCG -type systems 

The Hasançelebi district was extensively explored for mag-
netite mineralization by geophysical surveys (airborne-
ground magnetic surveys), and magnetic anomalies were
tested by drilling. Recent works aiming at relogging of these
drill cores from the deposit (Ay et al., 2004) and surface lith-
ogeochemical surveys by Kuşcu et al. (2007c) have shown that
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the deposit contains copper (0.8−2.75%) and gold (0.04−2
g/t) and nickel (up to 1.9%), none of which have been ex-
tracted to date. Although, these are not average copper-gold
grades, we believe that reassaying the core samples from suit-
able intervals would yield economically viable copper and
gold grades. Based on comparison with the major IOCG de-
posits by Haynes (2000), Hitzman (2000), and Williams et al.

(2005), the key features of the Fe oxide deposits in the
Hasançelebi district are considered to be related to IOCG-
forming hydrothermal systems The key IOCG-related fea-
tures of the Hasançelebi deposit include (1) hydrothermal al-
teration with mineral assemblages typical of IOCG alteration,
mainly along structural discontinuities, (2) although apatite is
present as an accessory phase in some sodic alteration, large
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TABLE 6.  Hydrogen and Oxygen Isotope Analyses (‰) and Calculated Isotope Composition of Fluid

Mineral δ18O(mineral)(‰) δD(mineral)(‰) Th(°C) δ18O(H2O) (‰) δD(H2O) (‰)

Phlogopite 1 9.46 −89.54 700 5.611 −80.544

Sericite 8.87 −107.21 320−390 7.79−8.781 −79.71−89.215

Fluorite 8.53 −95.16 210−280 n.c n.c
Barite 10.14 −85.65 190−380 9.25−3.133 −85.655

Calcite 1 12.80 −122.28 180−320 7.78−2.152 −122.284

Quartz 1 15.13 −124.00 290−370 6.59−7.872 n.c

Notes: n.c = no calculation, Th(°C) = homogenization temperature
1 δ18O(H2O) values were calculated according to Zheng (1993a)
2 δ18O(H2O) values were calculated according to Clayton et al. (1972)
3 δ18O(H2O) values were calculated according to Kusakabe and Robinson (1977)
4 δD(H2O) values were calculated according to Bowers and Taylor (1985) 
5 δD(H2O) values were calculated using experimentally determined equilibrium hydrogen isotope fractionation factors by Suzuoki and Epstein (1976)
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magnetite-apatite deposits of the Kiruna type (Hitzman et al.,
1992; Hitzman, 2000; Williams et al., 2005) do not appear to
be present in the Hasançelebi district, (3) Fe oxide mineral-
ization is predominant, and magnetite is commonly associated
with potassic alteration, while hematite accompanies late-
stage hydrolytic alteration and carbonatized rocks, (4) sulfides
are predominantly Fe- and occasionally Cu-bearing in the
pyrite-calcite ± chalcopyrite, quartz-pyrite, and barite-calcite
veins and veinlets, and U is (Uçurum et al., 1996) elevated in
some parts, (5) alteration and mineralization occur as epige-
netic magnetite, magnetite-hematite, and pyrite-calcite ±
chalcopyrite, and barite-calcite-pyrite veins, replacements,
and disseminations hosted by pervasively altered alkaline
rocks, and diabasic and syenitic intrusions of Late Cretaceous
age, (6), Fe and Cu sulfide veins are hosted by ironstones,
mainly by sericitized maghemitized rocks, and (7) the host
rocks and alteration are confined to crustal scale regional
strike-slip and normal faults or shear zone. 

Relationship to other Fe oxide deposit types (Kiruna type)

Kiruna-type ore deposits are characterized by the sulfide-
poor mineral assemblage of low-Ti magnetite-fluorapatite-
actinolite and range in size from large bodies containing many
hundreds of millions of metric tons of high-grade iron ore, to
small veins and veinlets (Hildebrand, 1986). Although, Hitz-
man et al. (1992) classified the Kiruna-type deposits in the
IOCG class, this definition was refined later by Hitzman
(2000) and Williams et al. (2005), and they suggested that
Kiruna-type Fe oxide deposits and Fe skarns are not IOCG
deposits but share many characteristics (Williams et al.,

2005), including: (1) coexistence in some metallogenic
provinces where other types of ore deposits are rare, (2) com-
mon association with large-scale alkali, particularly sodic al-
teration systems, and (3) overlapping minor element associa-
tion (e.g., Cu, Au, P, F, REE, U). IOCG deposits commonly
have space-time association with the other Fe oxide-bearing
deposits like Kiruna-type and Fe skarns. This association is
considered to be particularly striking by similarities in alter-
ation mineralogy and the Fe oxide-rich and Cu-poor nature of
these deposits compared to the true Cu-rich IOCG type. 

Kiruna-type Fe oxide-apatite ores and Fe skarns may share
certain characteristics with IOCG deposits. For example, the
apatite-bearing Fe oxide ores in Kiruna-type deposits of
northern Sweden have a distinct association with sodic and
potassic alteration (Frietsch et al., 1997; Martinsson, 1997)
and anomalous concentrations of the REE (e.g., Frietsch and
Perdahl, 1995). The overall paragenesis is closely comparable
to the IOCG-type deposits. The Cu-Au mineralization spa-
tially related to the Kiruna-type ores closely corresponds to
Na-(Ca-Fe) alteration overprinted by high-temperature K-Fe
alteration with late-stage, low-temperature K-Fe-H-CO2 al-
teration, or is commonly associated with calcite and ankerite
alteration. This distinction between Kiruna-type ores and the
Hasançelebi district is largely based on the following:

1. The common occurrence of enrichment of U-Th, heavy
rare earth elements, and F-Ba assemblages hosted by hy-
drolytic alterations in the Hasançelebi district (Kuluncak area
to the northwest of the Karakuz magnetite-hematite deposit
(Uçurum et al., 1996; Ay et al., 2004).
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2. The lack of abundant apatite, a distinctive constituent in
the Kiruna-type ores. Apatite in the Hasançelebi district oc-
curs only as minute inclusions associated with scapolite within
the Na-Ca alterations and has no spatial association with the
Fe oxide mineralization in contrast to Kiruna-type deposits.
Unlike the Kiruna-type Fe oxide deposits, the magnetite and
hematite mineralization in the Hasançelebi district clearly
postdates the apatite-bearing sodic-calcic assemblage and has
a spatial and temporal association with the potassic and hy-
drolytic alterations, respectively.

3. Alteration in the Hasançelebi district occupies about 70
km2 compared to spatially restricted alterations in Fe skarns.

4. Likewise, the common occurrence of chalcopyrite associ-
ated with the late stages of potassic alteration in Kiruna-type
ores (Williams et al., 2005) is critical in discriminating the Fe
oxide deposits in the Hasançelebi district from Kiruna-type de-
posits; since the sulfides are not temporarily and spatially asso-
ciated with the potassic alteration in the Hasançelebi district.

Unlike the Kiruna-type deposits, the stable and radiogenic
isotope analyses suplemented by Ar-Ar and U-Pb geochronol-
ogy provide evidence for synchronous magmatic activity (alka-
line in nature) in the Hasançelebi district. Furthermore, Uçu-
rum et al. (1996) did not favor a Kiruna-type mineralization
style in the Hasançelebi and Karakuz Fe oxide deposits pri-
marily based on the lower total alkali content (9−13 wt%) of
mineralized trachyte-trachy-andesites with Na2O less than 1
percent of the total alkalies and P2O5 concentration less than
0.5 percent in all of the host-rock samples compared to Kiruna-
type deposits. They also suggested that low sodium and phos-
phorus contents of the Karakuz iron deposit indicate a differ-
ent origin of the Karakuz deposit compared to Kirunavaara in
Sweden or Kiruna-type deposits elsewhere in the world.

Petrogenesis of alkaline magmatism and tectonic setting

The geochemical characteristics and trace element ratios of
the Hasançelebi volcanic rocks and the Yüceşafak syenite are
consistent with within-plate magmatism derived from a meta-
somatized mantle source (Fig. 2E, F). Th/Yb vs. Ta/Yb (Fig.
2G) indicates that magmas derived from a mantle source
which was either previously enriched by small-degree partial
melts (displacement along the mantle array) and/or was meta-
somatized during ancient subduction. Likewise, the displace-
ment of all samples toward higher Th/Yb ratios in Figure 2G
supports enrichment during an older subduction event. Ear-
lier works (Yılmaz et al., 1993; Kuşcu et al., 2007b-d; I·lbeyli
and Özgenç, 2008) also confirmed that the parental magmas
are alkaline in nature and were generated from mantle
sources, modified by a subduction component within the
Hasançelebi district. I·lbeyli and Özgenç (2008) noted that the
syenitic rocks have Zr/Hf and Nb/Ta ratios indicating an en-
riched mantle source. The enrichment during earlier subduc-
tion or effect of crustal contamination can be best observed
on combined Yb/Ta vs. Y/Nb (Whalen et al., 1987; Best and
Christiansen, 2001) and Nb/Th vs. Nb plots (Fig. 2H, I). The
linear trends observed in Figure 2G, H, and J are suggestive
of crustal contamination of a mantle-derived basaltic melt.
The melt source is likely to be lithospheric mantle based on
La/Nb ratios greater than 1.0 (De Paolo and Daley, 2000; Fig.
2J). These magmas resulted from partial melting within an

 extension-dominated regime (Kuşcu et al., 2007b, d) follow-
ing the major collision between the Eurasian and Afro-Ara-
bian plates. This is also evidenced by the basin development
and associated coeval magmatism within the Hekimhan basin. 

Spatial and temporal association between alteration 
and alkaline magmatism

In the Hasançelebi district, pervasive preore Na-Ca and
pre- to synore K-Fe alteration was overprinted by postore
sericite-quartz and late alteration in multiple, overprinting
systems at 700° to 130°C. The period of hydrothermal alter-
ation and mineralization (ca. 74−68 Ma) overlaps with that of
alkaline magmatism (ca. 76−71 Ma) in the Hasançelebi dis-
trict. The emplacement of diabase and syenite and/or mi-
crosyenite porphyry intrusions into the Hekimhan basin was
the driver of regional hydrothermal systems and played an
important part in the formation of the Hasançelebi Fe oxide-
(Cu-Au) mineralization. The emplacement of diabase dikes
into the trachytic rocks and coeval sedimentary sequences re-
sulted in the early generation (phase 1) of sodic and potassic
alteration restricted mainly to marginal parts of the trachytic
rocks and diabases. The emplacement of syenite porphyry,
and microsyenite porphyry dikes into sedimentary sequences,
syenitic and trachytic, diabasic rocks, resulted in pervasive
and regional preore Na-Ca and and synore K-Fe alteration
(phases 2 and 3) of these rocks. 

The U-Pb and 40Ar-39Ar geochronology of the igneous rocks
and potassic alteration in phases 1 and 2 contribute much to
our understanding of the temporal associations between al-
teration and alkaline magmatism within the Hasançelebi dis-
trict and the source of fluids. The results of U-Pb zircon and
Ar-Ar biotite-hornblende geochronology show that alteration
assemblage of phase 1 formed during a period ranging from
ca. 74.4 to 74.3 Ma, was overprinted by alteration formed
during phases 2, 3, and 4, which took place between 71.3 and
68.6 Ma. The 74.4 Ma 40Ar-39Ar hornblende age for diabase
intrusion and the 74.3 Ma 40Ar-39Ar biotite age for phlogopite
1 clearly shows that the preore potassic (K-Fe) alteration dur-
ing phase 1 exhibit an overlap with the age of diabase dikes
and hence inferred to be temporally related to emplacement
of these dikes. The 40Ar-39Ar K-feldspar geochronology of the
phlogopite- and phlogopite-magnetite−bearing syenitic rocks
show that the age of synore K-Fe alteration in the district is
between 70.5 ± 0.4 and 68.6 ± 0.4 Ma. These ages overlap
with the age (including uncertainties) of syenitic magmatism
in the district (Fig. 8). Consequently, Ar-Ar and U-Pb geo -
chronology on syenitic rocks and synore K-Fe alteration
zones favors an evolution where the synore K-Fe alteration
(phase 3) is temporally related to the emplacement of syenitic
dikes, or to fluids derived directly from the crystallizing
syenitic magma. Trachyte and trachy-andesite (76.8 ± 0.67
Ma) are older than other igneous rocks, and the alteration as-
semblages formed during each phase. Consequently, a tem-
poral and genetic link between the alteration and trachytic
magmatism is unlikely. 

Timing of mineralization

The paragenetic association of alteration and mineraliza-
tion indicates that iron oxide and Cu ± Au mineralization
postdate the preore Na-Ca alteration that formed at ca. 74.3
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Ma. In an earlier study by Marschik et al. (2008), the Ar-Ar
biotite ages of 73.4 ± 0.4 and 74.9 ± 0.4 Ma (2σ) from K-Fe
alteration associated with magnetite mineralization are inter-
preted as the mineralization age. If their interpretation is cor-
rect, then there should be an earlier magnetite mineralization
related to phase 1 defined in this work. We have no data to
support an earlier generation of magnetite mineralization,
and this needs futher investigation in the district. One possi-
bility is the occurrence of rare magnetite disseminations asso-
ciated with the phlogopite 1 formed during preore K-Fe al-
teration. Yet, hydrothermal biotite from a vein cutting the
scapolitized host rocks yielded an Ar-Ar mean plateau age of
73.1 ± 0.8 Ma (2σ; Marschik et al., 2008) and is comparable
to our Ar-Ar biotite ages related to K-Fe alteration during
phase 1. Therefore, it may correspond to the preore K-Fe al-
teration formed during phase 1. Our 40Ar-39Ar K-feldspar
geochronology of the phlogopite- and phlogopite-magnetite−
bearing syenitic rocks yielded an age range between 70.5 ±
0.4 and 68.6 ± 0.4 Ma, suggesting that the age of synore K-Fe
alteration and mineralization formed during this interval.

Implications for fluid source: 
REE, radiogenic and stable isotope constraints

The REE compositions and patterns, the isotopic signa-
tures of hydrothermal alteration, and the associated igneous
rocks help constrain interpretations of the source and possi-
ble role of the fluids in the Hasançelebi district.

As has been shown in the geochemistry section, the least al-
tered syenite porphyry rocks and the samples from synore K-
Fe alteration displays similar or almost the same chondrite-
normalized REE patterns (despite the relatively lower
enrichment level in the latter; Fig. 2C), and this suggests that
the igneous host rocks did not undergo exchange reactions
with fluids other than coeval magmatic fluids during K-Fe al-
teration. It is highly likely that any fluid other than the coeval
magmatic fluids would have modified the REE composition
of igneous rocks, which is not the case in this work. 

The stable and radiogenic isotopes have been useful as hy-
drothermal fluid tracers, although they are to some degree
open to water-rock reactions along the pathways. Studies uti-
lizing radiogenic isotopes (Pb, Nd, Sr) on mineralized systems
are numerous as reviewed by Johnson and McCulloch (1995),
Campbell et al. (1998), and Gleason et al. (2000). It is highly
likely that the alteration zones and their magmatic hosts
should have similar isotope systematics if the fluids involved
in the alteration and mineralization are released from a crys-
tallizing and cooling magma. The Nd-Sr isotope system is
therefore critical to unravel fluid characteristics and sources.
Deposits formed in association with the introduction of mag-
matic fluids should exhibit overlaps in their isotopic composi-
tion, as is the case in the Hasançelebi district. The initial εNdi

values of the K-Fe alteration and a composite sample (sam-
ples 327 and 329, respectively) range from −2.02 to −2.08,
close to the calculated εNd value of associated syenite por-
phyry at the time of alteration (εNd (68.6Ma)−1.90; Table 5).
These εNd values are far higher than εNd values of crustal rocks
(see Skirrow et al., 2007), indicating that the external (crustal-
derived) fluids have not been involved during K-Fe alter-
ation. Instead, fluids at the time of K-Fe alteration appears to
have an igneous source, preferentially from mafic rocks (i.e.,

diabase). Similar results have also been obtained in four ig-
neous-related Fe oxide-hosted (Fe-P-REE) systems in North
America by Gleason et al. (2000). They concluded that the
common pattern of REE and identical Nd isotope composi-
tions of altered rocks and coeval igneous host rocks indicate
that the latter is the primary source of REE in all four regions
and is inconsistent with a significant contribution of REE
from other sources. Likewise, Johnson and McCulloch (1995)
showed that Nd isotope data imply a mantle source of REE
and therefore possibly for other ore components at Olympic
Dam. The εNd data from IOCG deposits from several inde-
pendent studies by Skirrow (1999, 2000), Skirrow et al. (2007)
and Gleason et al. (2000), are permissive of parental fluids of
ultimately magmatic origin for high-temperature, magnetite-
K-feldspar calc-silicate alteration. For example, εNd values of
around -2 is interpreted to reflect input of REE from mafic
rocks in the West Peko deposit (Skirrow, 1999, 2000).

The stable isotope composition of the fluid calculated from
the mineral-water pairs (Table 6) indicates a fluid of domi-
nantly magmatic origin (Fig. 10). The slight enrichment in
δ18O(H2O) and a pronounced depletion in δD(H2O) values (Table
6) could be ascribed to magmatic degassing, or open-system
interaction with other, preferentially meteoric waters (Mein-
ert et al., 2003; Fig. 10). Magmatic degassing occurs in the
roof of shallow intrusions due to onset of hydrothermal frac-
turing or adiabatic decompression (Friedman and O’Neil,
1977; Taylor, 1988; Shmulovich et al., 1999). This results
mostly in depletion in δD(H2O) and little or no change in
δ18O(H2O) (Fig. 10). In the case of interaction between mag-
matic and external (crustal derived) fluids, the isotope compo-
sitions would plot along a curved trend toward more enriched
δ18O(H2O) and depleted δD(H2O) isotope compositions in the
δ18O(H2O) - δD(H2O) diagram (Fig. 10, inset, Mark et al., 2004a).
However, our results show that the fluids associated with K-
Fe alteration and postore sericitization defined an almost ver-
tical isotopic trend (with the exception of two postore samples
shifting toward the formation water field), supporting a dom-
inantly magmatic origin for hydrothermal fluids. However, it
is reasonable to assume that there might be isotopic exchange
at least partly due to interaction between variably degassed
magmatic fluids and the crustal rocks or external fluids, fol-
lowing hydrothermal fracturing and consequent degassing
and/or boiling during postore sericitization. Given that the
postore sericitization was followed and overprinted by late al-
teration (phase 5), we suggest that the alteration at phase 5
could also have been formed at least in part by interaction of
degassed fluids and external fluids (crustal and/or basinal
brines). This is supported by the sulfur isotope composition of
pyrite (δ34S(VCDT) 16.0 and 17.4‰; Marschik et al., 2008)
within calcite veins replacing the magnetite orebody, which
imply a nonmagmatic origin of sulfur (seawater or marine
evaporitic source) at least for the late alteration (phases 4−5). 

Conclusions
The alteration patterns, spatial and temporal association of

the alteration assemblages along with the main sodic-calcic al-
teration, the Fe oxide mineralization, and overprinting sericite-
hematite-quartz alteration suggest that Hasançelebi iron
oxide deposits share many characteristics with IOCG systems.
The REE patterns, radiogenic and stable isotope systematics,
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and spatial and temporal association between the igneous
rocks and alteration assemblages are in favor of a genetic link
between the alteration and/or mineralization and intrusion of
diabase dikes and syenite porphyry-microsyenite porphyry.
Our U-Pb and 40Ar-39Ar geochronology of the igneous rocks
and potassic alteration in phases 1, 2, and 3 show that the
magmatism and alteration-mineralization took place between
74.4 and 68.64 Ma. We argue that the data obtained from the
present study are not consistent with models envisaging a
nonmagmatic fluid origin for the alteration system in the
Hasançelebi deposit as proposed by Marschik et al. (2008).
Instead our data on REE composition and pattern, and iso-
topic signatures of hydrothermal alteration, stable isotope
compositions (δ18O and δD), and the associated igneous rocks
provide evidence for a magmatic source of fluids responsible
for the pre- and synore alteration in the Hasançelebi district,
although a basinal brine or even an evaporitic source compo-
nent cannot be ruled out, particularly for postore alteration.
However, further research involving alternative techniques to
those presented here (e.g., PIXE, Br/Cl, and Sr/Cl isotope
analysis of fluid inclusions) is clearly required and may con-
tribute further to the understanding of the genesis and
sources of fluids in the Hasançelebi district. 
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tipi Demir Oksit yataklarına Fe-oksit-Cu-Au (Olympic Dam tipi) perspek-
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Marschik, R., Spikings, R., and Kuşcu, I·., 2008, Geochronology and stable
isotope signature of alteration related to hydrothermal magnetite ores in
Central Anatolia, Turkey: Mineralium Deposita, v. 43, p. 111−124.

Martinsson, O., 1997, Paleoproterozoic greenstones at Kiruna in northern
Sweden: A product of continental rifting and associated mafic ultramafic
volcanism: Unpublished Ph.D.thesis, Luleå University of Technology, 19,
Paper 1, 49 p.

Meinert, L.D., Hedenquist, J.W., Satoh, H., and Matsuhisa, Y., 2003, For-
mation of anhydrous and hydrous skarn in Cu-Au ore deposits by magmatic
fluids: ECONOMIC GEOLOGY, v. 98, p. 147–156.

Meyer, F.M., Kolb, J., Sakellaris, G.A., and Gerdes, A., 2006, New ages from
the Mauritanides belt: Recognition of Archean IOCG mineralization at
Guelb Moghrein, Mauritania: Terra Nova, v. 18, p. 345−352.

Monteiro, L.V.S., Xavier, R.P. , de Carvalho, E.R., Hitzman, M.W., Johnson
C.A., de Souza Filho, C.R., and Torresi, I., 2006, Spatial and temporal zoning of
hydrothermal alteration and mineralization in the Sossego iron oxide-copper-
gold deposit, Carajás mineral province, Brazil: Paragenesis and stable isotope
constraints: Mineralium Deposita, DOI 10.1007/s00126-006-0121-3.

Niiranen, T., Poutiainen, M., and Manttari, I., 2007, Geology, geochemistry,
fluid inclusion characteristics, and U-Pb age studies on iron oxide-Cu-Au
deposits in the Kolari region, northern Finland: Ore Geology Reviews, v.
30, p. 75–105.

O’Nions, R.K., Hamilton, P.J., and Evensen, N.M., 1977, Variations in
143Nd/144Nd and 87Sr/86Sr ratios in oceanic basalts: Earth and Planetary Sci-
ence Letters, v. 34, p. 13–22.

Özgül, N., Turkuca, A., Ozyardımcı, N., Bingol, I., Senol, M., and Uysal, S.,
1981, Munzurların temel jeoloji özellikleri: Ankara, Turkey, General Direc-
torate of Mineral Research and Exploration (MTA), Internal Report 6995
(in Turkish with English abs.).

Parlak, O., Hock, V, Kozlu, H., and Delaloye, M., 2004, Oceanic crust gen-
eration in an island arc tectonic setting, SE Anatolian orogenic belt
(Turkey): Geological Magazine, v. 141, p. 583−603.

Pearce, J.A., 1983. Role of subcontinental lithosphere in magma genesis at ac-
tive continental margins, in Hawkesworth, C.J., and Norry, M.J., eds., Conti-
nental basalts and mantle xenoliths: Nantwich, Cheshire, Shiva, p. 230–249.

——1996, A user’s guide to basalt discrimination diagrams: Geological Asso-
ciation of Canada Short Course Notes, v. 12, p. 79−113.

Pearce, J.A., Harris, N.B.W., and Tindle, A.G., 1984, Trace element discrim-
ination diagrams for the tectonic interpretation of granitic rocks: Journal of
Petrology, v. 25, p. 956−983.

Perinçek, D., and Kozlu, H., 1984, Stratigraphical and structural relations of
the units in the Afsin-Elbistan-Dogansehir region (eastern Taurus): Inter-
national Symposium, Ankara, Turkey, General Directorate of Mineral Re-
search and Exploration (MTA), Proceedings, p. 181–198.

Perring, C.S., Pollard, P. J, Dong, G., Nunn, A.J., and Blake, K.L., 2000, The
Lightning Creek sill complex, Cloncurry district, northwest Queensland: A
source of fluid for Fe-oxide-Cu-Au mineralization and sodic–calcic alter-
ation: ECONOMIC GEOLOGY, v. 95, p. 1067–1069.

Pilz, P., 1937, Eisenvorkomen wistlich und istlich-von Hasançelebi bei De-
veci, Karakuztepe und Çaltepe Unveröff. Berlin: Ankara, Turkey, General
Directorate of Mineral Research and Exploration (MTA), Archive, 30 p. 

Pollard, P.J., 2001, Sodic-(calcic) alteration in Fe-oxide-Cu-Au districts: An
origin via unmixing of magmatic H2O-CO2−NaCl ± CaCl2−KCl fluids: Min-
eralium Deposita, v. 36, p. 93−100.

Pollard, P. J., 2006, An intrusion-related origin for Cu-Au mineralization in
iron oxide-copper-gold (IOCG) provinces: Mineralium Deposita, v. 41, p.
179–187.

Pretorius, W., Weis D., Williams G., Hanano D., Kieffer B., and Scoates J.S.
2006, Complete trace elemental characterization of granitoid (USGSG-
2,GSP-2) reference materials by high resolution inductively coupled
plasma-mass spectrometry: Geostandards and Geoanalytical Research, v.
30, p. 39−54.

Renne, P.R., C.Swisher, C.C., III, Deino, A.L., Karner, D.B., Owens, T., and
DePaolo, D.J., 1998, Intercalibration of standards, absolute ages and un-
certainties in 40Ar/39Ar dating: Chemical Geology, v. 145, p. 117−152.

Robertson, A.H.F., 1998, Mesozoic-Cenozoic tectonic evolution of the east-
ernmost Mediterranean area: Integration of marine and land evidence, in
Robertson, A.H.F., Emeis, K.-C., and Camerlenghi, A., eds., Proceedings
of the Ocean Drilling Program, Scientific Results, p. 723–782.
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